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Topping cycle fuel cells 
effective combined with 

turbines 
- -- - 

Integration of combzned-cycle power plants 1~1th 

fuel cells is suggested to optrmlze effrcrencv 

0 By V MINKOV M KRUMPELT E DANIELS und 

J G ASBURY, Argonne Nutzonal Laboruton 

IFI uel cells should be used d\ 

topplng cycles w~th  conven 
tional \team or pas turblnes 
rather than \tand dclone alternd 

tlves Lower entrgy co\tr are obtd~ned 
when the fuel cell capaclty In the system 
Is 30 40% Instead of 60% as advocated 
In earl~er stud~es In such a mode the 
fuel cell 15 morc than 50% effic~tnt and 
cost effect~ve 

A fuel cell Figure I converts ener 
gy assoc~dted w ~ t h  a chem~cal reactlon 
dlrectly to electrlc~ty The reactdnts fuel 
and oxlddnt dre fed to wparate anode 
and cathode electrodes where el~ctro 
chemlcal reactions take place The elec 
trodes are separated by electrolyte that 
serves as a transport med~um for the 
ions The electrochem~cal redct~ons 
coupled wlth the transport of Ions 
through the electrolyte generate an elec 
tric potent~al d~fference that promotes 
electron f l o ~  through an electr~c load 

Three major types of fuel cells are 
presently belng cons~dered for power 
plant app l~ca t~ons  phosphor~c a c ~ d  
(PAFC) molten carbonate (MCFC) and 
sol~d ox~de  (SOFC) The system wlse 
d~fference between them IS pr~nc~pally 
the~r operating temperatures400 F tor 
the PAFC 1000 1300 F for the MCFC 
and 1800 F for the SOFC All have 

d~fterent types ot electrochemlcdl rcac 
tlon\ 

Fuel ctll operation 1s not dependent 
on the f l o ~  ot heat between a thermal 
source and d slnk as In d heat englne 
theretore the cells are not subject to the 
thermodyndm~c Carnot I ~ m ~ t ~ t ~ o n s  Thus 
the eff~c~encv of fuel cells may be as 
h~gh  as 70 80% Howtver becduse of 
tht electr~cdl resistance of cell compo 
nents some heat IS generated and must 
be removed It IS removed e~ther by the 
fuel and alr flows or by a separate 
cool~ng med~um The major chdracter~s 
tics of vdrlous type5 of fuel cells are 
presented In Table 1 

Because operattng temperatures of the 
three type5 of cells are so d~fferent the 
means for convertlng the heat vanes 
Because of space l~rnltat~ons t h ~ s  artlcle 
will dlscu\s only detdlls of the MCFC 
but w~ll  outl~ne the general prlnc~ples 
wh~ch should govern the system designs 
of the other types of cells 

Fuel cell power plants 
Fuel cell power plants can be des~gned 
w ~ t h  tuel cells as the only source of 
energy or In comb~nat~on w~th  gas or 
steam turblnes Comb~n~ng w~th  gas and 
steam turb~nes 1s usually more economl 
cal for the follow~ng reasons 

I The real effic~cncv of the fuel cell IS 

relitt~vclv low (40 50%) when the fuel 
cell IS used as the sole power source 
and the fuel cells fuel u t~ l~za t~on  exceeds 
70 808 (The fuel cells fuel u t~ l~zdt~on  I 
represents a rdtlo of the amount of fuel 
converted electrochem~cdlly In the cells 
to the total amount of fuel enterlng the 
cells the non converted amount of fuel 
passes through the cells and 1s burned In 
d combustor tollow~ng the cells ) Thls 
low efflc~ency IS due to low fuel con 
centrattons near the evlt of the fuel cell 
wh~ch decreases the cell voltage and 
causes the efflc~ency of convertlng In 
crementdl amounts of fuel to fall below 
that ot turb~ne based cycles 
2 When the fuel cell IS operated at low 
current dens~ties (ampereslun~t cell area) 
the speciflc cost of fuel cells ($/kW) IS 

h ~ g h  compared to turblne based cycles 
As the fuel cells fuel u t~ l~za t~on  1s In 
creased the average current dens~tv de 
creases The reason Ir that the h ~ g h  mass 
transport rates of the gas phase to the 
electrode surfaces cannot be rusta~ned 
when the fuel becomes d~lute 

Both tactors suggest an Integrated ap 
proach to fuel cell system deslgn In 
wh~ch a combustion turb~ne 1s fueled bv 
the depleted fuel from the fuel fell In 
such a system the fuel cells fuel utlllza 
tlon IS treated as a system var~able w~th  
~ t s  optim~zed value based on the mlnl 
mum system cost of electr~c~ty 

A s~mpl~fied fuel cell power plant re 
al~zlng the prlnc~ples d e s ~ r ~ b e d  15 shown 
schemat~cally In F~gure 2 After belng 
compressed alr enters the cathode s ~ d e  
of the fuel cell whlle the clean gaseous 
tuel enters the cell on the anode s ~ d e  
The clean gaseous fuel comes from a 
gas~f~erlcleanup system operat~ng on 



Unused fuel plus H20 / C02 
Fuel for SOFC and MCFC 

Anode (-) 

Cathode (+) + An Unused a~r plus I H20 for PAFC 

F~gure 1 Fuel cell conceptual des~gn - 
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unlt where H7S and COS are removed 
After solvent regenerat~on the acld gas 
stream IS further treated for the removal 
of sulfur 

After clean~ng the fuel gas flows 
through the clean gas reheater and ex 
pansion turb~ne On leavlng the turb~ne 
~t 1s m~xed w~th  a predeterm~ned amount 
of steam r h ~ s  prevents cdrbon depos~ 
tlon In the fuel cells 

The fuellsteam m~xture 1s reheated to 
1000 F at approx~mately 100 p s ~  before 
enterlng the anode s ~ d e  of the cell 
where a portlon of the fuel 1s consumed 
Leavlng the anode the depleted fuel 
passes through the same heat exchanger 
where preheat~ng of the clean Inlet fuel 
occurs In passlng through the burner 
the fuel IS ox~d~zed  bv the exltlng cath 
ode gas The resultant combust~on gas 
at temperatures of 1800-2000 F 1s then 
expanded In the gas turblne to provtde 
compress~on shaft power and net elec 
trlc~ty 

When the gas passes through the gas 
turblne the st111 hot gas IS used to 
prehedt the cathode a ~ r  up to 1000 F 
and to generate steam In a serles of 
superheaters bollers and economizers 

At t h ~ s  polnt the stream splits Into two 
parts one part extts the system through 
the stack and the other part after addl 

To make the de 
slgns economically 
op t~mal  a d e s ~ g n  
should be based on 
the following prem 
I S ~ S  

Hedt must flow s t  
quent~dlly through 
the tuel tell h ~ g h  
temperature gas tur 
b~ne  and the low 
temperdture steam 
turb~ne 

Used fuel leavlng 
the anode must be 
routed dtrectly to the 
gas turbines 

The portlon of fuel 
tonverted electro 

4 

~ o a l  steam and compressed ox~dant 
whlch 1s Injected ~n to  the gas~f~er  

Adjdcent to the gas~f~erlcleanup sys 
tem 15 a cool~ng system that condrt~ons 
the temperature of the clean fuel to a 
level su~table for a part~cular type of 
fuel cell Air and clean fuel enter the 
 ell and partlc~pate ~n the ele~trochem~ 
~ a l  reattlons The fuel cells have cool 
Ing systems to removt the htat and keep 
fuel cell temperatures at the acceptable 
levels Table I 

Both flows enter a combustor where 

chem~cally In fuel 
cells should be decreased to reduce the 
tuel cell sectton cost and to Increase the 
bottorn~ng section effic~ency 

A good example appears In F~gure 3 
whlch represents an MCFC power plant 
arrangement for a 575 MW plant utll~z 
lng gas~f~ca t~on  technology 

Coal slurry and oxygen enter the gas 
if~er where coal is gas~f~ed  at 600 p s ~  
The raw fuel gas is cooled to 100 F In 
the bo~ler and the clean gas reheater 
prlor to enter~ng the dc~d gas removal 

the rest of the fuel whlch has not reacted 
~n the cell 1s fully oxid~zed before enter 
rng a gas turblne After passlng through 
the gas turblne the combust~on gas 
passes to a steam generator and then to 
the atmosphere 

In des~gn~ng an ef t~c~ent  power plant 
for a glven type of fuel cell ~t IS lmpor 
tant to tonstder 

1 What 15 the best power plant com 
ponent arrangement 

2 What are the best operating pdram 
eters and cond~tions' 

3 What 1s the best power generation 
d~strlbut~on between fuel cells and gas/ 
steam turbine\? 

A revlew of other projects (Ret 1 2 
3) revealed that the optlmum des~gn has 
not vet been ach~eved For example the 
fuel ut111zation In the fuel cells wds 
spec~f~ed at 85% for reasons that were 
unrelated to system economkcs in view 
of the relat~ons between fuel cell and 
turb~ne costs d~scussed earher ~t ap 
peared that the\e system des~gns would 
be less than econom~cdlly opt~mal 

A I ~  

compressor 

@ Steam (or hot gas) suppl~ed to internal convers~on systems 

@ Condensate (or cool gas) from rnternal energy convers,on systems 

F~gure 2 Stmpltfted fuel cell based power plant des~gn 



A 
A I ~  

F ~ g u r e  3 MCFC opt lm~zed power plant d e s ~ g n  
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I 
I 

tl0ndl cooling 1s rtc~rculatcd to supplv 
carbon d ~ o x ~ d e  to the alr Inlet stream 
CO, must b t  suppl~ed to thc tathode ot 
molten carbonate tuel cells Tablt I 

The three sect~on sttam turb~nt  con 
slsts of hlgh lnternled~ate and low 
pressure turblnes Steam 1s txtracted 
trom the h ~ g h  pressurt turb~ne tor Injet 
tlon Into the fuel stream ot thc MCFC 
Thls steam prevents carbon depo \~ t~on  
Steam from the hlgh pressure turblne 
flows through the ~ntermed~ate and low 
pressure turb~nes 

Atter the steam has betn c o n d t n d  
the condtnsdte flow mtrges w ~ t h  makt 
up water before pdsslng through thc 
economlzer Leavlng the economlzer 
the feedwater m ~ x e s  w ~ t h  wattr trom the 
steam separator (drum) and then 1s dis 
tributed to the gas~f~cat lon systtm s and 
the bottoming sectlon s hollers Both 
steam flows merge dgaln In the separator 
(drum) where the saturated steam 1s zu 
perheated prlor to enter~ng the steam 
turb~nes 

The next step after an optlmum con 
flgurdt~on 1s developed 1s to tlnd opt1 
mum operdtlng parameters and condl 
tlons In pdrtlculdr fuel utlllzdtlon and 
current dens~ty 

It 1s wtll known that the optimal 
system conf~gurat~on and parameter5 arc 
a tun~ t lon  of many economlc and ttch 
nlcdl factors llkt the cost ot  tap~tdl  ratt 

ot ~ntlatlon cscalatlon ratc tau,\ cost ' 
ot tucl s ~ z c  ot powtr plant assurntd 
modes ot operation and t h ~  cap~tal cost 
ot d~tterent cornpontnts 

In tht\ analqs~s thc tconomlc t ~ n a n  
clal assumptions dre bascd on a con\tant 
dollar analqs~s (1984 dollars) tonslstent 
w ~ t h  the proctdure5 ot thc 1982 EPRl 
ttthnlcal a\\essmtnt g u ~ d t  methodolo 
gy 

Tht  graph In F~gurc 4 shows a sub 
stantla1 decrtast In tnergv costs a5 the 
tuel u t ~ l ~ z a t ~ o n  dtcreases At a current 
dcns~ty of 1800 4 /m w h ~ h  1s typ~cal 
tor MCFC \vstems the cost of tnergy IS 

stdl not at a mtnlmum at tht  louest 
utlllzatlon ot 45% Nevertheless ~t 1s 
several m~llsIkWh below the tstlmated 
energy costs ot  MCFC systems prevl 
ously rev~cwed Very clearly a tuel 
u t ~ l ~ z a t ~ o n  of 85% rn tht fuel cell a\ 
commonlq proposed tor ctntral \tanon 
powtr plants 15 not cost t t t tc t lv t  

At turrent d e n s ~ t ~ e s  of 3000 5000 
~ l m '  the cost 01 energy passes through 
J rnlntmum at futl u t ~ l ~ z a t ~ o n s  of 50  
60% In b r ~ t t  the tconomlc competl 
tlvcness ot  the fuel cell sqsttm depends 
on tht futl utlllzatlon and the current 
denslty Both operating var~able\ reduct 
tht ~ m p a t t  of the s p e c ~ f ~ ~  tuel ctll stack 
on total system cost 

Powtr d ~ s t r ~ b u t ~ o n  vs tutl u t ~ l ~ z d t ~ o n  
tor tht  MCFC p o u t r  plant 1s presented 

In F~gur t  5 As the fuel u t~l tza t~on of the 
futl cell decreases ~ t s  output al\o de 
creases trom over 50% down to 30% 
L ~ h e w ~ s e  the gas and sttam turb~nes 
share of the power output ~nereases At 
d tuel utl l~zdt~on of 55% w h ~ c h  11es In 
the optlmal zone the powtr sharlng ot 
tht fuel cell gas and steam turblnes will 
be 35 17 and 17% respect~vely 

Anq s~gn l f~ tan t  d e v ~ a t ~ o n  from these 
value\ will make the fuel cell system 
les5 competltlve In general at fuel utlli 
zatlons lower than 50 60% the decrease 
In total system effrc~ency offsets the 
cap~tal  cost reduct~on from the fuel cell 
At h~gher  u t ~ l ~ z a t ~ o n s  the galns In system 
e f f~c~ency  are not suffic~ent to ju j t~ty  
added fuel cell stacks 

Technology comparison 

The cost of energy of an optlmlzed 
MCFC system was compared to a pul 
ver~zed coal combust~on plant wlth flue 
gas desulfur~zat~on a coal g a s ~ f i ~ a t ~ o n  
based comblned cycle and the MCFC 
deslgn Ref 6 Heat rates were estlmat 
ed tor all four plants uslng a power plant 
s~mula t~on  code Ref 5 and the per 
tormance assumptions tabulated In 
Table 2 

The table shows that the o p t ~ m ~ z e d  
MCFC system 1s less e t t ~ c ~ e n t  than the 
MCFC system reference 6 but 1s more 
etficlent than any ot  the two competing 



Reference systems 

48 I I d 5  
I I I I - 

55 65 75 85 
Fuel cell fuel ut~llzahon 0'0 

Other ut111tv benefits 
To be dttrdctrLe to utlllt~es the cost of 
e l ec t r~c~ t i  from a fuel cell power plant 
5hould b t  at least tqual to that ot  con 
btntlonal pulher~zed c o d  or tomblned 
cqcle power plants Hoheber the potcn 

Figure 4 Cost of electric~ty vs % fuel cell fuel ut~l~zat~on I lor var10~8 current dens~t~es 

I I00 t Plant total 

ttchnolog~es F~xlng the plant slze at 
575 MW the equrpment costs w t r t  esti 
mated for a11 major tomponents of tht 
compttlnp Tistems Co\t\ of electrlc~ty 
uerc  then tdltulated uslng EPRl s tech 
n~ca l  ass tsment  g u ~ d e  The results art  
plLen In Table 3 Tht  tnerpv costs tor 
thc three p o a c ~  plants arc almost dent1 
cdl whllt the cost ot t n t rp i  of the non 
opt~mtzed MCFC system rs approu 

Zone of opbmal d~str~bubon 

/ 

tlal for reduced 
costs 15 not the 
only b e n t t ~ t  ot 
tucl cell systems 
For clcample L 

rnospheric r J I 

dnts are  muih 
loacr  In tutl  cell 
\)stems than con 
vtnt~onal  poher  

I Fuel cell fuel utll~zatlon % I 
Figure 5 Power generation output vs Yo fuel cell 
fuel utlllzatlon 

plants 
Ont rta5on is that prtstnt fuel cells 

rtqulre d VerV clcdn fuel Betore enter 
Inp the tell\ the sulfur has to be re 
moved to levels much louer than those 
requ~red b\ exl5trng cnvlronmental regu 
ldt~ons A setond rtason is that electr~ 
cdl tncrgy I \  generated bq an elettro 

chemical process In a fuel cell rather 
than by combust~on so no NO is 
formed although some NO will st111 be 
tormed In the bottoming turblnes 

Because the 91ze ot  fuel cells ranges 
from 100 1000 hW tuel cell power 
plants can be bulk In relatrvely small 
Increments to match changes In load 

Table 1 Fuel cell character~st~cs 

Characterist~cs PAFC MCFC SOFC 
Fuel Hz Hz CO Hz CO CH4 
Oxidant 0 2  0 2  Oa 
Electrolyte Liqu~d phosphoric a c ~ d  Molten potasslum and lithium Solid zirconium diox~de 

carbonate salts 
Anode reaction H2 = 2H + 2 e  H 2  + C032 = C 0 2  + H20 + 2e Hz + 0 2  = H20 + 2e 
Cathode reaction 11202 + 2H + 2e = H20 CO + C032 = 2C02 + 2e C O + 0 ' = C 0 2 + 2 e  

C 0 2  + 1 2 O2 + 2e = C032 1 / 2 0 2 + 2 e  = O  
Overall reaction Hz + 112 O2 = H20 H2 + 112 O2 = H20 Hz + 112 0 2  = H20 

CO + 112 0 2  = con CO + 112 0 2  = con 
CH4 + 2C02 = C 0 2  + 2H20 

Cooling medlum Air or steamlwater Air Air 
Operating temperature 400 F 1000 1300F 1800 F 
Operating pressure 15 150 psia 15 150 psra 15 psla 

Could be presented in a mixture of different gaseous species Non optimized pressure the optim~zed pressure may be different 
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Table 2 Performance of subsystem I components 

Steam turbrnes 

Max~mum Inlet temperature and pressure 
Condenser pressure 
H~gh pressure (r30 atm) turblne ~sentroplc efflc~ency 
Low pressure (<3 atm) turb~ne lsentroplc efflc~ency 
lntermed~ate pressure (3 30 atm) turblne lsentroplc 

eff~crency 
Gas turbine lsentroplc eff~c~ency 
Compressors 

Axial ~sentroprc efflc~ency 
Centrrfugal isentroplc efflc~ency 

Pump efflc~ency 
D C to A C Inverter eff~c~ency 
Plant stack exhaust temperature 
Phosphoric ac~d fuel cells 

Molten carbonate fuel cells 

1000 F and 1800 psta 
2 51nHg 
0 85 
0 82 

0 82 
0 65 
0 75 
0 96 
260 F 
0 66 V at 475 mAlcm2 and 
45% fuel utrl~zat~on 

0 6 V at 400 mAIcm2 and 
65% fuel utlllzat~on 

demand This avo~d\ large capltdl In / Reference5 
batrnents Of course pulker~zed coal or 
combined cvcle poutr plant\ could bc 
bu~l t  In \mall lncrerncnts but the LLO 

nornlc penalty 1s htacy because thc \pc 
eifrc colt\ of turboniach~ncr\ Increase 

\~gnrf~cantly as des~gn capacrtv 15 re 
duced 

Fuel cells have r ~ l ~ t r ~ e l v  constant 
spec~t~c cost\ regdrdkss ot deslgn cd 
pac~ty In dddltton fuel cell power 
plants marntarn relat~vely hrgh ettr~ien 
cle4 at reduced load uhlle In the tur 
brne based by sttrns tht etfrc~tncv drop4 
sharply Thrs tactor nrll benet~t electric 
utllltles utth dallk or hourly changing 
load demands END 

I J M Kln, Intc-rdttd coal ,ds~tlicltlon 
molten idrbondtt tucl cell powtt pldnt NASA 
rcport CR 134955 ( 1976) 
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Table 3 Cost components for cost of electrlc~ty estrmates 

Cost components 
(rnllls1kWh) 

Equipment PC/FGD GTCC MCFC' MCFC2 
Llt Opt 

Coal handllng and preparation 0 81 0 98 0 84 0 78 
Oxldant preparat~on 0 00 2 23 1 91 1 91 
Gas~ftcat~on coollng and ash handl~ng 0 00 5 55 2 89 3 00 
Desulfur~zat~on 2 51 0 71 0 00 1 26 
Iron ox~de guard 0 00 0 00 118 0 13 
Sulfur recovery and tall gas treatlng 0 00 0 24 0 12 0 21 
Shlft conversion 0 00 0 00 0 20 0 00 
Fuel cells 0 00 0 00 0 00 2 04 
Power cond~t~onlng 0 00 0 00 4 53 0 63 
Steam turblne generator set 4 08 0 49 1 02 0 27 
Gas turblne generator 0 00 1 84 0 45 1 06 
Heat exchanger steam generatton 3 80 1 10 0 56 0 93 
Cooltng tower 0 49 0 25 0 65 0 22 
Electrical equtpment and instruments 2 51 2 48 0 22 2 51 
General fac~l~t~es 2 10 2 00 2 59 2 09 
AFUDC 1 53 1 49 2 33 1 60 
Other cap~tal charges 110 0 88 1 83 0 92 
Fuel cell replacement 0 00 0 00 0 98 1 45 

Subtotal 18 93 18 25 27 08 21 01 

Operat~on and rnalntenance 

Flxed O&M 6 50 8 34 11 12 8 72 
Var~able O&M 1 62 2 09 2 78 2 18 

Subtotal 8 12 10 43 13 90 10 90 
Fuel 21 40 20 18 15 81 16 80 

Total cost of electrlclty 48 45 48 86 56 79 48 71 

Literature des~gn 2 Optlm~zed des~gn 



AGENDA FOR 
COMBINED CYCLE PRINCIPLES COURSE 

CURITIBA, BRAZIL 
MARCE 17 THROUGH 21,1997 

Monday - March 17,1997 

9 00-10 00 AM Thermodynarmc Principles 
Heat transfer 
First and second law 
Carnot Cycle 
Steam Properties 

1000-1015AM Break 

10 15-12 00 PM Combined Cycle Principles 
Brayton Cycle 
Ranlune Cycle 
Efficiency Compart sons 
Economc Compansons 

1200-13OPM Lunch 

1 30-3 00 PM Introduction to Combined Cycle Power Generation 
Theory and operation 
Cycle parameters 
Impact on power production 
Benefits of Combined Cycle 
Fuel Considerations 

3 00-3 15 PM Break 

3 15- 5 00 PM Gas TurbineIGenerator 
Man components 

Compressor 
Burners 
Gas Turbine 
Generator 



Tuesday - March 18,1997 

8 30-10 00 AM Gas TurbinelGenerator (Cont'd) 
Gas Turbine 

Theory 
Components 
Operation 
Efficiency factors 

10 00-10 15 AM Break 

10 15- 12 00 PM Gas TurbineIGenerator (Cont'd) 
Support Systems 
Operation and Mantenance Considerations 
Performance 

12 00-1 30 PM Lunch 

1 30-3 00 PM Heat Recovery Steam Generator 
Function 
Principles 
Flow Path 

3 00-3 15 PM Break 

3 15- 5 00 PM Heat Recovery Steam Generator (HRSG) 
Components 
Inspections 

Wednesday - March 19,1997 

8 30-10 00 AM Steam TurbinelGenerator 
Principles 
Components 

1000-1015AM Break 
10 15-12 00 PM Steam TurbineIGenerator (Cont'd) 

Valving 
Lube oil systems 
Gland steam system 

12 00-1 30 PM Lunch 



@ 1 30-3 00 Steam Turbine! Generator 
Electrohyraulic Control systems 
Turbine Supervisory System 
and Loading 

Controls Starting 

3 00-3 15 PM Break 

3 IS- 5 00 PM Heat and Mass Balances for Combined Cycle Plants 
Design Cnteria 
Plant Configuration Screening 
Plant Configuration, Selection, and Prelimnary Description 

Thursday - March 20,1997 

8 30-10 00 AM Combined Cycle Plant Controls 
Gas Turbine Controls 
Steam Turbine Controls 
HRSG Controls 
Generator Controls 

1000-1015AM Break 

10 15- 12 00 PM Integrated Combined Cycle Plant Operation 
Start Up 
Operation 
Shut down 
Plant Standby 

12 00-1 30 PM Lunch 

1 30-3 00 PM Cooling Towers 
Fundamentals and Theory 
Function 
Enwronmental Factors and Effects 

3 00-3 15 PM Break 



315-500PM Cool~ng Towers 
Design 
Test Codes 
Test Evaluation 
Operation 

Fr~day - March 21,1997 

8 30-10 00 AM Condensers 
Theory 
Operation 
Construction 

1000-1015AM Break 

10 15-12 00 PM Condensers 
Operating Factors 
Testing and Evaluation 
Problem Diagnosis 
Condenser Cleanliness Calculation 

a 12 00-1 30 PM Lunch 

- 
1 30-3 00 PM Deaerators 

Theory and Operation 
Components 
Performance Calculation 

3 00-3 15 PM Break 

3 15- 4 00 PM Summary and closing 



THE ENERGY TRAINING PROGRAM 

The Energy Traimng Program (ETP) of the United States Agency for International Development 
(USAID) trains energy and environmental professionals from A I D -assisted countries (AACs) in how 0 best to assess, utilize, and manage their energy resources ETP supports the program plans and activities 
of USAID'S Center for Environment, the regional Bureaus and the overseas ~ s s i o n s  

The Institute of International Education (IIE) manages ETP ETP works wlth AACs' energy and 
environmental sectors to assess their capabilities and identify traimng needs In response to their needs, 
the program develops courses in conjunction wlth the U S energy and environmental industry ETP 
ensures that participants receive practical, skills-oriented tra~mng in every program and access to modern 
technologies, methodologies, and management techmques Its staff closely momtor each traimng 
program to guarantee excellence 

ETP covers the full range of conventional and alternative energy options available to AACs, wth an 
emphasis on energy efficiency, environment, renewable energy, and privatization ETP has developed a 
two-pronged approach to tramng the Management-Level Traimng Program (MTP) and U S -based 
courses The MTP provides short-term, in-country workshops for semor management and policy makers 
These workshops are designed to increase understanding and bulld support for energy and environmental 
issues among key decision-makers The U S -based courses provide more in-depth, practical tramng 
Ths integrated approach is designed to strengthen the institutional capacity to plan and implement 
susta~nable energy projects 

To further enhance the effectiveness of traimg, ETP has establis~~ed an A l u m  Network, umting its over 
4,000 graduates The Network is served by the ETP Drgest, a nnvsletter whrch provzdes rnformatzon on 
rndzvrdual alumm accompZzshments and upcomzng traznzng opportunrtzes 



USAID's CENTER FOR ENVIRONMENT 

The U S Agency for International Development (USAID) allocates a significant portion of its assistance 
efforts to the wse management of environment and natural resources USAID has further underscored 
the importance of environmental issues by creating the Center for Environment The Center's mandate is 
to provlde techcal and programmatic leadership and support to the Agency and its domestic and 
international development partners in addressing global environment and sustainable development 
problems 

Specifically, the Center provides techrucal support to USAID field missions and regional bureaus, 
identifies and analyzes cntical environmental problems and the constrants to thelr resolution, guides 
Agency strategy in specific environmental areas such s global climate change and biodiversity, helps to 
ensure consistent excellence in techrucal capabilities and Agency programs, and synthesizes and 
dissemnates data from technical and scientific research 

The Center for Environment also collaborates wth a wide range of partners -- host countries, non- 
governmental orgamzations, other U S government agencies, international orgamzations, and other 
donor countries -- to solve environmental problems on local, regional and global levels 

INSTITUTE OF INTERNATIONAL EDUCATION (IIE) 

IIE is the largest pnvately-operated, international education and training agency in the Umted States 
Since 19 19, IIE has promoted international understanding and fixthered international development IIE 

@ currently admmsters over 270 programs for government and pnvate sponsors worldwde The Energy 
Traimng Program, under whch t h s  course on Combined Cycle Principles falls, is sponsored by the Office 
of Energy, Environment and Technology of the Umted States Agency for International Development 
OTSAID) 



@ COURSE INSTRUCTORS 

Peter J Resetar 

Mr Resetar IS currently The lnternatlonal Institute of Education's (IIErs) 
Deputy Dlrector of USAID1s Energy Trainlng Program and dlrects energy trainlng 
programs in Latin America Prlor to jolnlng IIE, Mr Resetar was with the General 
Physics Corp There he managed all aspects of the Fossil Trainlng Department, as 
well as provldlng consulting, and trainlng services for utilities In the U S , 
Malaysia, Singapore, Egypt, Slovenla and the Ukralne 

Mr Resetar prevlously was wlth the Cinclnnatl Gas & Electrlc Company (CG&E) 
as Manager of Technical Servlces where he developed a heat rate Improvement 
program that led CG&E to become one of the top ten effic~ent Investor owned 
utility generators in the U S Mr Resetar prevlously worlted for the Dayton Power 
and Light Company wnerehe held a number of posltlons including Assistant 
Statlon Manager at the Frank M Talt Generatlng Statlon, Project Manager of the 
Energy Dispatch System, Unlt Manager at the J M Stuart Generatlng Statlon, and 
Manager of Software Development Services Mr Resetar IS a licensed professional 
engineer and has a BS in Mechanlcal Englneer~ng and a Masters In Bus~ness 
Administration 

Mr Shelkh IS currently Vlce President of Fossll Consulting Servlces , Inc 
(FCS) a fossll ut l l~ty consult~ng company that provides engineering, operations and 
maintenance support services for Investor ar,d government owned utllltles as well 
as independent power producers and process plants He has over twenty years 
experience In the maintenance and operation of power plants and process plants 

Prior to  jolnlng FCS, Mr Shelkh was the Director of Plant Englneerlng and 
Operations Serv~ce department for General Physlcs Corp where he dlrected 
power plant opmt lons projects as well as carrying out power plant performance 
test and advanced level training courses for power plant engineers , operators and 
maintenance personnel Mr Shelkh also served as the Englneerlng Supervisor for 
the Ghazlan Power Plant for the Saudi Consolidate Electr~c Company and as Senlor 
Project Engineer at the Fauji Fertilizer Company and as Maintenance Englneer at 
Paklstan Reflnery Ltd In Pak~stan Mr Sheikh has both a BS and MS In 
Mechanlcal Englneerlng 



Combined Cycle 
Principles Course 

Module -7 

Po wer Plant 
Thermodynamic 

Principles 

Columbia, Maryland 



Prrncrples of Combrned Cycle Power Plants - MODULE 4 

TABLE OF CONTENTS 

1 0 POWER PLANT THERMODYNAMIC PRINCIPLES 

1 1 Energy 

1 1 1 Types of Energy 

1 1 2 Unlts of Energy and Work 

1 1 3 Work and Power 

1 1 4 Energy Conversion In a Power Plant 

1 2 Laws of Thermodynarn~cs 

1 2 1 The First Law of Thermodynarn~cs 

1 2 2 The Second Law of Thermodynarn~cs 

1 2 3 T-S Dlagrams 

1 3 Water and Steam 

1 3 1 Properties of Water 

1 3 2 Steam Tables and the Molller Dlagram 

1 4 Heat Transfer 

1 4 1 Conduction 

1 4 2 Convection 

1 4 3 Radlatlon 

1 4 4 Energy Balance and the Heat Transfer Equatlon 

1 5 Cornbustlon Theory 

1 5 I Prlnclples of Cornbustlon 

Oxygen 

Heat 

1 5 2 Requ~rements for Complete Cornbustlon 

1 5 3 Cornbustlon Products 

1 5 4 Undesirable Products of Cornbustlon 

1 5 5 Heat~ng Value of  Fuel 

Page I 

Cb 



Prrnciples of Combined Cycle Power Plants MODULE I 

1 0 POWER PLANT THERMODYNAMIC PRINCIPLES 

Thermodynamics IS the science that describes and deflnes the converslon of one 

form of energy Into another Examples Include the converslon of chemlcal energy lnto 

thermal energy, whlch occurs durlng the combustion process, and the transformat~on 

of thermal energy Into mechanlcal energy, wh~ch takes place In the turblne Each step 

In the converslon of energy IS termed a "process" and several processes constitute a 

thermodynamic system or cycle The thermodynamic cycle that is used In 

conventional power plants is used to produce work to turn a generator that make the 

flnal converslon of energy lnto electrlcal energy 

The water and steam used In the conventional power plant IS the worklng fluld 

of the thermodynamic cycle The worklng fluld conveys energy between d~fferent 

components and IS used In each process The steam undergoes several changes In the 

converslon of energy - 

This module relates energy, work, and heat wlth the worklng fluld of a power 

plant The concepts presented In thls module will provide a better understanding of 

power plant operation and efflclency 

1 1 Energy 

Energy IS a fundamental aspect of all forms of matter and all systems One of 
the most Important aspects of energy IS expressed as a physlcal law, the Law of 

Conservatlon of Energy Thls law states that energy can be changed from one type 

to another, but ~t cannot be created or destroyed 

Energy can be thought of as the abllrty or capacity to do work When work IS 

done, energy 1s frequently changed from one type to another in accordance with the 

Law of Conservat~on of Energy 

1 1 1 Types of Energy 

A power plant may be thought of as an "energy converslon factory" that 

converts one type of energy to another type There are many d~fferent types of 

energy Four types of energy used In the power plant cycle are chemlcal energy, 

mechanlcal energy, heat energy, and electrlcal energy 
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Chem~cal Energy 

Chemlcal energy IS the energy locked In the molecular bonds of a chemlcal 

compound (fuel In the case of a power plant) The chemlcal energy IS released by a 

chemlcal reaction, such as that whlch occurs when oxygen and heat are supplled to 

burn the fuel The chemlcal structure of the fuel IS changed and the combustlon 

products that result are at a lower energy level The difference in the chemlcal energy 

level of the fuel and the combustlon products IS converted to heat energy 

Mechanical Energy 

Mechanical energy IS made up of two dlfferent components, potentlal energy 

and klnetlc energy Potentla1 energy IS the energy an object has as a result of its 

dlstance from the center of the earth, or ~ t s  elevatlon The hlgher the elevatlon of an 

object the more potentlal energy it has 
- 

Klnetlc energy IS the energy that a substance has as a result of ~ t s  veloclty The 

hlgher the veloclty of a substance the more klnetlc energy ~t has In fact, klnetlc 
energy In a substance IS proportional to the square of its veloclty Thus, ~f one were 

to  double the veloclty of an object llke a ball, ~ t s  klnetlc energy would Increase by a 

factor of four 

An object, such as a ball, may have both potentlal and klnetlc energy Thls IS 

true, for Instance for a ball that has been thrown Into the alr and IS 20 feet above the 

ground and has a veloclty of 40 feet per second The sum of the potent~al and klnetlc 

energy of the ball IS ~ t s  mechanlcal energy 

There are changes in both potentlal and klnetlc energy In the power plant cycle 

The role that potent~al energy plays In the overall energy conversion, however, IS 

relatively unimportant when compared to the other types of energy used In the power 

plant cycle Accordingly, klnetlc energy IS usually the only type of energy cons~dered 

In mechanlcal energy 

Heat Energy, Temperature and Enthalpy 

Heat energy IS the energy In a substance that IS caused by temperature and 

pressure Heat energy IS actually made up of t w o  dlfferent types of energy, Internal 

energy and pressure-volume (P-v) energy * 
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Internal energy In a substance depends upon its temperature The motlon of 
molecules of a substance IS Internal energy The molecules of a substance are 
constantly rotating, vlbratlng, and movlng from place to place at hlgh veloc~ty The 
amount of motlon IS determlned by the temperature of the substance The hlgher its 

temperature, the greater the molecular motion and thus the greater ~ t s  Internal energy 

Temperature can be expressed In many dlfferent scales In the Engllsh system, 

the Fahrenhelt scale 1s deflned wlth the freezing polnt for water at 32°F and the bolllng 

point (at sea level) at 212°F Another scale Important In thermodynamlcs that IS 

slgnlflcant wlth regard to Internal energy IS called the Ranklne scale The "zero polnt" 

for the Ranklne temperature scale IS "absolute zero " Absolute zero IS the temperature 

at whlch, In theory, all molecular motlon stops (-459 67°F) The Internal energy of any 

substance at absolute zero would be zero since Internal energy IS determlned by 

molecular motlon The Ranklne temperature scale must be used In some areas of 

thermodynamlcs that are described later In thls module Temperature can be- 

converted from degrees Fahrenhelt t o  degrees Ranklne by addlng 459 67 to the 

temperature in Fahrenhelt Thus, for example, 1000°F 1s 1459 67"R 

In the Engllsh system Internal energy 1s expressed In a unlt called the Brltlsh 

Thermal Unlt (BTU) The BTU IS deflned as the amount of heat requlred to  change the 

temperature of one pound of water one degree Fahrenhelt lncreaslng the temperature 

of a pound of water by I0F, therefore, Increases rts Internal energy by 1 BTU 

Different substances have dlfferent amounts of Internal energy at the same 

temperature For example, to  Increase the temperature of 1 pound of steel at 60°F by 

1 OF, ~t takes 0 1 18 BTU, 1 pound of petroleum, 0 5 BTU Therefore, 1 pound of water 

has more ~nternal energy than 1 pound of steel or petroleum at the same temperature 

The state of a substance, sol~d, I~qu~d,  or gas, also has considerable Influence 

on rts heat energy For Instance, water at the freezlng polnt has much more heat 

energy than Ice at the freezlng polnt As heat energy 1s added to  Ice and the Ice 

changes state to water, the molecular structure of the Ice becomes more random One 

way of consrderlng thls change IS to  say that the Ice molecules must flnd room to 

move Slmrlarly, steam at the bolllng temperature has more heat energy than water 

at the same temperature The molecules of steam are In motlon and freer t o  move 

than those of a llquld 
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Because the gas molecules are at a hlgher energy level and are free to separate 

and move, gases llke air or steam are compresslble Thls means that thew volume can 

be greatly reduced ~f put under pressure Compression of a gas Increases its Internal 

energy Thls P-v energy can be put to work by expanding the gas Since gases are 

compresslble and can retaln P-v energy, they also have a greater enthalpy (total 

energy) than a solid or llquld 

- P-v energy ~r l  a substance de~ends upon its pressure and spec~flc volume The 
- 

h~gher the pressure of a fluld, such as steam for ~nstance, the greater ~ t s  energy A 

substance at a given pressure and temperature occupies a flxed volume that can be 

determined by the parameter-speclflc volume Speclflc volume IS the volume occupled 

by one pound mass of a substance Speclflc volume In the Engllsh system IS 

expressed In terms of cublc feet per pound mass Speclflc volume IS also the inverse 

of denslty The product of the pressure and speclflc volume of a substance IS a 

measure of the P-v energy - 

Pressure In the Engllsh system IS measured In pounds per square inch There 

are two varlatlons In pressure unlts The most common of these IS expressed In 

pounds per square Inch gauge (psig) Atmospheric pressure IS def~ned as zero ps~g  

Most pressure measurements In everyday sltuatlons, including power plants, are made 

In pslg (the pounds gauge scale) 

The other varlatlon In pressure measurement IS pounds per square ~nch  absolute 

(psla) The difference between ps~g and psla IS the zero polnt of the scale For psla 
zero IS a perfect vacuum Thus, atmospheric pressure (whlch IS zero pslg) IS 14 69 
psla To convert from psla to pslg, atmospheric pressure ( 1  4 69 psla) IS added to the 

readlng In psla The absolute pressure scale IS much less common than the pounds 

gauge scale, however ~t IS Important because ~t IS used for most thermodynamic 

calculat~ons 

The amount of heat energy In a substance IS usually measured as its enthalpy 
The enthalpy of a substance IS the sum of ~ t s  Internal energy and ~ t s  P-v energy 
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Thls IS expressed by the equatlon 

where h = enthalpy (BTUIlb) 

u = Internal energy (BTUIlb) 

Pv = the pressure-volume energy (pressure x speclflc volume) 

778 = converslon factor (778 ft-lb/BTU) 

The speclflc volume expression used In calculating the P-v energy above IS 

deflned as the volume per unlt mass of a substance A foot-pound (ft-lb) IS the unlt 

of work However, because both heat and work are forms of energy, a converslon 

factor 778 ft-IbIBTU, can be used to convert the units 

F~gure 1-1 lllustrates the concept of heat energy Energy from the burnlng 

candle IS transferred to  the air In the sealed contalner The candle converts energy 

from the combustion of paraffln and alr The arr In the contalner absorbs thls energy 

In t w o  forms (1)  the Internal energy of the air In the contalner lncreases as its 

temperature Increases, and (2) the pressure-volume energy lncreases because ~ t s  

pressure lncreases Thls example lllustrates that whlle heat energy IS thought of as 

two  different types of energy, these t w o  types of energy are closely related The 

reason that the pressure of the alr In the sealed contalner In the example Increases IS 

due to the Increase In temperature 

Heat energy IS d~ f f~cu l t  to use to do work Heat energy 1s usually converted to  

mechanlcal energy because mechanlcal energy can be used more easlly F~gure 1-2 
shows heat energy belng converted to mechanlcal energy uslng steam In a plston and 

cyllnder arrangement The steam IS under pressure Pressure IS produced by the 

steam's molecules collldrng wlth the cyllnder walls and plston The steam does work 

by exertlng a force on the plston, whlch causes the plston t o  move As the plston 
moves out, the volume of the steam lncreases as the pressure and heat energy 

decrease The temperature of the steam also decreases, also causing a decrease In 

heat energy Thls process IS called expanslon The d~fference In the heat energy of 

the steam before and after the expanslon IS the energy that was converted to 

mechanlcal energy 
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F~gure 1-1 Heat Energy 
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STEAM EXPANSION r- PIS'CV 

/ 

F~gure 1-2 Conversion of Heat Energy to Mechan~cal Energy 

Expansion of steam for energy conversion IS used In power plant steam 

turbines Steam enters the turbine at high pressure (typically around 2400 psig) and 

1s expanded to a very low pressure, nearly a vacuum The temperature of the steam 

also falls considerably in expansion through the turbine, typically from 1000°F to 

about 80°F to 100°F In the steam turblne expansion process, the heat energy In the 

steam is converted to mechanical energy to do the work of turning the generator 

rotor 

Electrical Energy 

Electrical energy is a result of electrons flowing through a conductor The 

amount of electrical energy flowlng through a conductor is determined by the amount 

of electron flow, or current (measured in amps) and the "electrical pressure," or 

voltage, agalnst which the electrons must flow 

There are two types of electricity used rn power plants, direct current (DC) and 

alternating current (AC) In DC electricity, the electrons always flow in the same 

direction In AC electr~city, the direction of the flow of electron changes continuously, 

reversing itself 60 times per second for 60 HZ power 
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There IS a relationship between the current and voltage In a conductor for DC 

electricity called Ohm's Law Ohm's law may be wrltten as - 
E = I  x R 

Where E = voltage In volts 

I = Current in amps 

R = Resistance In Ohms 

The greater the current for a given voltage, the greater the electrical energy 

flowing through an electr~cal conductor Similarly, the greater the voltage for a glven 

current, the greater the electrlcal energy Units of electrlcal energy are watts 

Electrical power (for dlrect current clrcults) can be determined from the fol low~ng 

clrcults using the following equation - 

P = E x  1 - 

Where P = Power in watts 

E = Voltage In volts 

I = Current in amps 

The two equations above apply only to  DC electrlclty Sim~lar relat~onshrps exist 

for AC electricity and these are explained later In this course 

Electr~cal energy 1s usually expressed In terms of watt-hours Watt-hours are 

the product of power and the time for which it IS generated Thls IS true for both AC 

and DC electr~c~ty 

Electrical power can be produced using mechan~cai force through the use of 

magnetism When a magnetic field IS moved near a conductor, voltage is Induced In 

the conductor thus causing current to flow In most power plant generators the rotor 

IS a large electromagnet It IS rotated inslde the statlonary armature whlch has many 
conductors As the torque that IS exerted on the generator rotor increases, the current 
flow and thus power electrical generation is increased The detalls of generators and 

how they work are covered In detail later In this course 
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1 1 2 Units of Energy and Work 

Units are used to  describe the size and magnitude of various properties of 

matter In the discussion of temperature earlier in this Section, for example, it was 

explained that the unit degree Fahrenheit can be used to  express the temperature of 

a substance 

Work, energy and properties of substances are expressed in many different 

units Many quantities and properties can be expressed using more than one type of 

unit As an example, temperature can be expressed in degrees Fahrenheit or degrees 

Rankine The choice of units often depends on the discipline being considered When 

working with electrical equipment it is convenient to use electrical units such as volts, 

amps and watts When working with mechanical components, it is convenient to 

work in mechanical units such as pounds, feet, foot-pounds, and BTUs - 

Since the same parameter may be expressed in different units, it is often 

necessary to  "convert" the units through the use of conversion factors An example 

of a conversion factor IS that used to convert temperature from degrees Fahrenheit to 

degrees Rankine The conversion factor 459 67 IS added to  degrees Fahrenheit to  

obtain degrees Rankine In many cases conversion factors must be used by 

multiplying or divrdrng rather than adding or subtracting Conversion factors are 

published In many different places 

Prefixes are also commonly used with units Common examples of preflxes are 

"kilo," which means one thousand, and "mega" which means million A conversion 

factor IS implied when these prefixes are used For example one kilowatt is equal to  

1,000 watts The conversion factor in this instance is 1000 watts per kilowatt 

It IS also common to  use abbreviations with units Examples of common 

abbreviations are " O F "  for degrees Fahrenheit, "KW" for kilowatts and "BTU" for British 

Thermal Units Conversion tables usually provide these abbreviations as well as the 

converslon factors 

Conversion factors are used in the followrng example in which the efficiency of 

a power plant is determined A power plant burns coal that has a heating value of 

13,000 BTU/lb at a rate of 220,000 pounds per hour and produces 250,000 KW of 
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electrlclty It produces 2 86 b~lllon BTU per hour through the conversron of chemrcal 

to heat energy The power plant also produces 250,000 KW-hours (KWH) of electr~cal 

energy per hour The ef f~c~ency of the plant IS deflned as the ratlo of the energy 

suppl~ed to  the plant to  the useful energy produced It IS necessary to  express the 

energy supplled and the useful energy produced In the same un~ts  In order to make t h ~ s  

calculat~on Slnce the energy supplled and the energy produced are expressed In BTUs 

and the energy produced IS expressed in d~fferent unlts, the converslon factor 341 3 

BTU/KWH must be used as shown In the fol low~ng equation 

250 000 K W H  x 341 3 BTUIKWH , 00% = 29  8% Effrctenc y = 
2 860,000,000 BTU 

1 1 3 Work and Power 

A full understanding of energy converslon In power plants requires that varlous 

concepts related to  energy be understood as well Among these concepts are work, 

energy and entropy 

Work 

Energy can be def~ned as the capaclty to do work Another way to  deflne work 

IS In terms of mechanical energy Work In terms of mechan~cal energy IS the actlon 

of a force movlng an object over a dlstance In fact, work IS often cons~dered as 

energy In motlon slnce movlng an object Increases ~ t s  k ~ n e t ~ c  energy Work can also 

be thought of as a way to convert one type of energy to  another The turb~ne, for 

example does work on the generator by exertlng a force (torque) on the generator as 

~t moves (rotates) The generator then converts the mechan~cal energy from t h ~ s  work 

to  electr~cal energy 

F~gure 1-3 illustrates a small steam turblne that belng used to  lift a we~ght The 

steam turb~ne converts the heat energy of the steam Into mechan~cal energy to 11ft the 

we~ght  The we~gh t  has more potent~al energy after ~t has been l~ f ted  t o  a h~gher 

elevat~on through the work of the turblne The turbine has converted heat energy to 
potent~ai energy by work~ng 
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F~gure 1-3 Welght Llfted by Small Steam Turb~ne 
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Another example of work lnvolved In conversion of energy occurs In a pump 

A prime mover, such as a motor or a turblne, transforms energy (electrical or heat) to 

mechanlcal energy t o  rotate the pump The pump uses thls mechanlcal energy to  do 

work on the flu~d, lncreasrng the energy of the fluld The result of the lncrease In the 

fluid's energy IS generally seen as an Increase In the pressure of the fluid There may 

be other changes In energy as well, such as an lncrease In the veloclty of the fluld or 

an lncrease In ~ t s  temperature The Increase In veloclty results In an lncrease the 

k~netlc energy of the flu~d, whereas, the lncrease in temperature results In an lncrease 

In the Internal energy of the fluld Typically, thls temperature lncrease IS very small 
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Power 

It 1s useful to  know how much energy IS necessary to  make a process occur 

The amount of energy alone IS not enough to descr~be many processes, however The 

rate at whlch the energy IS delivered to or generated from a process IS also Important 

Power IS the rate at which work is done For example, In F~gure 1-3, ~f the welght 1s 

llfted at a speed that 1s twlce the orlglnal speed, then twlce as much power 1s belng 

used Regardless of the rate, however, the same amount of work IS performed and the 

same amount of energy 1s used ~f the welght 1s llfted the same dlstance 

1 1 4 Energy Convers~on In a Power Plant 

A power plant receives fuel and burns ~t to  convert the chemlcal energy of the 

fuel into heat energy In a gas turbine, t h ~ s  energy 1s converted dlrectly to mechan~cal 

energy as the hot gases expand to drive the turblne Some of the mechan~cal energy 

of the turblne IS transferred through the shaft to the compressor to  Increase the 

pressure and temperature of the alr used In the gas turblne The rest of the 

mechan~cal energy 1s transmitted through the shaft to  the generator where ~t 1s 

converted to electrical energy 

In a comb~ned cycle plant, hot gases from the gas turb~ne are exhausted to a 

heat recovery steam generator (HRSG) where additional energy converslon takes place 

The heat energy of the gases 1s transferred to the water In the HRSG, steam IS formed 

and then superheated The heat transfer takes place In the tubes ~nslde the HRSG 

The Internal energy of the steam IS Increased through the absorption of heat The 

pressure Increases because the volume of the gaseous steam IS llmlted 

The heat energy In the steam from the HRSG IS converted t o  mechan~cal energy 

rn the steam turblne The turblne uses the mechan~cal energy from the steam t o  turn 

the generator whlch then converts the mechan~cal energy t o  electr~cal energy 

The steam expands and cools In the energy converslon In the steam turblne A 
small fractlon of the steam condenses In the steam turb~ne and appears as small water 

droplets The mixture of steam and water exhausts from the steam turblne to the 
condenser where the remaining steam is condensed Into water, usually referred to  as 

condensate The heat required to change state between steam and water, called the 
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heat of vaporlzatlon, IS rejected to  the clrculatlng water through heat transfer in the 
condenser The condensate IS then pumped back to  the HRSG through heat 

exchangers deslgned to  capture more heat through heat transfer The process IS then 

repeated 

1 2 Laws of Thermodynamlcs 

The conversion of heat to work 1s based on two fundamental prlnclples generally 

referred to as the Flrst and Second Laws of Thermodynamlcs The Flrst Law 1s slmply 

a restatement of the Law of Conservation of Energy that describes the relatlonshlp 

between heat and work The Second Law describes the avarlablllty of heat energy to 

do work 

Regardless of the type of work or the type of energy under cons~deration, the 

terms heat, work, and energy have practical slgnlf~cance when vlewed In terms o f  

systems, processes, cycles and thew surroundings In the case of expansion work In 

a steam turblne, the system IS a fluld (waterlsteam) capable of expansion or 

contraction as a result of pressure, temperature or chemlcal changes The way In 

whlch these changes take place 1s referred to  as the process A cycle 1s a sequence 

of processes that produces net heat flow or work when placed between an energy 

source (fuel) and an energy slnk (condenser) 

When deallng wlth energy and the means of converting energy from one form 

to another, ~t IS convenient to draw a boundary around the system Everything wlthln 

the system boundarles 1s part of the system, and everythrng outslde of the boundarles 

IS called the surround~ngs Energy can be transferred across the system boundarles 

between a system and ~ t s  surround~ngs 

There are two  types of systems closed systems and open systems A closed 

system, as shown In F~gure 1-4, has no transfer of mass to  or from ~ t s  surroundlngs 

For example, the feedwaterlsteam prplng In a power plant 1s the boundary of a closed 

system It 1s used to  collect water (mass) and Isolate ~t from the surroundlngs Energy 

IS transferred into the system In the HRSG and out of the system In the turbine and 

condenser The mass of the worklng flurd In the system (steamlwater) stores the 

energy 
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BOUNDARY 

ENERGV I N  ErUE7GY OUT 

Figure 1-4 Closed System 

An open system, as shown In F~gure 1-5, transfers both mass and energy to  or 

from its surround~ngs An example of an open system IS a hydroelectric power plant 

w h ~ c h  utll~zes a continuous flow of water Into and out of the system to  produce 

electr~cal power 

BOUNDAiiY 

-- --- 
M A S S  IN+- - 1 - 

/ 5 EhERGV O b T  

I /  - 
I - / - / 1T 

Mi- l 
/ 

ENERGY IN L 
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- 

F~gure 1-5 Open System 
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The conventronal power plant steamfwater cycle (often called the Rankrne cycle) 
is a closed system used to convert the heat of combustion into mechanrcal work The 
mass of the system IS water, and the system boundary consists of the boller tubes, 
turblne caslng, condenser tubes, pump caslngs, and the rnterconnectrng prplng 

1 2 1 The Flrst Law of Thermodynarn~cs 

From the prlnclple of conservation of energy, whenever there IS any net transfer 

of energy Inward across the boundary of a system, the stored energy of the system 

Increases by an amount equal to the net energy transferred Conversely, ~f there IS a 

net transfer of energy out of the system durlng any process, the stored energy of the 

system decreases by an amount equal to the net energy removed Thrs prlnclple 

relates to the Flrst Law of Thermodynarn~cs whlch states that energy can nelther be 

created nor destroyed 
- 

In the case of a closed system, the flrst law of thermodynamics can be applled 

by uslng an energy balance, as shown In Figure 1-6 From thls energy balance the 

following equatlon can be wrltten 

Q - W = E , - E ,  

where Q = net heat transferred to  the system 

W = net work done by the system 

E, = stored energy of the system at the start of a process 

E, = stored energy of the system at the end of the process 

Thls equatlon states that the difference between the net heat energy added to 

a closed system and the net work done by the system IS seen as a change In the 

amount of energy stored In the system This general "energy" equation IS one form 

of the Flrst Law of Thermodynarn~cs Appllcatlon of thrs equatlon to a system IS called 

wrltlng the energy balance for the system 

An energy balance IS wrltten by evaluating the three terms of the general energy 

equatlon These Include the heat O and work W added to  or removed from the 

system, as well as change In total energy possessed by the system The energy In the 

system Includes potentlal energy, klnetlc energy, Internal energy and P-v energy 
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F~gure 1-6 Energy Balance 

The changes In potentla1 and klnetlc energy In most closed systems are very, 

small compared to other changes and so to slmpllfy the equation, they are assumed 

to be zero Thus, the change In the total energy equals the sum of the changes in 

~nternal energy and pressure-volume (P-v) energy, whlch equals the change In 

enthalpy Thls can be represented by the followlng equation 

O - W = H 2  - H I  = A H  

where Q = net heat transferred to the system 

W = net work done by the system 

H, = enthalpy of the system at the start of a process 

H, = enthalpy of the system at the end of the process 

It IS Important In using thls equatlon that the energy unlts used are the same 

It IS also Important to adopt "sign convent~ons" for heat and work are used In applylng 

these relatlonsh~ps Usually the followlng sign convention IS used If heat IS added 

to the system, a poslttve value (plus sign) IS used for 0, ~f heat IS removed from the 

system, a negatlve value (mlnus slgn) IS used If work IS done by the system, a 

posltlve value IS used for W, ~f work IS done on the system, a negatlve value IS used 

The general energy equatlon also applles to open systems, as shown In 

F~gure 1-7 The type of open system most frequently encountered In practical 

systems IS called a steady flow system 
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F~gure 1-7 General Energy Equat~on In Open Systems 

In this case, the mass flow into the system equals the mass flow out Thus, no 

mass IS collected by the system In addit~on, the potential and kinetic energy changes 

of the working fluid can be elim~nated since they are essentially the same at the inlet 

and outlet conditions Thus, the change In the total energy equals the sum of the 

changes in internal energy and P-v energy entering and leav~ng the system This 

equals the change in enthalpy of the worklng fluid 

The general energy equation can be rewritten as follows 

Q + H , =  W + H o  

where Q = net heat transferred to  the system 

W = net work done by the system 

H, = enthalpy of the working f l u~d  entering the system 

H, = enthalpy of the working fluid leaving the system 

This equatron can be applred to  the entire power plant without examrning the 

details of the process w i th~n the plant The equation can also be appl~ed to  indiv~dual 

components and processes In the power plant such as the HRSG, steam and gas 

turb~nes, boller feed pumps and so on 
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For example, a turblne IS deslgned to extract energy from the worklng fluid to 

do work In the form of turnlng a shaft Thls shaft work IS converted to  electrical 

energy by the generator F~gure 1-8 shows a slmpllfied dlagram of a turbine A slmple 

turblne IS a steady flow system In whlch, ~deally, no heat IS transferred to  or from the 

system (Q = 0) The general equatlon for a simple turblne IS written as follows 

Because the turblne In thls example IS a steady flow system, the energy 

equatlon must be wrltten for some selected time Interval This IS accomplished by 

wrltlng the equatlon In terms of rates of energy trqnsfer, In BTU per unit tlme, as 

follows 

Thls form of the general energy equatlon IS particularly Important because the 

rate of work done by the system W IS the power output of the system The othe; 

terms In thls form of the equatlon, namely the mass flow rate m and the enthalples, 

h, and h,, are measured quantltles The lower case "h" IS used rather than the upper 

case "H" as In the previous equation because the speclflc enthalpy, BTU per pound, 

IS used rather than the "gross" enthalpy 

Another example of a heat transfer system IS a boller (or HRSG) of a power 

plant whlch is used to  take hlgh pressure, low temperature water and generate high 

pressure, high temperature steam F~gure 1-9 shows a slmple boller as an open 

system Thrs system conslsts of the water flowlng through the boller, the piping and 

boller tubes make up the system boundaries Applylng the general energy equatlon to 

the boller, the following equatlon can be wrltten 

Q is the amount of heat transferred through the boller tubes and absorbed by 

the water and steam Slnce the boller does not do work, the work term W in the 

equation IS zero 

Thus, the equatlon can be s~mpllfied and w ~ ~ t t e n  for a steady f low system 

Q = m ( h o  - h,) 

a where Q is the rate of heat transferred to the worklng fluid 
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I, H ou t  

w t  

Figure 1-8 Simplified Turbine D~agram 
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Figure 1-9 Simple Bo~ler 
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1 2 2 The Second Law of Thermodynam~cs 

The Flrst Law of Thermodynarn~cs describes the relatlonshlp between heat, 

energy and work Whlle the Flrst Law IS useful In descrlblng, for example, how much 

heat IS requlred to produce a given amount of work, ~t IS not sufflclent by itself to 

descr~be all aspects of converslon of energy 

For example, conslder a rotatlng flywheel whlch IS brought to rest by frlctlon In 

its bearing The temperature of the bearlng rises The Increase In the Internal energy 

IS equal to the orlginal energy of the rotatlng flywheel Can the flywheel start rotatlng 

as the bearlng cools down untll the bearlng temperature IS restored to ~ t s  origlnal value 

and the flywheel once again has its original klnetlc energy? There IS nothlng In the 

Flrst Law that helps to  answer thls question, none the less, the answer IS no It 1s 

ev~dent that there must be some natural prlnclple, In addltlon to  the Flrst Law of 

Thermodynam~cs, whl.ch determines the dlrectlon of a process Thls IS where the 

Second Law of Thermodynam~cs applles 

The Flrst Law IS a statement of the equivalence of various forms of energy and 

says that energy must be conserved In a process, however, ~t gives no lndlcatlon of @ whether or not d~ff~cul t les will be encountered in maklng the converslon from one 

energy form to another The Second Law of Thermodynarn~cs IS not restricted to 

Interchanges of heat and work, but rather IS a broad ph~losophy on the behavlor of 

energy and energy transformat~ons The Second Law concentrates on the feaslbil~ty 

of energy converslon processes 

Cons~der a power plant cycle as shown In Flgure 1-10 whlch conslsts of the 

boller, turblne, condenser, and feedwater systems Heat IS added to thls cycle In the 

boller Energy leaves the system In the form of work done by the turbrne However, 

not all of the energy IS removed from the steam In the turblne, and the steam that 

enters the condenser must be condensed In order to  condense the steam In the 

condenser, the latent heat of vaporlzatlon of the steam must be rejected from the 

system If t h ~ s  heat were not rejected, the condenser pressure and temperature would 

begin to Increase lowering the work output of the turblne T h ~ s  rejected heat IS more 

than half of the total heat added to  the cycle In the steam generator 
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F~gure 1-1 0 Power Plant Cycle 

Th~s cycle appears to be very ~ne f f~c~en t  It would seem that the cycle could be 

made more ef f~c~ent  by using the heat rejected In the condenser rather than "throwing 

~t away " Unfortunately, the heat rejected from the condenser IS at a relat~vely low 

temperature, typically around 100°F Most thermodynam~c processes used In power 

generatron, such as generating steam In the HRSG, require much h~gher temperatures 

In fact, apart from uslng warm circulatrng water from the condenser for heat~ng 

greenhouses and melt~ng snow from s~dewalks, there are very few ways In wh~ch  ~t 

IS pract~cal to use the heat rejected in the condenser In thermodynam~cs, the heat 

rejected from the condenser IS said to  have low ava~labll~ty 

The example of the power plant cycle In Figure 1-10 ~llustrates a fundamental 

consequence of the Second Law of Thermodynam~cs It 1s ~mposs~ble to convert all 

of the energy suppl~ed to  a thermodynam~c system t o  useful work Some of the 

energy is lost or rejected The more energy that can be converted to  useful work, the 

more e f f~c~en t  the system In thermodynam~cs, the opposlte view IS often taken, a 

thermodynam~c cycle can be made more e f f~c~ent  by minlmlzlng the heat rejected 

The example of the power plant cycle In F~gure 1-10 also demonstrates that, 

when deal~ng w ~ t h  energy conversion, ~t IS not enough to know the amount of heat 

transferred to  descr~be a thermodynam~c process The temperature at which heat IS 
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0 
transferred is also Important because the availabll~ty ~f heat energy In a substance 

depends upon ~ t s  temperature The lower the temperature of a substance, the less the 

avaliab~lity of its heat energy t o  do work T h ~ s  concept IS so Important that another 

property IS def~ned t o  descrlbe both the amount of heat transferred and the 

temperature at whlch it IS transferred 

T h ~ s  property, entropy, represented by S IS def~ned as the ratlo of heat 

transferred t o  the absolute temperature at w h ~ c h  ~t 1s transferred T h ~ s  can be written 

In the following equation 

abs 

where AS = change In entropy of a system during some process (BTUI0R) 

AQ = amount of heat added t o  the system dur~ng  the process (BTU) 

T,,, = absolute temperature at w h ~ c h  the heat was added (OR) 

Entropy IS a property as is pressure, temperature, volume or enthalpy Because 

entropy tells so much about the usefulness of an amount of heat transferred in 

perform~ng work, the steam tables Include values of speclflc entropy as part of the 

informat~on tabulated 

1 2 3 T-S D~agrams 

The defin~tlon of the change In entropy can be visualized by  cons~derlng a 

process In whlch heat IS added t o  a substance If thls process 1s carr~ed out at a 

constant temperature, the change In entropy(AS) equals the heat added(Q) divlded by 

the absolute temperature (Tab,) 

The usefulness of  entropy can be ~llustrated by descrlb~ng thermodynamic 

processes on a dlagram called a T-S d~agram and uslng the d e f ~ n ~ t ~ o n  of entropy The 

following equat~on can be w r ~ t t e n  by rearranging the equation that deflnes entropy 

where AS = change In entropy of a system durlng some process (BTU/"R) 

AQ = amount of heat added t o  the system dur~ng  the process (BTU) 

Tab, = absolute temperature at w h ~ c h  the heat was added (OR) 
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T,, = absolute temperature at whlch the heat was added ( O R )  

The amount of heat required for a thermodynamic process can be thought of 

as the area under a curve plotted on a T-S diagram That area can be determined 

through a mathematical process called Integration F~gure 1-1 1 shows a T-S diagram 

for t w o  different thermodynamic processes In which the temperature T and the 

entropy S of a substance both change as heat IS added 

The heat requ~red for the process represented by path A can be found by 

determining the area under the curve A between the limits of S,  and S, The second 

thermodynamic process, represented by path B has the same endpoints but IS different 

from path A, because all of the points on curve B are lower than those on curve A 

Accordingly, the area under curve B IS less than that under curve A and so the heat 

requlred for the process represented by curve B IS less than that for the process 

represented by curve A Thus, as this example demonstrates, it IS not enough to  

know the endpo~nts of a process In order to  determine the amount of heat required for 

that process, the path must also be known 

I 

I 
I PATH 

I PATH 
B 

I 
I 

ns 
1 

E'VTROPY 

F~gure 1-1 1 T-S D~agram 
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The work done by or on a thermodynamic system and the heat added to or 

removed from the system can be easlly vlsuallzed on the T-S d~agram T-S diagrams 

are, therefore, frequently used to  analyze energy transfer cycles In the following 

Module, two cycles that are used In power plants, the Brayton and Ranklne Cycles, are 

deplcted on a T-S d~agram to determine efflclency The Brayton and Ranklne Cycles 

thermodynamically represent the gas turbine and water/steam cycle of a comblned 

cycle power plant 

1 3 Water and Steam 

Water IS the primary substance used to transfer energy in a power plant In a 

comblned cycle plant, the heat recovery steam generator (HRSG) IS used to  convert 

water Into steam The steam IS used to  drlve the steam turblne-generator whlch 

produces electrical power Water IS a key resource because of its wlde ava~lab~lity, 

nontoxlc nature, and favorable properties The properties discussed In thls sectlon are, 

States or phases 

Heat capaclty (speclflc heat) 

Heat of fusion 

Heat of vaporlzatlon 

Saturation temperature 

Saturation pressure 

Superheat 

1 3 1 Properties of Water 

Water can exlst In any of the three states solld, Ilquld, and gas These three 

states are also called phases The state or phase of water depends on ~ t s  temperature 

and pressure At  atmospher~c pressure, Water berow32'F IS soilci i l c k w a t e r  above 

32°F and below 21 2°F IS I~qu~d, and water above 21 2°F IS gaseous (steam) Heat must 

be transferred to  or from water to  change both ~ t s  temperature and state F~gure 1-12 

shows the amount of heat at atmospherlc pressure needed to  change 0°F Ice to  21 2°F 

steam and beyond 

When heat IS transferred to Ice, ~ t s  temperature Increases untll the Ice reaches 
the freezlng polnt of 32°F The amount of heat requlred to  change the temperature of 

Ice IS determined by a parameter called speclflc heat 
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The speclflc heat of Ice 1s 0 505 BTU/lb°F and so one pound of ice must absorb 

0 505 BTU of heat t o  ralse ~ t s  temperature by 1 OF In F~gure 1-12, 0°F Ice IS heated 

to  32°F by addlng approximately 16 BTU of energy 

F~gure 1-1 2 Water Phase Diagram - 
When more heat IS added beyond thls polnt, however, the temperature of the 

Ice does not change Additional heat energy Instead melts the Ice The process of 

meltlng Ice t o  water IS called a phase transformatlon or change of state The heat 

requlred for the change of state from Ice to  water 1s called the heat of fuslon or latent 

heat The heat of fuslon 1s the difference In Internal energy of ice and water The 

amount of heat needed to  change 1 pound of ice at 32OF to water at 32°F IS 144 BTU 

Once all of the Ice changes state to  water, as more heat IS added, the 

temperature of the water Increases The Increase in temperature occurs at a rate of 

about 1 OF rise for each BTU added, slnce the speclflc heat of water IS about 1 BTUIlb- 

OF In fact, the speclflc heat of water changes sl~ghtly as its temperature changes 

The speclflc heat IS exactly 1 BTUIlb-OF when the temperature of the water is at 6 0 7  

To Increase the temperature of 1 pound of water from 32" to 21 2"F, 180 BTU of heat 

are required Thls heat addltlon IS called senslble heat, slnce the heat addltlon can be 

"sensed" as a temperature change L 

A t  21Z°F, another phase transformatlon beglns If more heat 1s added, the 

water starts to  boil Bolllng IS the change of state from water to  steam The 

temperature at whlch water bolls, for a given pressure, IS called the saturation 

temperature Water at the saturation temperature IS called saturated Ilquld, and steam 

at the saturatlon temperature IS called saturated steam At  saturation temperature, 

water as a llquld and a gas exist together The heat required for the change of state 
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A t  21  2"F, another phase transformation begins If more heat IS added, the 

water starts t o  boil Boiling is the change of state from water t o  steam The 

temperature at which water bolls, for a given pressure, IS called the saturation 

temperature Water at the saturation temperature is called saturated liquid, and steam 

at the saturation temperature is called saturated steam A t  saturation temperature, 

water as a liquid and a gas exist together The heat required for the change of state 

from water t o  steam IS called the heat of vaporization The heat of vaporization is the 

difference in internal energy of water and steam The amount of heat needed to  

change 1 pound of water at 21  2OF to  steam at 21  2OF IS 9 7 0  3 BTU 

The saturation temperature (boiling point) of water depends on its pressure A t  

atmospheric pressure, the saturation temperature is 21 2°F The saturation 

temperature of water decreases as its pressure decreases and increases as its pressure 

increases For example, i f  the pressure IS lowered t o  1 psia (compared t o  atmospheric 

pressure of 1 4  6 9  psia) the saturation temperature of  water is 101 7OF If  t h e  
pressure is increased t o  1 0 0  psia, the saturation temperature of  water is 327  8°F 

There IS a unique relationship between pressure and temperature of water at 

saturation conditions That is, for any given saturation pressure, there IS one and only 

one saturation temperature Thus, at saturation if the pressure is known, the 

temperature is also known and vice versa 

Once all o f  the water changes state t o  steam, further additlon of heat t o  the 

steam Increases i ts temperature above the saturation temperature Steam that is 

above saturation temperature IS called superheated steam The specific heat of steam 

IS 0 490  BTU/lb-OF at saturation at atmospheric pressure and so 0 4 9 0  BTU IS needed 

for each degree of superheat for 1 pound of steam The specl f~c heat of  steam 

changes as i ts  pressure and temperature change 

The difference in the temperature of  superheated steam and the saturation 

temperature for i ts pressure is called the superheat or degrees of  superheat of the 

steam For example, steam at atmospheric pressure that has been heated t o  222OF 

has 1 0  degrees of superheat 

As water bolls and changes t o  steam, a mixture of steam and water at the same 

8 temperature exists A new parameter, steam quality (often referred t o  simply as 

quality), IS necessary t o  describe the mixture of steam and water Steam quality IS 
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defined as the mass percentage of steam present In the steam-water mixture at 

saturated conditions If, for example, 90% of the water In a mixture of steam and 

water were steam, the quality of this m~xture would be 90% Quality is only useful 
at saturation This is because water that is below the saturation pressure (and thus 
has no steam) has zero quality and superheated steam has a quality of 100% 

1 3 2 Steam Tables and the Mollier D~agram 

The properties of water have been studied more than those of any other 

substance The properties of water that are most useful in thermodynamics of power 

plants are specific volume, enthalpy and entropy Tables have been developed listing 

the changes of each property with changes in pressure and temperature The two 

tables most used In power plant work are the saturated steam tables and superheated 

steam tables The saturated steam tables provide the values of properties of steam 

and water at saturation conditions while the superheated steam tables provide the  

values of properties of steam above saturation temperature Some steam tables also 

provide the values of properties of water below saturation temperature (called sub- 

cooled water) All of these tables of properties are, together, referred to  as steam 

tables These tables are commonly published as a book 

The saturated steam tables give the values of properties of saturated water and 

saturated steam for temperatures from 32°F to 705 47°F and for the corresponding 

pressures from 0 08865 to  3208 2 psia Water below 32°F and 0 08865 psia is Ice 

rather than saturated steam or water Water at 705 47°F and 3208 2 psia is at the 

critical point A t  the critical point there is no difference in the density or other 

properties of water and steam and thus saturation no longer has meaning 

Normally, two  sets of saturated steam tables are provided, temperature tables 

and pressure tables Temperature tables list values of properties according to 

saturation temperature In even increments of temperature Pressure tables list values 

of propert~es according to  saturation pressure In even increments of pressure Both 

the temperature and pressure tables have the same information, however the 

informat~on is organized differently for convenience The temperature tables are 

easiest to use when the temperature is known, and the pressure tables are easiest to 

use when the pressure is known Table 1-1 shows a portion of a saturated steam 

temperature table Table 1-2 shows a portion of a saturated steam pressure table 
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Temp Press Volume ffllbm Enthalpy Btullbm Entropy BtulLbm x R Temp 

F psla Water Evap Steam Water Evap Steam Water Evap Steam F 

"f vrp "g h f hm ha St s, sa 

560 0 1133 38 0 02207 0 36507 0 38714 562 4 6253 11877 07625 06132 13757 560 0 
5580 111536 0 02201 037230 039431 5598 6286 11884 076M) 06177 13777 558 0 
556 0 1097 55 002194 037966 040160 gz3; ii!8% U 556 0 5540 107996 0 02188 0 38715 0 40903 
552 0 1062 59 0 02182 0 39479 0 41660 5520 6385 11906 07525 06311 13837 552 0 

550 0 1045 43 0 02176 0 40256 0 42432 549 5 641 8 1191 2 0 7501 0 6356 1 3856 550 0 
548 0 1028 49 002169 041048 043217 546 9 645 0 1191 9 0 7476 0 64M) 1 3876 548 0 
5460 101175 002163 041855 044018 5444 648 1 1192 5 0 7451 06445 1 3896 546 0 
544 0 995 22 002157 042677 0 44834 541 8 651 3 1193 1 07427 06489 1 3915 544 0 
542 0 978 90 0 02151 0 43514 0 45665 5393 6544 11937 07402 06533 13935 542 0 

540 0 962 79 0 02146 0 44367 0 46513 5368 6575 11943 07378 06577 13954 540 0 
538 0 946 88 0 02140 0 45237 0 47377 5342 6606 11948 07353 0 6621 1 3974 538 0 
536 0 931 17 0 02134 0 46123 0 48275 531 7 663 6 1195 4 0 7329 0 6665 1 3993 536 0 
534 0 915 66 0 02129 0 47026 0 49155 5292 6666 11959 07304 06708 14012 534 0 
532 0 900 34 0 02123 0 47947 0 50070 526 8 669 6 1196 4 0 7280 0 6752 1 4032 532 0 

Table 1 1 Saturated Steam Temperature Table 

Press Temp Volume ft3/lbm Enthalpy Btullbm Entropy BtuILbm x R Energy BtulLbm 

psla F Water Evap Steam Water Evap Steam Water Evap Steam Water steam 

V f  ", "8 h, h, ha st S b  SP 'Jf 

587 19 
12000 566 13 

0 02232 0 34013 0 38245 
0 02228 0 34371 0 38589 

6130 11640 
5719 6148 11853 

07714 OSWD 13483 

11900 11800 56508 002254 034734 0 38958 589 !j705 0 6188 11857 
07701 05983 13894 
07681 06017 13705 

5855 
5642 

;%$ 
11700 563 88 0 02221 0 35103 0 37324 6185 11881 07874 0 6 M 2  1 3714 

11050 

11600 562 81 002217 0 35478 0 37885 5676 588 2 6203 11888 07881 0 8 W  1 3727 5(H4 
11053 
11056 

11500 561 82 002214 0 35859 0 38073 584 8 563 3 8222 11870 
824 1 1187 4 

07847 06041 13738 
560 73 0 02210 038247 0 38457 0 7834 08115 1 3749 

5601 
11400 5 8  7 

11w0 

11300 559 63 002206 0 3 W 1  036647 8259 11878 0 7620 08140 13760 557 3 
11003 

0 02203 0 37041 039244 8278 11882 0 76OE 08165 13771 555 9 
110e6 

11100 
558 52 

l l2O0 55740 0 02108 0 37449 039848 559 0 6286 11887 07592 06180 1 3783 5545 %I 
I1000 556 28 0 02195 0 37883 040458 557 5 631 5 11891 

633 4 1189 5 
0 7578 08218 13794 

0 02192 0 38285 0 40476 556 1 0 7544 06241 13805 
553 1 
551 7 

11075 
10900 
1080 0 

555 14 
554 00 0 02188 0 38714 0 40802 553 554 8 I 6353 11898 0 7550 550 2 

1107 1 

1070 0 552 88 0 02184 0 39150 041335 637 1 11803 075% :!% ;:% 548 8 
11081 

1080 0 551 70 002181 038594 041775 551 6 8380 11807 0 7522 06318 1 3840 547 4 
11084 
11w7 

550 53 
10500 549 36 

002177 0 4W47 042224 550 1 MOQ 11810 
0 02174 0 40507 0 42881 548 6 6428 11914 

07507 08344 1 M51 
0 7483 0 8370 1 3883 

545 8 
5445 

11080 

'moo 548 18 002170 040967 043118 547 1 e447 1181 8 0 7478 083W 1 3874 543 0 
11083 

lo30 O 54698 002166 041454 043820 BU)6 11822 0 7483 08423 1 3888 541 5 
11086 

Io2O0 10100 54579 002183 041941 044103 5458 544 1 BU15 11926 07448 06448 1 3898 540 0 
11098 
11101 

I0000 544 58 0 02158 0 42438 0 44598 542 6 541 0 650 4 1192 9 
652 3 1193 3 

0 7434 OM76 13910 
543 36 002155 042942 045087 0 7419 06503 13822 

538 6 
990 0 537 1 

11104 

980 0 542 14 002152 043457 045808 6542 11937 0 7 4 M  06530 13934 535 8 
11107 

970 0 540 90 002148 0 43982 046130 537 5395 9 6561 11940 07389 0 8557 1 3046 534 0 
1111 0 

539 65 002145 044518 046602 538 3 6580 11944 07373 06584 1 3958 532 5 
1111 2 

960 0 1111 5 

950 0 538 39 0 02141 0 4 5 W  047205 
002137 0 45621 047758 

8800 11947 
5347 661 8 1185 1 

0 7358 08812 1 3970 
940 0 537 13 

531 0 00%: 529 4 
1111 7 

930 0 535 85 002134 046190 048324 5332 8838 11954 527 9 
11120 

920 0 534 56 002130 048770 0 46801 5316 8858 11857 07311 066W 14007 
11122 

910 0 533 26 0 02127 047383 049480 5300 528 3 8877 11981 0 7295 0 8724 1 4019 z! $ 11125 11127 

900 0 531 95 0 02123 047968 0 5W91 8887 11964 
5ts7 6716 11987 

0 7279 06753 1 4032 
002118 048588 0 50708 525 1 0 7283 06782 14045 

523 2 
521 8 

11130 
890 0 530 83 

529 30 002118 0 49218 0 51333 6736 1197 0 0 7247 0 6811 1 4057 520 0 
11132 

880 0 870 0 527 98 002112 049883 051875 5234 6758 11973 07230 O M 0  14070 5184 11134 

526 60 002108 0 50522 0 52831 5218 520 I 6776 11977 07214 06888 14013 5167 
11137 

860 0 11139 

850 0 525 24 0 02105 051187 
002101 0 51888 !:%% 518 4 

518 7 
6795 11980 
681 5 11882 

07197 06889 I 4094 
840 0 523 88 0 7180 06929 14108 

515 1 
513 4 

I l l 4  1 

002048 0 52592 051889 8835 11985 0 7183 0 8859 1 4122 511 8 
1114 3 

830 0 522 46 
521 OB 002094 053314 0 55400 5150 8655 11988 0 7148 510 1 

11145 
820 0 

002091 0 54052 0 56143 511 6 8676 11981 0 7128 00% 00 508 4 
11141 

8100 51961 11150 

800 0 518 21 0020.57 0 54809 056896 
0 02083 055584 0 57M7 508 1 

8886 11984 
5098 891 6 11987 

07111 07051 14163 
790 0 516 76 0 7094 07012 14176 

5c4 7 
505 0 

11152 

780 0 515 30 0 02080 0 56377 0 58457 508 3 6936 1190 8 07078 07114 14180 503 3 
11154 

770 0 513 34 0 02076 0 57181 0 59287 504 5 695 7 12002 0 7058 0 7148 1 4 2 M  501 5 
11155 

760 0 51234 0 02072 0 58025 080097 502 7 6977 12004 07040 07178 14218 489 8 11157 11159 

750 0 510 84 002088 0 5 8 I O  060948 5W 9 
002085 0 59757 0 61822 497 499 1 

6898 1200 7 
701 8 12DO 9 

07022 07210 1 4232 
0 7003 07243 14248 

498 0 
740 0 509 32 498 2 

1116 1 

730 0 507 78 0 02081 0 60857 082718 7038 1201 2 08885 0 7176 14280 494 4 
11163 

720 0 508 23 002056 081581 063839 495 4 708 0 1201 4 0 8986 0 7309 14275 492 8 
11164 

7100 504 67 0 02054 062530 064585 493 5 708 1 1201 6 06947 07343 14280 4W 8 
11188 
11188 

Table 1 2 Saturated Steam Pressure Table 
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Both varlatlons of the saturated steam tables are tabulations of pressure PI 
temperature TI speclflc volume v, speclflc enthalpy h, and speclflc entropy s The 

term "speclflc" means that the value of the property is given as "per pound " 
Subscripts are used to  drstlngulsh between water In different phases The subscrlpt 

" f "  (for fluld) IS used for water The subscrlpt "g" (for gas) IS used for steam The 

subscrlpt "fg" IS used to denote the d~fference between the same property for water 

and steam Thus h, IS the enthalpy of water at a given pressure/temperature, h, IS the 

enthalpy of steam at the same temperature, and h,, 1s the d~fference between h, and 

h, It should be evident that h,, is the heat of vaporlzatlon 

Table 1-3 IS a summary of the notation used In steam tables Both saturated 

tables list the values of properties of water as a saturated llquld and a saturated vapor 

for the speclfled temperaturelpressure condltlon They also 1st the change In each 

property between the llquld and vapor states For example, referring to  the saturated - 
steam temperature table (Table 1-1 ), the saturation pressure for steam at 540°F IS 

962 79 psla On the same Ilne, the speclflc volume, enthalpy and entropy for water 

and saturated steam at thrs temperature can be found 

Table 1 3 Steam Table Notat~on 
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Tables 1-1 and 1-2 show values for three properties of steam, enthalpy, entropy * and spec~fic volume The values for enthalpy are given in units of BTUtlb The values 

for entropy are given in units of BTUtOR-lb 

The spec~fic volume, v, of steam is the inverse of its density p at a given 

temperature and pressure 

Specific volume v = 
P 

Dens~ty IS the amount of weight a substance has per unit of volume, usually 

expressed In Ib/ft3 Specific volume is the volume of a unit mass of a substance or 

ft3/lb Understanding that the density and spec~fic volume of water change with 

temperature and pressure is Important because some steam plant equipment takes 

advantage of this characteristic of water For example, the steam drum, water tube, 

and downcomer arrangement shown in F~gure 1-13 uses density changes in water fo; 

natural circulation Since this portion of the boiler (or HRSG) boils or evaporates water 

to form steam, it is often referred to as the evaporator in HRSG's In a conventional 

fired boiler, this portion of the bo~ler 1s called the water walls because the boiler tubes 

make up the walls of the furnace 

In F~gure 1-13, saturated water at 548OF from the steam drum (1) flows through 

the downcomer (2) Saturation pressure for this temperature IS 1028 49 psia The 

saturated steam temperature table (only a portion was shown in Table 1) glves the 

specific volume for saturated water at 548°F as v = 0 021 69 x cu fttlb 

The water from the downcomer IS distributed t o  the water wall tubes by the 

header (3), then flows up the water wall tubes (4) located in the walls of the boiler 

The water in the tubes absorbs heat from combustion in the boiler However, since 

the water IS already at saturation temperature, the heat added causes some of the 

water to boll, making saturated steam From the saturated steam temperature table, 

the spec~fic volume for saturated steam at 548OF is 0 4321 7 x cu ft l lb The ratio of 

the specific volume of water to  steam at this temperature is about 19  9 In other 

words, the water IS about 19 9 times more dense that the steam As a result of thls 
difference In denslty, the steam bubbles rise In the tubes 

-- - 
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STEAM 54BF fi- 1058 PSlA 

WATER WALL 
UBES (4 ,  

HEAT FROM 
COMBbSTION 'Ob) 

-STEAM DRUM ) 

30WNC3MER 
OUTSIDE OF 

BOILER WAL (2) 

- 
F~gure 1 - 1 3 Bo~ler Water Clrcu~t 

Thus, there IS a mlxture of steam bubbles and water In the evaporator tubes 

There IS only water In the downcomer, however Slnce the mlxture of water and 

steam In the evaporator tubes IS less dense that the water In the downcomer, there 

IS greater pressure at the bottom of the downcomer than the bottom of the evaporator 

tubes The pressure difference causes water to  circulate from the drum to  the 

downcomer, upward through the evaporator tubes and back to  the drum Thls 

phenomenon 1s called natural clrculatlon 

Mlxtures of saturated water and steam llke that In the waterwall or evaporator 

tubes occur often In a power plant Another example IS the steam leavlng a turblne 

and enterlng a condenser Thls steam 1s actually a mlxture of water that has 

condensed In the turblne steam path Steam quallty x IS the property used to express 

that amount of steam present In a steam-water m~xture As an example, ~f the steam 

at the turbine exhaust has a quality of 87%, each pound of the steam-water mixture 

leaving the turb~ne contains 0 87 pounds of steam and 0 13 pounds of water 

Superheated steam tables glve values of properties of superheated steam for 

a grven pressure and temperature Table 1-4 IS a portlon of a superheated steam 

table 
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MODULE I > 
1 

Abs Press 
LblS In 
(sat Yemp) 

(538 39) 

(544 58) 

(550 53) 

(556 28) 

Sat Sat 
Water Steam 

Sh 
v 002141 04721 
h 53474 11947 
s 0 7358 13970 

Sh 002159 04460 b 54255 11929 
s 0 7434 1 3910 

vSh 002177 04222 
h 55015 11910 
s 07507 1 3851 

vSh 002195 04- 
h 557 55 1189 1 
s 07578 13794 

Temperature Degrees Fahrenhe~t 

550 600 650 700 750 800 850 900 1000 1100 1200 1300 1400 1500 

11 61 61 61 111 61 161 61 211 61 361 61 461 61 561 61 661 61 761 61 861 61 961 61 
0 4883 0 5485 0 5993 0 6449 0 6871 0 7272 311 07656 08753 0 9455 1 0142 10817 1 1484 1 2143 261 07656 
1207 6 1294 4 

1255 14921 
1392 0 

l3'' 1 5748 1329 1 5500 
14503 15070 15632 16195 16762 17333 17910 

1 4098 1 4557 1 5228 l4'' 16193 16595 16976 17317 17649 17965 18267 1 5977 

55 42 105 42 15542 205 06489 42 305 42 
25542 0 7245 

355 42 455 42 555 42 655 42 75542 855 42 955 42 
542 05137 05636 0 4535 0 6080 

14194 
07603 08295 08966 09622 10266 1 OW1 1 1429 

11993 12493 12901 1325 9 1358 7 1389 6 14485 15054 1561 9 16184 16753 17325 17903 
1 3973 1 4457 1 4833 1 5149 1 5426 1 5677 1 5908 16530 16530 16905 17256 17589 17905 18207 

99 47 
4947 05312 

149 27 199 47 29947 449 47 549 47 649 47 749 47 849 47 949 47 
0 4821 0 5745 0 6142 29947 06872 07881 08524 09151 09767 10373 1 0973 

1355 8 
24947 0 6872 

1243 4 1285 7 1322 4 06515 14173 1 5842 14173 14039 15607 16174 16744 1731 8 17895 
14358 14748 1 5072 1 5354 1 5608 16062 16469 16854 17197 17531 17848 18151 

43 72 93 72 143 72 193 72 343 72 433 72 543 72 643 72 74372 843 72 943 72 
0 4531 0 5017 0 5440 0 5826 0 6188 29372 06865 0 7505 0 8121 0 8723 09313 09894 1 0468 

1318 8 1352 9 
24372 06533 

1237 3 
lZ81 14996 

1415 2 
13847 1 5779 

14447 15024 15594 15153 16735 17310 17890 
1 4259 1 4664 1 5284 1 5542 16000 16410 16787 1 7141 17475 17793 18097 

Courtesy Combustion Engineenng, Inc and ASME 
Source Steam Tables, page 22 

Table 1 4 Superheat Steam Table 
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There are two differences between the saturated and superheated steam tables 

First, there is only one superheated steam table, not two as with the saturated tables 

Second, both the pressure and temperature of the steam are required to determine the 

values of properties of superheated steam With saturated steam, either the pressure 

or the temperature was sufficient to flnd the values of properties of water or steam 

The superheated steam tables are organ~zed as a grid with pressure along the vertrcal 

axis and temperature on the hor~zontal axis 

As with the saturated tables, specific volume v, enthalpy h, and entropy s are 

tabulated in the superheated steam tables Also given is the saturation temperature 

for each increment of pressure and number of degrees of superheat, shown as Sh, for 

each temperature and pressure Not all tables give values for Sh To calculate this 

value, the saturation temperature T is subtracted from the temperature of the 

superheated steam - 

where Sh = number of degrees of superheat ( O F )  

T = temperature of superheated steam ( O F )  

T,,, = temperature of saturated steam at the same pressure as the 
superheated steam 

Another method of making the values of properties of steam available is the 

Mollier Dragram (also called the Mollier chart) F~gure 1-14 IS a Mollier Diagram The 

Mollier Diagram is a graphical presentation of the properties of saturated and 

superheated steam It IS a graph of specific enthalpy h versus specific entropy s On 

t h ~ s  h-s diagram, there is a line that curves downward like a hill or a dome Above this 

saturatron dome, as it IS often called, the steam is superheated Below the saturation 

dome, there IS a mixture of saturated steam and water In the superheated area, there 

are lines of constant temperature (called isotherms), lines of constant pressure (called 

rsobars), and lines of constant superheat In the saturated area of the Mollier diagram, 

there are lines of constant pressure and constant quality (moisture) percent 
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ENTROPY (Btullb F) 

1 

I600 1600 

1500 1 500 

1400 1400 

1300 1300 

A - 
-0 -. 9 

\ 

a - 3 
E m ;r 1200 1200 ; 
2 2 
E z + 
In 5 

1100 1100 

1000 1000 

900 900 

800 800 

1 0  1 2  1 4  1 6  1 8  2 0 2 2 

ENTROPY (Btullb F) 
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The values of propertles of steam can be determlned dlrectly from the Molller 

Dlagram In many cases, the dlagram can be easier t o  use than the steam tables 

because the values can be read dlrectly from ~t ,  rather than Interpolated or calculated 

The accuracy of steam propertles from a Molller dlagram IS not always as good as that 

from the steam tables, especially ~f small versrons of the Molller chart are used 

1 4 Heat Transfer 

Much of the conversion of energy In power plants depends upon heat transfer 

Heat transfer IS the transmlsslon of heat energy Usually thought of as the f low of 

heat energy from one substance to  another, heat transfer plays a central role rn most 

energy converslon processes 

All that IS needed for heat transfer to  occur 1s that t w o  substances have 

different temperatures Energy moves from a hlgh temperature object t o  a lower 

temperature object No heat IS transferred ~f the t w o  objects are at the same 

temperature 

For example, a steel block at 400°F IS placed next to  another steel block at 

100°F The hlgher temperature block cools as heat IS transferred to  warm the other 

block The rate of heat transfer IS determlned by how qulckly the heat IS transferred 

The greater the temperature difference, the faster the heat transfer rate As the blocks 

approach the same temperature, the rate of heat transfer decreases When the blocks 

reach the same temperature, there IS no further heat transfer 

There are three modes of heat transfer conduct~on, convectlon, and radlat~on 

One or more of these modes controls the amount of heat transfer In any appllcatlon 

A power plant uses all three modes 

1 4 1 Conductron 

The Internal energy of a substance depends upon molecular motlon wlthln the 

substance As the temperature of a substance Increases, the molecular motlon 

Increases and thus the Internal energy Increases near IS rransierred by LUI I~ULLIUI~  

from molecule t o  molecule wrthln a substance or between touchlng substances 
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a When, for Instance, heat In the form of a flame IS applled to  one slde of a steel 

plate, the molecules In the area of the plate In contact wl th  the flame are made to 

move faster by contact wl th  molecules In the flame Those molecules near the flame 

~mpact  molecules In the plate further from the flame maklng those molecules move 

faster and thus lncreaslng thelr temperature Over time, the slde of the steel plate 

opposite the flame IS heated t o  a h~gher temperature than ~t was before the flame was 

applled 

Flgure 1-15 shows a portion of the plate through whlch heat IS transferred The 

temperature T, of s ~ d e  1 of the wall IS greater than the temperature of the other slde 

T, Therefore, heat IS belng transferred through the wall The heat transfer rate 

varies dlrectly with the area of the heat transfer surface, and inversely wl th  ~ t s  

thickness 

- 

k = C O h S T A h T  

DIRECTION O F  HEAT 
-TRANSFER (TI > T2 ) 

F~gure 1-1 5 Heat Transfer Through Steel Plate 
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To calculate the heat transferred by conduction, the following parameters must 

be known 

Surface area A of the wall - The greater the surface area, the greater the 
heat transfer rate 

The wall thickness x - The thinner the wall, the greater the heat transfer 

rate 

The thermal conduct~vity k of the wall material - Thermal conductivity is a 

property of the materlal which measures how well ~t conducts heat, the 

hlgher the thermal conduct~vity, the better ~t conducts heat Table 1-5 gives 

the thermal conductivity of several materials 

The temperature difference across the wall T, - T, - The greater the 

temperature difference, the greater the heat transfer rate 

- -- 

Copper 2640 

Carbon Steel 3 5 0  

Alloy Steel ( 1  8% Cr/18% NI) 

Table 1-5 Thermal Conductiv~ty of Common Mater~als 

I II 
108 

Firebrick 

Page 37 

O 5 t o 4 5  
1 

1 
I 



Prrncrples of Comblned Cycle Power Plants MODULE I 

The basic relationship for heat transfer by conduction through a wall can be 

written as follows 

where Q = the rate of heat transfer (BTUIhr) 

k = thermal conductivity (BTUIhr-ft-OF) 

x = wall thickness (ft) 

This equation suggests the Ideal characteristics for a heat exchanger tube 

where the objective is maximum heat transfer An ideal tube material would be one 

wlth a high thermal conductivity and sufficient structural strength to allow minimal 

wall thickness Additionally, increased area is des~rable and therefore the number of 

tubes in heat exchangers is often increased in design to increase the surface area and 

thus the heat transfer rate Regardless of the characteristics of the tubes or their 

number, however, no heat transfer takes place without a temperature differentla1 

across the tube wall 

Often the equation for heat transfer by conductton IS wrttten In a slightly 

different form than previously shown The quantlty k/x IS replaced with a new 

parameter, U, the heat transfer coeff~cient In this case, the equation becomes 

where q = the rate of heat transfer (BTUIhr) 

U = the overall heat transfer coefficient (BTU/ft2-hr-OF) 

A = the surface area of heat transfer (ft2) 

AT = temperature d~fference (OF) 

I 4 2 Convection 

Convection IS the transfer of heat by motion and mixing of a fluid It usually 

occurs between a solid and a fluid (gas or liquid) by a combination of molecular 

conduction and fluld motlon Convection IS s~milar to conduction except the fluid IS 

movlng, carrying its heat energy with ~t So convection lnvolves the physical transfer 

Page 38 



Pr~nctples of Combined Cyc/e Power Plants MODULE 7 

of heat by fluid motion and mixing In fact, as the fluid moves faster more heat is 

transferred because greater mixing (turbulence) occurs Energy transfer between 

individual molecules of the fluid, or between the solid surface and the fluid still takes 

place by conduction 

Figure 1-16 is a generalized diagram of heat transfer by convection Convective 

heat transfer involves the transfer of heat between a surface at temperature, T,, and 

a fluid at temperature, T,, referred to as the bulk temperature of the fluid The fluid 

bulk temperature is the average temperature of the fluld flowing over the solid surface 

If the temperature of the solid surface is higher than the bulk temperature of the fluid, 

then heat 1s being transferred from the solid to the fluid In this case, the fluid nearest 

the solid surface is hotter than the bulk temperature Heat 1s transferred from the fluid 

nearest the solid surface to the remaining fluld by a comblnatlon of conduction and 

convection - 

SURFACE 

FLOW 

Figure 1 - 1 6 Heat Transfer by Convect~on 
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In convectlve heat transfer, there IS a thln layer of fluld at the surface of the 

solld called the boundary layer or fllm The velocity of molecules of fluld on the 

surface of the solld (at the "bottom" of the boundary layer) IS zero The veloclty of 

the fluid molecules Increases as the dlstance from the surface of the solid Increases 

The boundary layer ends where the velocity of the fluld IS the same as that of the bulk 

of the fluld 

The boundary layer IS very thln, only a few thousandths of an Inch, for most 

convectlve heat transfer The boundary layer can be thought of as a layer of lnsulatlon 

between the surface of the solld and the bulk of the fluld The thlcker the boundary 

layer, the less heat transfer takes place The thickness of the boundary layer, and thus 

the heat transfer, depends upon the veloclty and turbulence of the fluid The hlgher 

the veloclty and the greater the turbulence, the greater the heat transfer 

Free or natural convectlon, and forced convectlon are t w o  types of convectiv6 

heat transfer Natural convectlon occurs when the fluld motlon IS due to local denslty 

differences alone Natural convectlon IS often a smooth flow at low veloclty wlth llttle 

turbulence and only mlld mixing Forced convectlon results when devices such as fans 

Increase the veloclty of the flulds Generally, the heat transfer rates for forced 

convection are greater than those for natural convection because the veloclty and 

turbulence of the flow are greater than for natural convectlon 

Convective heat transfer depends on the type of fluld, the pressure and 

temperature of the fluld, dlrectlon and veloclty of fluld flow, and many other variables 

Convective heat transfer is, therefore, more dlfflcult t o  analyze than conductive heat 

transfer However, the baslc relatlonshlp for heat transfer by convectlon has the same 

torm as tnat for neat transfer by tonduet~oii - 

where Q = the rate of heat transfer (BTUIhr) 

h = convectlve heat transfer coefficient (BTUJhr-ft2-OF) 
A = cross-sectional area for heat transfer (ft2) 
T, = surface temperature 
T, = fluld bulk temperature 

Page 40 



Princip/es of Comb~ned Cycle Power P/ants MODULE I 

The convective heat transfer coeff~cient, h, IS also termed, unit conductance, 

because ~t IS def~ned as the conductance per u n ~ t  area Average convectlve heat 

transfer coeff~c~ents over a surface can be used to  describe convective heat transfer 

In most s~tuat~ons The average convectlve heat transfer coefficient IS a funct~on of 

the thermal and hydrodynamic propert~es of the f l u~d  and the surface geometry 

Approx~mate ranges for some flurds are shown In Table 1-6 

- 
Table 1-6 Typlcal Convective Heat Transfer Coefflc~ents 

r 

Cond~t~on 

Alr, free convection 

Alr, forced convection 

Water, forced convection 

Water, boiling 

All substances radlate energy Radiation or radiant heat transfer IS the 

transmlsslon of energy In a straight line of electromagnet~c waves traveling at the 

speed of l~ght  Electromagnet~c waves are another form of energy L~ght, X-rays, and 

rad~o waves are examples of electromagnet~c waves The d~fference between them 

IS thelr wave length Wave length is related to frequency, the hlgher the frequency the 

shorter the wave length 

h (BTUlft2-hr-OF) 

1 t o  5 

5 t o  5 0  

50  t o  2000 

500 to  20,000 

Rad~ant heat IS electromagnet~c radlatlon w ~ t h  a relatively long wavelength as 

compared to light and x-ray Radlant heat 1s cont~nuously emltted and absorbed by all 

substances The electromagnet~c rad~ation depends on the temperature of a body 

Energy at the body's surface is converted Into electromagnet~c waves that emanate 

from the surface and str~ke other bodies Some of the thermal rad~at~on 1s absorbed 

by the recelvlng bodies and reconverted Into Internal energy The energy that is not 

absorbed IS reflected from or transmitted through the bodies 
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Radiant heat transfer, unlike conduction or convection, requires no Intervening 

medium, either solid or fluid Radiant heat transfer is, therefore, the only way t o  

transfer heat energy through a vacuum Examples of radiant heat transfer are the 

transmission of the sun's heat t o  the earth, heat that radiates from a fireplace, or 

infrared heaters 

=eat transfer by radiation is determ~ned by the temperature of the body radiating 

heat and the color of the b6ies transmittingand receiving the heat energy The 
greater the temperature of the body transmittlng the heat, the more heat it radiates 

The closer to  black the color of the body transmittlng heat, the more heat radiated 

Bodies w ~ t h  surfaces having light colors or polished surfaces radiate less heat 

Similarly, the heat transfer & a body by radiant heat transfer depends upon i ts color 

Dark colors absorb more radiant heat than light colors Radiant heat that is not 

absorbed is reflected 
- 

In theory, there is a body called a blackbody that IS perfectly black Such a 

body absorbs all of the radiant heat reaching i ts surface and thus, none is reflected 

If there were a true black body, an equation called the Stefan-Boltzman Law (shown 

below) would describe the heat transfer by radiation 

where Q = the rate of heat transfer (BTUJhr) 

s = Stefan-Boltzmann constant 0 171 3 x 1 0  BTUIhr-ft2-OR4 

T, = absolute temperature (OR = 459 67  + OF) 

In reality, there IS no such thing as a perfect blackbody All real substances 

reflect some of the radiant heat energy that strike them As a result, real bodies are 

referred to  as graybodies The heat transfer by radiation from a gray surface can be 

expressed by 

where e = the emittance of the surface, or emissivity 

-- - -- 
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Ernlsslvlty IS a factor by which the blackbody heat transfer rate IS multlplled to 
take Into account that the blackbody IS the Ideal case Emlsslvlty IS d~mens~onless and 

has a maximum value of one for the theoretical blackbody Table 1-7 shows some 

representatwe emlsslvlty values 

Table 1-7 Enrlss~v~ty Values 

Mater~al 

Pollshed Metals 

Unflnlshed Metals 

Oxldlzed Metals 

Ceramlc Oxrdes 

Special Palnts 

As can be seen from these equations, radlant heat transfer IS strongly Influenced 

by the temperature of the body radlatlng heat The amount of heat that 1s radlated at 

low temperatures (around room temperature) IS so low that ~t IS relatively lnslgnrflcant 

In comparison to conductive and convective heat transfer In most power plant heat 

transfer sltuatlons, heat transfer by radratlon IS so low that ~t is neglected In 

perform~ng heat transfer calculat~ons 

There are two sltuatlons In power plants where the temperature IS so hlgh that 

radlant heat transfer IS very slgnlflcant, however One of these sltuatlons IS In the 

furnace of a flred boiler The flreball In the furnace of a convention boller IS around 

3000°F Most of the heat transfer In the furnace IS by radlatlon 

E m ~ s s ~ v ~ t y  e 

0 0 1  t o 0 0 8  

0 1  t o 0 2  

0 25 t o  0 7 

O 4 t o O 8  

0 9 to 0 98 - 

The second sltuatlon where radlant heat transfer IS slgnlflcant IS lnslde the gas 

turblne combustlon section where the fuel IS burned Slnce heat transfer to  the 

components of the gas turbrne IS not desirable, the gas turblne Incorporates many 

deslgn features t o  cool the combustlon section 

* 
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1 4 4 Energy Balance and the Heat Transfer Equatlon 

Most power plant heat transfer sltuatlons lnvolve all three types of heat transfer 

conduction, convection and radlatlon Heat transfer by radlatlon, however, IS seldom 

slgnlflcant and as a result IS usually assumed to be zero 

In explaining the dlfferent types of energy, several Important relationships have 

been developed whlch are also Important In heat transfer When heat IS added to a 

substance, ~t Increases the molecular actlvlty of the substance The effect of thls 

lncrease IS an Increase In the temperature of the substance Of course, dlfferent 

substances are affected to dlfferent magnitudes by the addltlon of heat Thus, when 

a glven amount of heat IS added to d~fferent substances, thelr temperatures lncrease 

by dlfferent amounts The relatlonshlp between the heat added Q and the change In 

temperature A T  can be shown by the heat transfer equatlon glven earher 

where q = the rate of heat transfer (BTUIhr) 

U = the overall heat transfer coefflclent (BTU/ft2-hr-OF) 

A = the surface area of heat transfer (ft2) 

AT = temperature difference ( O F )  

The heat transfer coefflclent U IS a measure of the overall ablllty for heat 

transfer to  occur 

The heat transfer equatlon can help explaln how equipment IS constructed and 

operated For example, an electrlc motor generates heat when ~t does work to turn a 

pump or fan To prevent the motor from overheat~ng and falling, heat must be 

removed and transferred to  the surrounding alr F~gure 1-17 shows a motor wlth flns 

or rrbs bullt Into the motor caslng 

The reason that flns are used can be seen from the overall heat transfer 

equatlon Flns lncrease the surface area across whlch heat IS transferred S~nce area 

A IS larger, so IS the rate of heat transfer Q Many heat transfer surfaces have flns to  

lncrease heat transfer, such as the economizer tubes of the boller and tubes In 
HRSG's 
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F E A T  TRANSFES 

EicD VIEW SIDE VIEW 

F~gure 1 -1 7 Motor with Fins (or Ribs) 

The overall heat transfer equation can also be used to evaluate heat transfer 

through a tube Tubes are used throughout the power plant to transfer heat from one 

fluid to another Bo~lers, condensers, feedwater heaters, and oil coolers use tubes 

Heat IS transferred from one fluid to another through a tube by convection and 

conduction Figure 1-18 shows a portion of a condenser tube 

Steam condenses on the outside of the condenser tube Cooling water flows 

through the ~nside Heat from the steam is first transferred to the tube surface by 

convection and then by conduction through the tube wall Heat is finally transferred 

from the inside surface of the tube to the cooling water by convection 

The overall heat transfer equation shows that the heat transfer can be affected 

by the surface area of the tube, the temperature difference across the tube, and the 

overall heat transfer coefficient of the tube In the condenser, the surface area of the 

tube is fixed by design, but the heat transfer coefficient (U) and the temperature 

d~fference (AT) can change 
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STEAM FLOW 
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F~gure 1-1 8 Condenser Tube 

For example, the heat transfer coefflc~ent (0 decreases ~f the tubes become 

dlrty However, because the same amount of steam IS belng condensed, the overall 

heat transfer must remain the same In order to  malntaln the same heat transfer rate, 

the temperature dlfference (AT) across the tubes must Increase t o  offset the decrease 

In the heat transfer coefflclent The AT IS the dlfference between the temperature of 

the clrculatlng water and the steam The clrculatlng water temperature does not 

change, therefore for AT to  Increase, the temperature of the steam In the condenser 

must Increase Slnce the steam In the condenser IS saturated, the condenser pressure 

also Increases Increased condenser pressure results In a greater turb~ne back 

pressure Therefore, not as much heat energy IS removed from the steam In the 

turblne, and plant efflclency decreases 
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1 5 Combust~on Theory 

The combustion of fuel has a significant impact on the efficiency of a generating 

unit In some Instances, such as incomplete combustron of fuel, that Impact 1s dlrect 

In other Instances, the impact may be rndirect as In operational lrmits that are required 

to comply wlth environmental requirements and result rn Inefficient operation 

Combustion is defined as the rapld chemical combination of oxygen with the 

combustible elements of a fuel Combustible elements are those elements that 

comb~ne with oxygen The three basic elements needed for combustlon are fuel, 

oxygen, and heat The relationship of the three combustlon requirements is illustrated 

by the combustion triangle, shown In Flgure 1-19 - 

F~gure 1-1 9 Combustion Triangle 

Fuel 

The fuel supplies the chemical elements - carbon (C), hydrogen (H), and sulfur 

( S )  which combine with oxygen (from air) to produce heat The oxygen must be 

mixed wlth the fuel to achleve combustion 

The difficulty of the task of mixing the fuel wrth oxygen depends upon the fuel 

be~ng burned If natural gas is the fuel, mixlng is very easy since the mixing of two 

gases requires only turbulence If the fuel is l~quld (oil) the task of mixing is more 

difficult than for gas Solid fuel (coal) 1s the most d~ f f~cu l t  to burn 
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In the case of both liquid and coal, good mixing IS made possible by increasing 

the ratio of the surface area to  the mass of the particles/droplets of fuel as much as 

possible For liquid fuels, mixing is done by using spray type nozzles that disperse the 

liquid into a mist of very small droplets If heavy oil is used, it is necessary to heat the 

oil first In order to lower the viscosity (thickness) of the oil for dispersion For solid 

fuel, the fuel is pulverized into very small particles w ~ t h  the flneness of flour The 

burners for all three types of fuel promote considerable turbulence in order to  ach~eve 

good mixing between the gas or fuel particles and the combustion air 

Oxygen 

For normal combustion in gas turbine and steam generator appl~cations, the 

source of oxygen IS air Atmospheric air IS a mixture of gases Air has about 21 % 

oxygen, 78% nitrogen, and 1 % other gases The large percentage of nitrogen in air 

is a source of inefficiency In combustion because In supplying oxygen for combust106 

nitrogen IS supplied as well The nitrogen does nothing t o  support the combustion 

process but it carries away a portion of the heat energy available from combustion 

0 Thus, for example, since about 2 4 pounds of oxygen IS required to  burn one 

pound of "average" coal in a conventional boiler, it is necessary to  provide about 1 0  2 
pounds of air In the combustion process, nitrogen enters the boiler at ambient 

temperature (assume 60°F) and leaves the boiler at around 300°F With a specific heat 

of about 0 25 BTUIlb, the nitrogen carries away about 507 BTUs for each pound of 

coal burned 

Another problem associated with nitrogen in the air is the potential for the 

formation of oxides of nitrogen (NOx) NOx combines with water t o  form nitric acid 

This contributes to  depletion of the ozone, creation of acid rain, and other 

environmental problems 

It is inefficient t o  provide more oxygen that required to burn the fuel for the 
same reason that nitrogen in the air results in inefficiency in combustion Oxygen in 

excess of that required t o  burn the fuel completely is heated and carries away more 
heat One problem in maximizing the efficiency of the plant IS to determine how much 

oxygen IS required for complete combustion 
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Heat 

Fuels need heat to  start the combustion reaction Heat raises the fuel 

temperature until the combustlon reaction starts The temperature at which 

combustlon starts IS the Ignition, or kindling temperature The source of heat requ~red 

to start the combustion is external Once the combustion process has started, 

however, the heat of combust~on of the fuel makes the process self sustalnlng 

In modern bo~ler furnaces, small 011 or gas flres usually supply the heat needed 

to ignite the primary fuel These small fires are called ignitlon torches or ignitors and 

are usually lit by an electric spark In some plants high-energy electric sparks produced 

by high-voltage transformers are used as ignitors 

In a gas turblne, ignition occurs in the combustor which uses a spark plug to 

provide the initlal source of heat These spark plugs receive their energy from lgnltioti 

transformers At  the time of firing, a spark Ignites the fuel In one of the combustion 

chambers The remalnlng chambers are ~gnrted by the flame established in the first 

combustion chamber 

1 5 2 Requ~rements for Complete Combust~on 

Complete combustion of fuel IS a requirement for high efficiency Complete 

combustion IS also a safety conslderatlon since the if unburned fuel is allowed to 

accumulate rt can explode Achieving and maintaining complete combustion requires 

an understanding of the requirements for complete combustion The abbreviation 

MATT is often used to  describe those requirements MATT stands for the following 

a M - M~xing - The fuel and the oxygen must be mixed well t o  assure that the 

chem~cal reactions of combustlon can take place Turbulence of the fuel air 

mixture in the combustion zone IS used to  assure good mlxrng 

A - Air (Oxygen) - Adequate oxygen must be suppl~ed to  assure that all of the 

fuel can react with oxygen In the combustlon process 

T - Temperature - The temperature of the fuel and air must be great enough 

for the chemical reactions of combust~on to  occur 
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T - Tlme - A small but flnlte amount of time IS requlred for the chemlcal 

reacttons of combustlon to take place If the heat andlor oxygen requlred to  

support combustlon are removed before a partlcle of fuel IS burned to 

complet~on, lncomplete combustlon results 

The MATT abbrevlatlon provldes valuable lnslght Into the combustlon process 

There are, however, other important factors that Influence combustlon 

Fuel Character~st~cs 

The fuel supplles carbon (C), hydrogen (H), and sulfur (S), whlch comblne wlth 

oxygen to produce heat Fuels must be prepared so that oxygen can come In contact 

wlth all the combust~bles In the fuel Methods of preparing fuels are 

Coal IS pulver~zed or converted to  a gas (syngas) 

011 1s sprayed through a nozzle to produce a flne mist 

Natural gas requires no speclal preparatton slnce ~t ts a gas Conventional bollers 

burn coal, 011, and gas Gas turblnes use fuel oil, natural gas and coal-der~ved gas 

Some fuels are easy to  burn completely whlle others are relat~vely dlfflcult to  

burn completely Natural gas and llght fuel 011s are "easy fuels" whlle coal and heavy 

fuel 011s are "dlfflcult fuels " Properties of fuels that determine the ease or d~ f f~cu l ty  

wlth whlch they can be burned completely Include 

1 Amount of volatile matter or hydrogen - The more, the better, slnce these 

fuel components are themselves "easy fuels " 

2 Ash content - Hlgh ash content makes fuel harder to  burn slnce ash does 

not burn and so Interferes w ~ t h  the combust~on process 

3 Amount of water In the fuel - The more water In the fuel, the harder ~t IS 

to  burn, because water does not ald the combustlon process In addltlon, 

the water In the fuel changes to  steam and, In so dolng, carrles away 

considerable heat 

4 Large partlcles of fuel - As described earher, the smaller the partlcles of 

fuel, the better the mixing Large partlcles result In poor mlxlng and 

usually result In lncomplete combustlon 
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Enough air must be supplied to provide all the oxygen needed for complete 

combustlon The theoretical amount of alr requlred to burn a fuel IS determlned by 

combust~on calculat~ons The theoret~cal amount of alr, referred to  as theoret~cal air 

or s to~ch~ometr~c alr, IS the amount requrred to burn all the fuel when the two are 

mixed perfectly 

Perfect mlxlng of fuel and air IS not poss~ble, because ~t IS d~ff lcult t o  get the 

fuel d~spersed w~dely  enough for the air to  surround each part~cle Therefore, more 

than the theoretlcal amount of alr must be used to  obta~n complete combust~on This 

addit~onal air IS called excess air The amount of excess air IS grven as a percentage 

of the theoretlcal alr 

Thus r t  1s always necessary-fo pmv~de mere than the sto~ch~ometrlc amount of 

oxygen to the combust~on process In order to  get maxlmum efficiency The 

determlnatlon of the amount of excess oxygen lnvolves examlnlng the tradeoff 

between the efflc~ency penalty for incomplete combust~on against that for excess air 

Excess alr results In lnefflc~ency because of the heat that ~t carries away The amount 

of excess air requ~red depends upon the d~ff lculty of mlxrng the fuel and oxygen 

Typ~cal values of excess air for various fuels rn conventional bolters are 

Coal 10 - 40% 

* 011 8 -  15% 

Natural gas 5 - 10% 

The optlmum amount of excess air requlred for convent~onal bollers IS commonly 

determlned by tests The amount of excess air IS lowered untll there IS ev~dence of 

unburned fuel The air IS then Increased untll there IS no unburned fuel Most plants 

operate wlth sl~ghtly more excess alr than needed for complete combust~on The 

excess arr prov~des a margln of safety 

In a gas turb~ne, the fuel IS m~xed w ~ t h  compressed air In the combust~on 

chamber and delivered at a h ~ g h  pressure to the combustors Only a relatively small 

fractlon of the air is suppl~ed to the combustor to  prov~de oxygen for combust~on In 

comparison t o  a conventional bo~ler, however The remarnlng air IS used for coollng 
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comparison to a conventional boiler, however The remaining air IS used for cool~ng 

the combustors and turbine blading The air used for combustion enters the 

combustion zone through metering holes that are sized to adm~t the proper amount of 

air for complete combustion The large amount of excess air used In gas turbines 

tends to reduce their effic~ency Fortunately, when a gas turbine is used in a 

comb~ned cycle w ~ t h  a HRSG, ~t 1s poss~ble to recover much of the heat in the exhaust 

gas 

When mult~ple burners and/or combustors are used, the fuel and alr must be 

d~v~ded  among them whlle assurlng that each burner or combustor has the same 

amount of excess air The use of multiple burners compl~cates the combustion 

process because ~t is d~fficult to  get the same amount of alr and fuel at each burner 

I 5 3 Combust~on Products - 

When a fuel IS burned, the products of combustion come from the chemlcal 

reactlon of the fuel and the combustlon air (See F~gure 1-20) The products of 

complete combustion of a fuel are shown In Table 1-8 Table 1-9 shows the additional 

combust~on products that are caused by excess alr 

F L E L  

CARBOh (C) 
r<DROGEN (rl) 
SULFUR (5) 
NITROGEY N 2 )  
"YZEV ( 0 )  
WATER ( Y 2 0 )  
ASH 

lh A A 

HEAT 

AIR 

2 9 OXYGEN 
7 8 9  NITROGEN 
17 JTHER GASES 

- 

MAKES HOT GAS 
(HE4T ENERGY) 

CARBON 310XIDE (C02)  
STEAM ( H 2 0 )  
SULFUR DIOXIDE (SO2) 
NITROGEN (N2) 
OXYGEN (EXCESS) ( 0 2 )  

PLUS 

HOT ASH E l  

Flgure 1-20 Products of Combustlon 
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Table 1-8 Major Products of Complete Combust~on 

Product 

Carbon d~ox~de 

Sulfur d~ox~de 

N~trogen 

N~trogen 

Table 1-9 Major Combustron Products Caused by Excess Alr 

Symbol 

' 3 3 2  

so2 
N 2 

N2 

-- - 
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Nitrogen 
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Mo~sture 
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Gas 

Gas 

Gas 

Gas 

From burn~ng 

hydrogen 

From 

mo~sture ~n 
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From 

molsture In 

air 

Ash 

Heat 

SYMBOL 

N2 

0 2  

Hz0 

Pound of 

Product 

3 67 

2 0 

1 0  

77 

9 0 

1 0  

1 0  

1 0  

Per Pound of 

Carbon rn fuel 

Sulfur ~n fuel 

N~trogen In 

fuel 

Theoretical alr 

H z 0  

H z 0  

H20 

Ash 

Hydrogen In 

fuel 

Morsture ~n 
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Molsture ~n air 

Ash ~n fuel 

(coal) 
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Gas 

Gas 

Vapor 

Vapor 

Vapor 

Vapor 

Sol~d 

Temperature 

POUNDS OF 
PRODUCT 

0 77 

0 23 

1 0  
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0 One of the most Important "combust~on products," oxygen, IS not really a 

combustlon product because ~t does not enter Into the chemlcal reactions of 

combustlon If a fuel were burned completely wlth the theoretical air, there would be 

no oxygen In the products of combustlon In real combustlon processes, more air IS 

supplled to the combustlon process than IS used to burn the fuel As a result, there 

IS oxygen In the products of combustlon (the flue gas) Accord~ngly, oxygen (chem~cal 

symbol 0,) In the flue gas IS used to measure the amount of excess air The per- 

centage of 0, In the flue gas IS monitored by plant lnstrumentatlon Bollers are usually 

equlpped wlth oxygen recorders to dlsplay 0, and thus the amount of excess alr In the 

flue gas at any tlme Portable Instruments are also available to check the amount of 

oxygen In the flue gas 

In many plants, the amount of excess alr IS controlled uslng a slgnal from 

permanently Installed oxygen sensors The slgnal IS used to malntaln a set amount of 
- 0, In the flue gas Thls may be done manually or, more commonly, automatically 

Another method of checklng the amount of excess alr IS to measure the amount 

of CO, In the flue gas Thls IS usually not as accurate as measuring the amount of 

oxygen, however, and so ~t is seldom used to control excess air 

When fuel IS not burned completely, add~tlonal products of combustlon are 

1 Carbon Monoxlde (CO) 

2 Unburned Fuel 

3 Carbon Particles 

Carbon monoxlde IS formed when there IS not enough excess air to burn the 

carbon In the fuel to completlon The formation of carbon monoxlde (CO) causes 

lnefflclency because much more heat IS released (1 4,100 BTUilb compared to 3,960 
BTUIlb) when burnlng carbon to completlon to produce carbon dloxlde When CO IS 

produced, unburned fuel In the form of carbon particles can also result Formation of 

carbon monoxide and unburned fuel can result from 

The fuel not be~ng properly m~xed w ~ t h  air 

The temperature be~ng too low to allow fuel to burn completely 

The fuel particles belng too large to burn (inadequate mlxlng) 
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When lnsuff~clent excess air IS used, smoke IS often a result The amount of 

smoke, usually measured as opaclty, In the flue gas IS pr~nclpally unburned carbon 

1 5 4 Undes~rable Products of Combustion 

The undes~rable products of combustlon are sulfur oxrdes, NOx, carbon 

monoxrde, unburned fuel, and ash 

Sulfur Ox~des - Sulfur ox~des can cause corroslon problems if flue gas 

temperatures drop below the ac~d dew polnt The ac~d dew po~nt  IS the 

temperature at wh~ch moisture In the flue gas condenses and comblnes 

with the sulfur oxldes In the flue gas to form acld The acld dew polnt 

depends on the amount of sulfur oxldes and water In the flue gas The 

greater the amount of sulfur In the fuel, the lower the acld dew polnt 

Typ~cal acld dew polnts vary from 160 to 220°F 
- 

To avo~d corroslon of components, the flue gas temperature must be kept 

above the acld dew point For conventional bollers, the flue gas falls 

below the acld dew polnt In the regeneratlve air heater Control of flue 

gas temperature In the regeneratwe air heater IS usually done by 

preheating the combustlon air that enters the regeneratlve alr heater 

uslng heat from turblne extraction steam There IS Ilttle that can be done 

for control In HRSG's 

Another major concern regarding sulfur oxldes IS alr pollution Emlsslon 

of sulfur IS llmlted by law Plants burnlng hlgh sulfur content fuel are 

sometimes equlpped wlth a desulfur~zat~on system (usually called 

scrubbers) to remove sulphur ox~des from the flue gas 

Sulphur oxldes are usually not a problem In gas turblne and comblned 

cycle appllcat~ons where natural gas and syngas are burned These fuels 

have very llttle sulfur In the fuel and so the sulfur oxlde emlsslons are 

neglrglble 
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NOx - NOx IS produced by high temperature combustion Like sulfur 

oxides, the amount of NOx that can be released IS limited by law Fuel 

burners have been developed that limit the amount of NOx produced by 

causing the fuel to burn at lower temperatures When the burners are 

properly adjusted, the amount of NOx produced should be within 

acceptable limits In addition, water or steam IS injected into the 

combustion section of some gas turbines to reduce NOx emissions by 

reducing the temperature of combustion 

Unburned Fuel - A dangerous result of incomplete combustion is 

unburned fuel When there is not enough oxygen to burn the fuel 

completely or other conditions hamper complete combustion, unburned 

or burning fuel travels through the system Accumulations of unburned 

fuel can result in an explos~on or uncontrolled fire 

Carbon Monox~de - Carbon monoxide IS not undesirable In itself, but its 

presence indicates inadequate excess air or incomplete combust~on as 

explained earller 

Fly Ash - Fly ash is another undesirable part of the flue gas The amount 

of fly ash released, as indicated by opacity, is limited by law If the ash 

fusion temperature is too low, the molten ash forms deposits on heating 

surfaces, slowing down the heat transfer rate Fly ash IS generally 

negl~gible in gas turbines 

1 5 5 Heat~ng Value of Fuel 

The heating value of fuel is a parameter that IS necessary to determine how 

much fuel must be burned to produce a given amount of heat for power or steam The 

heating values of fuels are usually determined by testing In the test for the heatlng 

value of fuel, a measured amount of fuel is burned in a sealed container (called a 

calorimeter) that IS immersed In a known amount of water The temperature of the 

water IS measured before the fuel IS burned The water temperature is measured again 

after the fuel is burned and the temperatures of the container and water cool to the 

same value Since the water absorbs the heat of combust~on, the amount of heat 

generated In the burning of the fuel can be calculated by using the temperature rise of 

the water and the speclfic heat of the water 
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There are t w o  different heatlng values that can be determlned from thls test 

The flrst IS the hlgher heatrng value (HHV) The HHV assumes that all of the heat 

generated in burnlng the fuel can be used In a process such as powerlng a gas turblne 

Thls falls to account, however, for the fact that one of the products of combustlon 1s 

water whlch leaves the combustlon process as steam The water In the combustlon 

products absorbs the heat of vaporlzatlon of water and carries ~t away In the flue gas 

(about 1030 to  1 080 BTU per pound of water) 

The lower heatlng value (LHV) IS used to  account for the loss due to creatlon 

of water In combust~on The amount of water In the combustlon products IS 

determlned by testing The amount of heat that the water would carry away is then 

calculated and subtracted from t he  HHV to obtaln the LHV There can be a slgn~flcant 

difference between HHV and LLV As an example, the HHV of propane gas IS 2480 1 

BTUIft, whlle ~ t s  LHV IS 2282 6 BTUIft, (an 8% reduction In heatlng value compared 

to HHV) The LHV IS a more reallstlc measure of the heatrng value of fuel slnce ~f one 

were to use the HHV, losses due to morsture In the flue gas would not be accounted 

for One could, as a result, underestimate the amount of fuel requlred to  generate a 

glven amount of power 

Both HHV and LHV are used In the power utrl~ty Industry In conventional, flred 

bollers In the Unlted States, ~t is common to  use HHV In the deterrnrnatlon of boller 

efflclency The performance of gas turblnes IS usually speclfled In terms of LHV 
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* 2 0 INTRODUCTION TO COMBINED CYCLE POWER GENERATION 

2 1 Comb~ned Cycle Fundamental Theory and Operat~on 

This Module provides an overvlew of the principles and theory of combined cycle 

power plant design and operation The objectlve is to  provide plant personnel w ~ t h  a 

basic understanding of the major components of the comb~ned cycle power plant This 

Module also explalns why comblned cycle power plants have become so popular Flnally, 

the Module will help the plant staff develop an appreciation for the unique characteristics 

of the combined cycle power plant 

There are many different types of power plants including thermal power plants and 

hydraulic power plants Thermal power plants burn some sort of fuel (such as fossiror 

nuclear fuel) to produce heat energy that is converted to electrical energy through a series 

of intermediate processes Hydraulic power plants convert the potential energy of water 

to electrical power as it flows from higher to lower elevations a - 
- - - The "iiadrtisnai" t h e ~ ~ a l  power plant-IS the Rwktne cycleplant, named after the 

man who invented the cycle A power plant cycle is a series of processes In which a 

fluid, generally waterlsteam, IS used to  convert heat energy to  mechanical energy The 

Rankine cycle In its simplest form consists of a boiler, a turbine, a condenser, and a boiler 

feed pump Early plants had thermal efficiencies of approximately 25% to  30% Only 

25% to 30% of the heat energy in the fuel burned In these plants was converted to 

electrical energy The rest was lost In various ways Ranklne cycle plants are st111 being 

built today Units 2 through 6 at Wabash River Plant are Rankine cycle type unlts 

The Rankine cycle has been ref~ned considerably over the years and made more 

efficient by the addition of components like feedwater heaters, superheaters, and 

reheaters The efficiency of the Rankine cycle has also been improved by increasing the 

pressure and temperature of the cycle The most effic~ent Rankine cycles ever bullt 

(Philadelphia Electric's Eddystone plant, Units 1 and 2) were placed in servlce around 

1960 The design thermal efficiency of Unit # I  at Eddystone was 42% The laws of 

thermodynamics and considerations such as material llm~tations have prevented any 

signlflcant improvement since then 

-- 

Page I 



Prmncipies of Combmed Cycle Power Piants MODULE 2 

In thls text, power plant efflclency IS discussed In terms of percent thermal 

efflclency The utlllty buslness In the Unlted States commonly uses heat rate to  measure 

efflclency Heat rate IS measured In BTUIKWh Thus, heat rate shows the amount of 

heat In BTUs that 1s requlred to produce a kilowatt-hour of electrical energy Thermal 

efflclency can be converted to  heat rate by using the conversion factor 341 3 BTU = 1 

Kwh  If a power plant could be bullt wlth 100% efflclency, its heat rate would be 341 3 

BTUIKWh The more reallstlc efflcrency of the Eddystone plant, 42% thermal efflclency, 

corresponds to  a heat rate of about 81 26 BTUIKWh 

The flrst practical gas turblne was developed In Europe In 1939 At  the end of 

World War II, the flrst gas turblnes were developed for aircraft Shortly after the war, 

the flrst lndustrlal gas turblnes for power production and other lndustrlal appl~cat~ons, 

such as drlvlng locomot~ves, were introduced In the Un~ted States Gas turbrnes use 

another type of power plant cycle called the Brayton cycle, also named after its Inventor 

The flrst commerc~al, lndustrral gas turblnes were relatively lnefflclent, typically havrng 

thermal efflclency of 16% to  17% 

As the gas turblne Industry matured, the deslgn of gas turblnes, llke that of 

Rankrne cycles, was Improved Use of gas turblnes In the power utlllty Industry Increased 
stead~ly from thew ~ntroduct~on In the late 1940's Gas turbines reached a peak of 
popularity rn the early 1970's At  that tlrne, the growth In demand for electr~c power 
exceeded the abrl~ty of the rndustry to meet electr~cal demand through addltlon of Rank~ne 

cycle plants alone Gas turblnes were attractwe because they could be bullt much more 

rapidly than Ranklne cycle plants 

The 011 crlsls of the early 1970's brought a sudden halt to  the popularity of gas 

turblnes for three reasons Flrst, almost all utlllty gas turblnes use elther gas or 011 for 

fuel The cost of these fuels went up dramatically whlle thew avallablllty went down 

Secondly, the 011 crlsls brought renewed attention to the need for efflclency (gettlng more 

energy out of the fuel) Gas turblnes of thls perlod were slgnlflcantly less efflclent than 

Ranklne cycle plants Typlcal gas turblne thermal efflclencles were 20% to  25% 

F~nally, the emphasls on conserving energy throughout the US reduced the rate of 

Increase In electrlcalpower demand and thus the need for new power plants 
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The 011 crlsls resulted In a slowdown In the growth of the gas turblne Industry For 

many years, the blggest market for US manufacturers of heavy lndustrlal gas turblnes 

was In forelgn countrles The best customers were 011 producing countrles where the 

cost of 011 and gas was still low and the growth of electrical demand was st111 hlgh Gas 

turblnes In these countrles were also used In other appllcatlons such as compressors for 

gas p~pelines 

The gas turblne Industry has seen a resurgence In the last 10 to 15 years Part of 

thls recovery has resulted from steady Increases In gas turblne efflclency due to materlal 

and deslgn improvements Another cause for growth In the gas turblne industry has been 

the growlng popularlty of comblned cycle plants A combined cycle plant conslsts of one 

or more gas turblnes that drlve generators and exhaust Into a specla1 boiler called a heat 

recovery steam generator (HRSG) that generates steam for a Ranklne cycle unit 

One of the prlnclpal reasons for the popularlty of the comblned cycle power plants 

IS thelr hlgh thermal efflclency Comblned cycle plants w ~ t h  thermal efflc~encles as hlgh 

as 52% have been bulk Comblned cycle plants can achleve these efflciencles because 

much of the heat from the gas turbine(s) 1s captured and used In the Rankine cycle 

portlon of the plant The heat from the exhaust gases would normally be lost to the 

atmosphere In a slmple gas turblne cycle 

Another reason for the popularlty of comblned cycle plants IS the relatively short 

tlme requlred for thelr construction Although ~t takes longer to bulld a comblned cycle 

plant than a slmple gas turblne plant, a comblned cycle plant can be bullt In much less 

tlme than a Ranklne cycle plant of comparable output 

One of the blggest obstacles to even greater acceptance of comblned cycle plants 

IS the fact that the gas turblnes used In comblned cycle plants stdl burn 011 and gas Gas 

turblnes bullt to date cannot burn coal dlrectly Often 011 and gas cost much more than 

coal While the comblned cycle plant might be more efflclent thermodynamically than a 

coal flred plant, the coal plant mlght be less expensive to run because of the lower cost 

for fuel 
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One solutron to the hlgh fuel cost for gas turb~nes IS the development of gas 
turblnes that can burn coal Whlle there have been experimental gas turb~nes burlt wlth 

thls capabrl~ty, none have reached commercral~zatron Another poss~ble solution, the one 

be~ng employed for the Wabash Repowerrng Project, 1s the gas~frcatron of coal Durlng 

gaslflcatlon the coal IS converted through a chemical process to  a gas commonly called 

syngas The gas turb~ne can burn syngas as easrly as natural gas, and thus lndlrectly can 

use coal as a fuel 

2 1 2 The Gas Turblne (Brayton) Cycle 

The frrst major component of the comblned cycle power plant IS the gas turbrne 

The gas turblne operatrng by ~tself IS called a "srmple cycle " 

A common arrangement of a gas turb~ne drrvlng an electrlc generator IS shown In 

Figure 2-1 The basrc gas turbrne consists of an air compressor, a combustron secti&n, 

and a turb~ne sectron Arr 1s drawn rnto the compressor whrch raises the arr pressure by 

a factor of 14 to  16 The temperature of the arr also Increases wrth compresslon, and 

may be as hrgh as 600°F at the compressor drscharge 

F~gure 2-1 S~mple Cycle Gas Turblne Conf~gurat~on 
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One solutlon to  the hlgh fuel cost for gas turb~nes IS the development of gas @ turblnes that can burn coal Whlle there have been expermental gas turblnes built with 

thls capab~l~ty, none have reached commerc~al~zat~on Another posslble solut~on, the one 

belng employed for the Wabash Repowerlng Project, IS the gaslflcatlon of coal Durlng 

gasif~cat~on the coal IS converted through a chemlcal process to  a gas commonly called 

syngas The gas turb~ne can burn syngas as easily as natural gas, and thus lndlrectly can 

use coal as a fuel 

2 1 2 The Gas Turblne (Brayton) Cycle 

The flrst major component of the comblned cycle power plant IS the gas turblne 

The gas turblne operating by Itself IS called a "s~mple cycle " 

A common arrangement of a gas turb~ne drlvlng an electrlc generator IS shown In 

Flgure 2-1 The baslc gas turblne conslsts of an air compressor, a combustion sect&, 

and a turblne section Alr IS drawn Into the compressor whlch raises the air pressure by 

a factor of 1 4  to  1 6  The temperature of the air also Increases wlth compression, and 

may be as hlgh as 600°F at the compressor discharge 
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Figure 2-1 S~mple Cycle Gas Turblne Conf~gurat~on 
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In the combustron sectron, fuel IS injected into the compressed air and burned to  

convert the fuel's chemical energy rnto heat energy Burnrng the fuel results In a high 

temperature, hlgh pressure gas wrth considerable energy Thrs hot gas enters the turbrne 

sectron where it expands to a lower pressure and IS cooled In the process of expandrng 

and cooling, the heat energy in the gas IS converted rnto mechanical energy that IS used 

to do work 

A large port~on of the work from the turbine, about 60%, IS used to  drlve the 

compressor The remainder of the turbine work IS available to produce power by drlvlng 

a generator The gas that exhausts from the turhlne IS at a lower temperature and 

pressure than the turblne inlet, but is st111 very hot, from 900 to 11 00°F The heat In the 

gas IS lost to  the atmosphere 

The gas turblne thermodynamic cycle IS the Brayton cycle The four processes of 

the Brayton cycle are represented on a temperature-entropy (T-s) dlagram shown in  re 
2-2 The T-s diagram IS a convenient way to illustrate and analyze the performance of 

power plant cycles rncludrng the gas turbrne cycle Temperature (T) IS represented on the 

vertrcal axls and entropy (s) IS represented on the horizontal axrs Entropy 1s a property 

of substances that descrrbes the avallabrlity of heat energy to do work based on 

temperature 

r E A T  i iEYECTION 

COMPRESSION 

S 

F~gure 2-2 Brayton Cycle T-s D~agram 
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The T-s dlagram IS useful In analyzing thermodynamic cycles because ~t reveals the @ amount of heat requlred to make a process occur in a cycle If a process can be 

represented as a curve on the T-s dlagram, the area under the curve IS the amount of 

heat requlred t o  make that process occur 

The Brayton cycle can be drawn on the T-s diagram shown In F~gure 2-2 Each 

process In the cycle IS represented by a llne In the dlagram The flrst process IS the 

compresslon of alr In the compressor represented by the llne AB As the alr IS 

compressed, its temperature Increases The llne IS vertlcal because In the ldeallzed 

Brayton cycle there IS no lncrease In entropy, althoygh In a real compressor there IS a 

sllght lncrease In entropy Work IS done on the cycle to  compress the air In thls process 

The second process IS the addltlon of heat to  the cycle at a constant pressure by 

burn~ng of fuel represented by the curve BC The temperature of the gas that results 

from the combustion Increases considerably from the temperature of the air at the 

compressor outlet 

0 
The thlrd process IS the expanslon and coollng of the gas In the turblne, 

represm.ted tYy f h ~  ItneC0 As )%the c~mpresscr, ~t IS a s s u ~ e d  that there l s a o  Increase 

In entropy In the turblne, although there IS a sllght lncrease In entropy In a real turblne 

Work IS done by the cycle (the turblne) In thls process 

The f~nal  process In the Brayton cycle IS the coollng of the hot gas that exhausts 

to  the atmosphere, represented by the curve DA Thls process of heat rejection occurs 

at a constant pressure 

The amount of heat that IS requlred to make the Brayton cycle work IS represented 

by the area under curve BC The fractlon of heat that IS rejected IS represented by the 

area under the curve DA The area between these two  curves represents the heat that 

IS converted to  useful mechanlcal energy The heat converted t o  useful mechanlcal 

energy IS 20% to  25% of the total heat requlred to  make the process work 
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To analyze slmple cycle performance, data for a typlcal gas turblne IS shown In 
F~gure 2-3 The flgure shows the energy supplled and energy output from a typlcal gas 
turblne cycle The data shown reflects operation at 100  percent load The data 1s based 

on an amblent temperature of 59°F and site altltude of 1,700 feet above sea level 

Energy supplied by the fuel IS 925,000,000 BTUIhr based upon 37,910 Iblhr of gas fuel 

wltk a heating value of 1000 BTUISCF (SCF - Standard Cublc Feet) The power output 

of the gas turb~ne IS 81,074 KW 

2 5 7 7  8 5 6  LBS/HR 
3 7  910 LB/HR FUEL 9 9 0  F 

(GAS) LHV = 1000 B-U/SCF EXHAUST 

2 5 3 9  9 4 6  LBS/HR 
59 F 

ATMOSPHERIC AIR 
COMPRESSED HOT 

11 

TORQLt INPUT r\ r\ TORQUE OUTPUT 
FSOM STARTING COMPRESSOR , TJRBINE 

L L L 
-0 DRIVEN 

0 VICE LOAD 
81 074 K W  

F~gure 2-3 Gas Turb~ne Performance Anaiysls 

Overall efflclency of the gas turblne IS 2 9  92% The temperature of the exhaust 

gas IS 990°F and exhaust gas f low IS 2,577,856 Ibs/hr Slnce thls exhaust gas started 

at amblent temperature as alr and fuel, considerable energy IS used t o  heat the gas to  

such a hlgh temperature 

If the heat energy added to  the exhaust gas was converted t o  electrlcal energy In 

thls instance, an addltlonal 179  MW could be generated by the cycle (over twlce the 

electrlcal power actually generated) In practice, ~t IS lmposslble to  convert all of this heat 

energy ~ n t o  useful energy However, ~t IS poss~ble to  recover a large f ract~on of the heat 

energy In the exhaust gas by operating the gas turblne in a comblned cycle In a 

comblned cycle plant, some of the exhaust heat energy IS used In a Ranklne cycle 
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2 1 3 The Steam-Water (Rankme) Cycle 

The Ranklne cycle used In conventional thermal power plants can be represented 

on a T-s d~agram As w ~ t h  the Brayton cycle, each llne segment In the dlagram 

corresponds to  a process In the cycle A slmple Ranklne cycle conslsts of only four 

components the boller (often called a steam generator), a turblne, a condenser, and a 

boller feed pump The s~mple Ranklne cycle IS shown on the T-s dlagram In F~gure 2-4 
Note that t h ~ s  bo~ler has a superheater, thus the temperature of the steam enterlng the 

turblne IS above saturation temperature 

F~gure 2-4 Rank~ne Cycle T-s D~agram 

The flrst process In the Ranklne cycle 1s the lncrease In pressure of the condensate 

from the condenser by the boller feed pump The lncrease In pressure IS assumed to 

occur w ~ t h  no lncrease In entropy, although In real pumps there IS a sllght increase The 

Increase In pressure IS represented by the vertlcal line 1-2 

The second Ranklne cycle process (represented by line 2-3) IS the addrtlon of heat 

(represented by Q In F~gure 2-4) to  the water entering the boller, the conversion of the 

water from a l~quld to  a gas (steam), and the superheating of the steam Thls process 

IS assumed to  occur at a constant pressure The steam IS then expanded and cooled as 
~t passes through the turb~ne as represented by l ~ n e  3-4 The t h ~ r d  process IS also 
ideal~zed in that ~t is assumed that there IS no Increase In entropy 
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~t passes through the turbine as represented by llne 3-4 The thlrd process IS also 
ldeallzed In that ~t IS assumed that there IS no Increase In entropy 

The last process In the Rankrne cycle IS the condensatlon of the steam that 

exhausts from the turbine, represented by llne 4-1 In the process of condensatlon, 

considerable heat, called the heat of vaporlzatlon, 1s lost 

The heat required to make the Ranklne cycle work 1s determined by the area under 

the curve 2-3 and the heat lost from the cycle 1s under the curve 4-1 The area between 

the curves represents the heat that IS converted to useful mechanlcai energy The useful 

mechanical energy IS only about 113 of the heat requlred to make the cycle work 

Ranklne cycle performance can be analyzed by referring t o  the typlcal (s~mpl~f~ed,  

rdeallzed) power plant cycle shown In F~gure 2-5 Steam pressure at the turbine Inlet 1s 

1400 psla and temperature IS 1000°F The eff~clency of thls ldeallzed plant IS 41 5% 

The efflclency of a real Rankrne cycle wlth the same conflguratlon would be lower than 

the Ideal cycle 

Actual Rankine cycle plants are considerably more complex than the slmple cycle 

shown In Flgure 2-4 because components such as feedwater heaters are added to 

Improve efflclency Whlle most of the addltlons to  the Ranklne cycle Improve its 

efflclency, there are also factors In a real Ranklne cycle that tend to  make ~t less effrclent 

Not all of the chemlcal energy supplled to the boller from the fuel IS absorbed 

by the steam Typically only 85% to 90% of the energy Input IS absorbed 

Thls means that the boller IS only 85% to  90% efflclent 

Addltlonal auxlllary equipment, such as fans and soot blowers, uses part of the 

power produced (usually around 5%) 

Actual Ranklne cycle efflclency IS lower than that calculated for the cycle alone 

In practice, Ranklne cycle efflclencles range from 20% to 39% 
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F~gure 2-5 Bas~c Power Plant Cycle Eff~c~ency 
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2 1 4 Heat Recovery Steam Generator (HRSG) 

In the slmple cycle mode of operation, the temperature of the exhaust gas leaving 

a gas turblne can be as hlgh as 11 OO°F, and flow rates can be as high as 3 mllllon 

pounds per hour High temperature gas represents a source of heat energy, some of 

which can be recovered ~f the means to do so are avallable By recovering some of thls 

waste heat, the output and the efficiency of a power plant can be Increased 

The function of a heat recovery steam generator (HRSG) IS to  recover the waste 

heat avallable In these exhaust gases and transfer that waste heat t o  water and steam 

The heat recovered IS used to generate steam at hlgh pressure and hlgh temperature 

The steam IS then used to generate additional power in a steam turbine drlven generator 

The HRSG provldes the crltlcal link between the gas turblne and the Ranklne cycle In a 

comblned cycle plant The HRSG IS also a key component In determining comblned cycle - 
efficiency 

The HRSG IS basically a heat exchanger composed of a serles of superheater, 

evaporator, and economizer sectlons These sections are positioned from gas Inlet to gas 

outlet to maximize heat recovery from the gas turblne exhaust gas The heat recovered 

In the HRSG IS used to  supply steam to the steam turblne at the proper temperature and 

pressure 

HRSG designs have evolved from simple, slngle pressure HRSGs to more complex 

arrangements Many HRSGs have multlple pressures, a reheat section, NO, control 

equipment, and condensate preheating to recover as much heat from the exhaust gas as 

posslble 

The rate of heat transfer from the exhaust gas to the HRSG water depends on the 

temperature and pressure of the gases, the gas veloclty and dlrectlon of flow over the 

tube surfaces, and the tube surface cleanl~ness The temperature and pressure of the 

gases are determined strictly by the design and operation of the gas turblne In most 

combined cycle plants Some plants, however, have supplemental fuel firlng in the duct 

between the gas turblne exhaust and the HRSG The supplemental flrlng raises gas 

temperature and gas mass flow 
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0 The design of the HRSG for a particular application depends on many factors The 

cost of equipment, auxiliary power, and maintenance must be compared with expected 

savings A smaller unit with closely spaced tubes will cost less but will have a higher 

draft loss which impl~es a h~gher gas turblne exhaust pressure A larger unit will have a 

lower draft loss but will be more expensive Other important factors Include the available 

space, reliability, nature of the exhaust gases, and process operating conditions 

Most HRSGs are designed with multiple pressures Multiple pressures are 

necessary to recover as much heat from the flue gas as possible due to  the nature of heat 

transfer from the exhaust gas to the water and steam As the flue gas travels through 

the HRSG heat transfer sections, its temperature falls as the gas gives up heat to  the 

waterlsteam In the HRSG tubes At  some point, the gas temperature falls to  the same 

temperature as the saturation temperature of the steamlwater in that sectlon of the 

HRSG At  this point no further heat transfer can take place When this s~tuation occurs, 

the flue gas cannot be cooled further by the heat transfer section - 

To illustrate, ~f the high pressure in the HRSG is 900 psig, the saturation 

temperature of the steamlwater in the HRSG is about 530°F The lowest value of gas * temperature that will provide effective heat transfer IS somewhat higher than this 

temperature The difference between the flue gas temperature and the saturation 

temperature where it leaves the high pressure heat transfer section is called the pinch 

polnt The pinch point generally has a value of 15 to  20°F Thus, if the temperature of 

the gas leaving the hlghest pressure heat transfer section were 550°F, the pinch point 

would be 20°F 

The gas at this point in the HRSG still has considerable heat energy Much of the 

heat can be recovered by adding a heat transfer section to the HRSG that operates with 

steam at a lower pressure Since this heat transfer section operates at a lower pressure, 

~t has a correspondingly lower saturation temperature If this lower pressure were 125 

pslg, the saturation temperature would be about 335°F The gas temperature could be 

reduced to  about 360°F with a second pinch point of 25°F 

More heat can be recovered from the flue gas by the addition of more heat transfer 

sections operating at even lower steam pressure HRSGs with as many as four different 

pressures have been built Often, heat transfer sections that heat condensate and 

feedwater are also used Such heat transfer sections are called economizers or feedwater 
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heaters Regardless of the number of pressures at whlch the HRSG operates and/or the 

types of heat transfer sectrons, HRSG effic~ency can be max~mlzed by reduclng the 
temperature of the turbrne exhaust gas as much as poss~ble 

There are practical limits to how much the gas temperature may be reduced The 

most srgnifrcant of these limits results from sulphur in the fuel Sulphur appears as SO, 

(sulphur dioxide) in the gas turbine exhaust gas If the flue gas IS cooled below the 

saturation polnt of the water, mo~sture contalned In the exhaust gas condenses The 

condensing moisture mixes w ~ t h  the SO, In the flue gas to  form sulfur~c ac~d These 

acids are very corrosive and can quickly damage the HRSG The temperature at which 

the acids are formed is called the acid dewpoint Every effort IS made in design and 

operatron of the HRSG to assure that the flue gas is not cooled below the acid dewpoint 

Operation below the acid dew point can quickly result in corrosion damage to the HRSG 

casing and heat transfer sections 
.. 

In some HRSGs, the last heat transfer sections are made of corrosion resistant 

starnless steel as a precaution Stainless steel is used because these heat transfer 

sections "see" the coolest flue gas and thus are most likely to be subject to  condensation 

and attack by acid 

If a combined cycle plant has a mult~pressure HRSG, the steam turbine must be 

designed wrth multiple admissions, one for each pressure Multiple admiss~ons are 

necessary so the steam at the various pressures from the HRSG can be admitted to  the 

steam turbine steam path at a po~n t  that maximizes the use of the energy in the steam 

2 1 5 The Comblned Cycle 

Combined cycle refers to  a power plant in which a gas turbine IS integrated with 

a Rankrne cycle unit The Rankine cycle makes use of much of the heat in the gas 

turbine exhaust gases Thermodynamically, the combined cycle can be represented by 

joining the high temperature Brayton cycle with the moderate pressure and temperature 

Rankine cycle An example of a combined cycle showing the Brayton cycle (gas turbine) 

and the Rankine cycle (steam turbine) on a T-s d~agram is shown in F~gure 2-6 The area 

enclosed by the Rankine cycle is withrn the area that represents the heat rejected from 

the Brayton cycle Thus, the Rankine cycle area represents the heat energy that is 

converted to  useful mechanical energy that would otherwise be rejected to the 

atmosphere 
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Figure 2-6 Comblned Cycle T-s D~agram .. 

T 

A large portion of the heat lost from the Brayton cycle IS used In the Rankine cycle 

A much greater fraction of the heat added to the cycle is actually converted to  useful 

mechanical energy in the comblned cycle than elther the Brayton cycle or the Ranklne 

cycle alone The Ranklne cycle parameters (pressure and temperature) are selected to  

match the temperature of the available gas turbine exhaust gases Usually, the pressure 

and temperature used In the Rankine cycle portron of the comblned cycle plant are much 

lower than those used in conventional Rankine cycle plants The lower pressure and 

temperature are necessary because the gas turbine exhaust gas, whlle very hot, IS not 

nearly as hot as the flue gas entering the convection pass of a conventional fired bo~ler 

GAS TURBINE CYCLE 

IDEAL TURBINE 

0 

The challenge In joinlng the Brayton and Rankine cycles In a comblned cycle plant, 

is the degree of Integration needed to  maxlmlze efficiency at an economlc cost As 

shown In F~gure 2-7, the ample combined cycle can conslst of a single gas turbine, 

HRSG, steam turbine, condenser, and auxiliary systems In addition, if the environmental 

regulations require, an emissions reduction system can be directly Integrated w~ th ln  the 

HRSG A variety of more complex conflguratlons are posslble 

S 
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F~gure 2-7 S~mple Comblned Cycle Schemat~c 

2 2 Cycle Parameters and Thew Impact on Plant Performance 

Th~s Sect~on describes how some parameters of the cycles, such as pressures and 

temperatures, Influence the efflclency of the major components and the overall plant 

w l t h ~ n  these ranges In order to  achleve the hlghest overall comblned cycle plant 

efflclency, the efflc~ency of both the Brayton cycle and the Ranklne cycle must be 

compromised 

2 2 1 Rank~ne Cycle Parameters and Effic~ency 

The efflc~ency of the Rank~ne cycle IS Influenced by the conf~guratlon of the plant 

and the steamlwater cond~tlons In the cycle 

-- -- 
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Plant Confiauratlon 

Ranklne cycle plant conflguratlons that Influence efflclency Include the number of 

feedwater heaters and the use of reheaters Feedwater heaters use steam extracted from 

various locatrons In the turblne steam path to heat condensatelfeedwater as rt IS pumped 

from the condenser hotwell to the boller The steam that IS extracted 1s condensed The 

heat of vaporization grven up by the condensing steam IS transferred to the 

condensatelfeedwater In the feedwater heater The heat of vaporlzatlon would otherwise 
be rejected In the condenser and lost to the Ranklne cycle This fact IS the maln reason 

that feedwater heating Improves Ranklne cycle efflciency 

The addltlon of just one feedwater heater to  a Ranklne cycle can result In an 

improvement In efflclency of as much as 10% Each addltlonal feedwater heater that is 

added to the cycle Increases the efflciency as well, but by a smaller Increment than the 

heater before It 
- 

The addltlonal cost of each feedwater heater must be justifled by the savings In 

fuel cost expected over the life of the plant The larger the plant, the easier it IS to justify 

many feedwater heaters Most large Ranklne cycle plants have SIX to elght feedwater 

heaters Slnce the Ranklne cycle portion of comblned cycle plants IS relatively small, ~t 

IS common to see only one or two feedwater heaters Some combined cycle plants have 

no feedwater heaters that use extraction steam from the steam turblne elther because 

they are so small or other deslgn considerations prevent thew use 

Ranklne cycles with reheat return the steam to  the boller t o  be reheated, before 

the steam passes through the later stages of the turblne The steam is reheated to about 

the same temperature as the main steam Reheating the steam Increases Ranklne cycle 

efflclency In two  ways Flrst, ~t IS more eff~clent to add heat t o  a process in Increments 

wlth small temperature dlfferences The temperature of the cold reheat steam exhausting 

from the turblne IS much hotter than the feedwater entering the boller The fraction of 

the heat that IS added to the reheat steam In the boiler is added more efflclently as 

compared to the heat added to the feedwater The Increased efflclency results because 

heat IS added over a smaller temperature difference In the reheater than in the 

economizers and evaporator sections of the HRSG Adding heat over small temperature 

dlfferences IS more efflclent than add~ng heat over large temperature differences 
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The second way that reheating steam improves Rankine cycle efficiency is by 

delaying the onset of condensation in the steam turbine The steam in the turbine 

expands and cools as it passes though the steam turbine giving up its heat energy When 

the steam has cooled to the saturation temperature, droplets of moisture appear These 

droplets cause inefficiency because they are of a higher densrty and do not flow through 

the turbine as efficiently as steam The droplets also cause erosion of the turbine steam 

path Erosion of the steam path causes inefficiency because it changes the area and 

shape of the steam path Reheating the steam prevents it from condensing until ~t gets 

to nearly the end of the steam turbine steam path 

Reheating of the steam requires a high temperature source of heat Conventional 

bollers have the high temperature fireball in the furnace For most combined cycle plants, 

the HRSG has no fireball (assuming no supplemental firing) and the temperature of the 

exhaust gas is relatively low As a result, most combined cycle plants do not use 

reheaters The Unit #I repowering project at Wabash, however, is equlpped with reheat 

O~erat ina Parameters 

In general, the higher the initial pressure and temperature of the Rankine cycle, the 

more efficient the cycle For example, the initial pressure and temperature of most large 
Rankine cycle plants bu~ l t  over the last 20  years have been 2400 to  3600 psig and 950 
to 1050°F 

It is desirable to  avoid condensation of the steam as it passes through the turbine 

The steam at the inlet must be heated far above the saturation temperature for the 

pressure at the turbine inlet to  prevent condensation As an example, in a cycle with 

lnltial conditions of 241 5 psig and 1 OOO°F, the steam is heated 388°F above saturation 

and thus IS said to  have 388°F of superheat There must be a source of heat that IS 

hotter than 1 000°F in order to  heat the steam to 1 OOO°F In a typical boiler, the fireball 

(with temperatures over 2000°F) and hot flue gases (approaching 2000°F) provide that 

high temperature 

The temperature of exhaust gas from a typical gas turbine is lower than the flue 

gas In a conventional fired boiler, usually 900 to  11 00°F Since this temperature IS 

relatively low compared to the convent~onal, fired boiler, the maximum pressure that the 

HRSG can have and still provide adequate superheat is lower than the fired boiler found 

in the conventional Rankine cycle Typical initial steam conditions for a combined cycle 

plant are 900 psig and 900°F Steam at this pressure and temperature has about 368°F 
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of superheat The relatlvely low pressure and temperature make the Ranklne cycle 

portion of the comblned cycle plant less efflclent than the Ranklne cycle In most 

conventlonal plants None the less, the use of a relatlvely lnefflclent Ranklne cycle 

together wlth the gas turblne In a comblned cycle makes to overall cycle efflclency hlgher 

than a conventlonal Ranklne cycle alone 

Another cr~tlcal parameter that affects the efflclency of the Ranklne cycle IS the 

pressure In the condenser In general, the lower the condenser pressure (the higher the 

vacuum), the more efflclent the Ranklne cycle can be The factors that determine the 

condenser pressure for a glven load on a Ranklne cycle unit are the condltlon of the 

condenser (especially how clean the tubes are) and the temperature of the clrculatlng 

water The lower the crrculatlng water temperature, the lower the condenser pressure 

and thus the more efflclent the Ranklne cycle 

The deslgn and operatlng conslderatlons for the condenser of a comblned cysle 

plant are the same as those for a conventlonal Ranklne cycle plant 

2 2 2 Gas Turblne Parameters and Eff~clency 

Gas turblnes (also called combustlon turblnes) use the Brayton cycle When the 

gas turblne IS operating wlthout a HRSG In a comblned cycle conf~gurat~on, ~t IS sald to  

be operating In slmple cycle 

A slmple cycle gas turblne compresses amb~ent alr to  approximately 14 to 16 tlmes 

atmospheric pressure, then produces hot, pressurized gas at 3000°F or more by burnlng 

fuel These hot gases are then expanded through a turblne The hot gas IS cooled, or 

dlluted, by excess alr from the compressor to prevent damage In the turblne The turblne 

drlves both the air compressor and the electrlc generator In general, the cycle efflclency 

of a slmple gas turblne system IS relatlvely low due to  the high exhaust gas temperature 
- 

and the power requlred to  drlve the compressor 

As wlth the Ranklne cycle, there are many parameters that Influence the efflclency 

of the gas turblne Unllke the Ranklne cycle, however, there are few varlatlons In 

conflgurat~on of the gas turblne that have proven practical The most common 

arrangement IS a compressor followed by a combustlon sectlon and a turblne 
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Operating parameters have a significant influence on gas turbine efficiency Some 

operating parameters are fixed by des~gn of the turbine Parameters fixed by design have 

changed considerably since the post-World War 2 era as gas turbine technology has 

improved Other parameters vary with operation regardless of the turbine design and 

vintage The parameters considered In this Section are 

Compressor pressure ratio 

Turblne Inlet temperature 

Exhaust pressure and temperature 

Amb~ent air temperature 

Gas Turblne Compress~on Ratlo 

Compression ratio has the greatest influence on gas turblne ef f~c~ency This 

pressure ratlo is affected by the compressor design and performance The relation<hip 

between compresslon ratlo and Brayton cycle efficiency for an Ideal Brayton cycle is 

shown In F~gure 2-8 
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F~gure 2-8 Brayton Cycle Efflc~ency vs Pressure Ratlo 
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0 Early lndustrlal gas turblnes had pressure ratlos of as llttle as 5 to  1 The latest 

lndustrlal gas turblne deslgns employ pressure ratlos of 14 t o  16 t o  1,  whlle alrcraft 

derlvatlve gas turblnes have pressure ratlos as hlgh as 22 to  1 

The gas turblne compresslon ratlo IS affected by the efflclency of the compressor 

The compressor consumes approximately 60 percent of the power output of the gas 

turblne As a result, ~f compressor performance deteriorates, the effect on gas turblne 

output as well as eff~clency IS pronounced A one percent decrease In compressor 

efflclency will decrease turblne output by two  percent Consequently, the cond~tion of 

the compressor should be closely monitored and corrective actlon taken as lndlcated A 
common problem for compressors IS dlrty blades Corrective actlon In thls case IS 

cleanlng the compressor wlthout disassembly by admlttlng speclal cleanlng materials to 

the air Inlet whlle the gas turb~ne IS In operation 

The second most Important parameter affecting the efflclency of the gas turblne 

IS the turblne inlet temperature The turblne Inlet temperature, also called the flrlng 

temperature, IS the temperature of the hot gas as ~t leaves the combustion sectlon and 

before ~t enters the turblne 

The varlatlon of gas turblne efflclency wlth turblne Inlet temperature IS not 

stra~ghtforward As the turblne Inlet temperature IS Increased, the energy contained In 

the gas Increases The hotter gas has more energy to do work durlng expansion through 

the turblne than ~t would ~f ~t were at a lower temperature As a result, hlgher firlng 

temperatures can boost turblne eff~clency 1 1  
Increased In fact, the turblne exhaust temperature generally does lncrease wlth 

Increased flrlng temperature The losses In the Brayton cycle Increase as the exhaust 

temperature Increases The Increased heat loss In the exhaust gas and the lnefflclency 

that results can be greater than the lncrease In turblne efflclency, thus resulting in an 

overall decrease In gas turblne efflclency 

If the gas turblne operates In a comblned cycle, an Increase In exhaust temperature 

does not represent a loss In the comblned cycle, the addltlonal heat energy In the 

exhaust gas can be captured In the HRSG and used to  produce steam to  drlve the steam 

turblne These hlgher temperature exhaust gases can be used to  Increase the deslgn 
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HRSG steam pressures The Increase In deslgn pressure Increases the efflclency of the 

Rankine cycle Thus, whlle hlgher gas turbrne Inlet temperatures may not benefit gas 

turblne efflclency, the overall efflclency of the plant may Increase 

Increased f l r~ng temperature has an Impact upon the unlt output as well as 

efficiency Output Increases as the flrlng temperature Increases Maxlmum flrlng 

temperature corresponds to maxlmum output Slnce most gas turblnes used for power 

generation are operated to provlde peakrng capacity, they are most often operated In a 

temperature control mode that adjusts the fuel input to control flrrng temperature at the 

maxlmum safe llmlt 

The llmltrng factor for flrrng temperature IS the ablllty of the turblne hot gas 

components to  withstand the hlgh temperatures wlthout dangerous loss of strength or 

corroslon Early industrial gas turblnes had flring temperatures ranging from 11 00°F to 

1400°F The latest gas turblne designs have flrlng temperatures approachlng 2400:F 

These higher flrlng temperatures have been made posslble through the use of special 

deslgn features In the hot gas path 

The hot gas path beglns In the combustion section and ends at the turblne exhaust 

The flrst several stages of the bladlng (both statlonary and rotat~ng) are generally 

constructed of hlgh strength alloys and/or coated wlth speclal materials for corroslon and 

oxldatlon resistance Internal and external alr coollng units are also requlred for the flrst 

few stages of blades and for statronary nozzles These blades are generally hollow to 

allow coollng alr to flow insrde Small holes In the leadlng and trallrng edges of the blades 

are often employed to  allow cool alr to flow over the outer surface of the blades thus 
protecting them from the hot gases 

Coolrng alr IS typically drawn from the compressor dlscharge or from lndlvidual 

compressor stages Somet~mes, an lntercooler that IS outslde the gas turblne caslng IS 

used The external lntercooler IS necessary when the temperature of the air at the 

compressor dlscharge IS too hlgh to  provlde effective coollng of the bladlng and hot gas 

path components 

The most recently built, heavy-duty lndustrlal gas turblnes operate wlth firlng 

temperatures approachlng 2400°F These turblnes have thermal efflclency of over 35% 

Gas turbrne designers are developing Improved models that will elevate firlng 

temperatures to the 2500 to 2600°F range These gas turblnes, expected to be available 

In the next ten years, have a predicted s~mple cycle efflclency of over 40% 
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Exhaust TemperatureIPressure 

The exhaust gas condltlons (pressure and temperature) do not Influence gas turblne 

efflclency In the same sense that the pressure ratlo and firlng temperature affect 

efflclency The exhaust gas conditions are determlned by other factors such as the flrlng 

temperature, pressure ratlo, turblne deslgn, and the condltlon of the gas path In general, 

the lower the pressure and temperature of the exhaust, the greater the efflclency of the 

gas turblne 

The exhaust pressure 1s determlned by the turblne Inlet pressure, the design of the 

turblne, and the design of the exhaust gas flowpath The gas turblne IS deslgned to  

expand the gas to  nearly atmospheric pressure Low turblne exhaust pressure 1s deslrable 

because the lower the pressure at the turblne exhaust, the more efflclent the turblne 

The number of stages In the turblne and the pressure drop (or expansion) experienced by - 
the hot gas In each stage determine the pressure at the turblne exhaust 

The temperature at the turblne exhaust 1s related to  its pressure For a flxed flrlng 

temperature, the greater the expansion of the gas In the turblne (whlch can be measured 

as the pressure ratlo across the turblne), the lower the gas temperature at the turblne 

exhaust Thus, lower exhaust pressures y~eld lower temperatures The pressure ratlo 

across the turblne 1s sl~ghtly less than the compressor pressure ratlo Thus, for a flxed 

flrlng temperature, as the compressor pressure ratlo Increases, the exhaust gas 

temperature tends to  decrease 

Amb~ent Air Temperature 

Combustion turblne performance varles slgniflcantly w ~ t h  the pressure and 

temperature of the amblent alr The pressure of the alr 1s prlnc~pally a functlon of the 

elevatlon (altitude) of the plant ate, the hlgher the elevation, the lower the pressure 

Variations In pressure due to weather changes are usually so small that they are not 

slgnlflcant Slnce the plant elevatlon is flxed, the most slgnlf~cant component of "ate 

conditions" considered by plant operators 1s the temperature of the air which may vary 

over 100°F from summer to winter 

Amb~ent air pressure and temperature affect the gas turblne efflc~ency because of 
thelr effect on the dens~ty of the alr The gas turblne, also called a volumetr~c machlne, 
has a certain capaclty that IS expressed In terms of volume (usually In cublc feet 
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per second) The denslty of alr decreases as temperature lncreases and/or pressure 

decreases If the denslty of the alr IS decreased, the mass flow IS reduced even ~f the 

volumetric flow rate remains constant The reductlon In mass flow occurs because there 

IS less alr In each cublc foot Conversely, as the denslty of the air lncreases (whlch 

occurs as the temperature decreases and/or pressure lncreases), the mass flow lncreases 

When amblent air temperature drops from 59°F to O°F, an approximate 12% lncrease In 

mass f l ov~  occurs for most gas turb~nes 

Wlth a greater mass flow of air Into the gas turblne combustion sectlon, more fuel 

can be burned and, thus, there IS more heat Input The Increased heat Input lncreases 

the output and the efflclency of the gas turblne For example, a 23% Increase In turblne 

capablllty and a 5% lncrease In thermal efflctency occurs when the air temperature drops 

from 59°F to 0°F 

Whlle the prevlous example demonstrates that the efflclency of the gas turb;ne 

lncreases wlth Increased mass flow and heat Input, the percentage lncrease In efflclency 

IS much less than the percentage lncrease In load Thls difference occurs because, whlle 

the predominant effect of Increased air flow and heat Input 1s Increased efflclency, there 

are other factors whlch tend to decrease gas turblne efflclency at the same tlme For 

Instance, when the amblent alr temperature decreases below deslgn values, the 

component compressor and turblne efflclencles fall sl~ghtly Also, the pressure ratlo of 

the compressor devlates from the deslgn value For most gas turbines, the pressure ratio 

lncreases sllghtly as the amblent arr temperature drops The magnitude of these negatlve 

factors on efflclency 1s dlfflcult to  determine and so the exact effects of amblent air 

temperature on gas turblne efflclency are not easy to predlct 

2 2 3 Comblned Cycle Parameters and Ef f~c~ency 

The jolnlng of the gas turbine and the Ranklne cycle In the comblned cycle plant 

requires some compromises In component efflclency In order to  assure the maxlmum 

overall comblned cycle plant efflclency For example, ~f the efflclency of the gas turblne 

was maxlmlzed wlthout regard to  the efflclency of the plant as a whole, the Ranklne 

cycle portlon of the plant mlght be adversely affected Maxlmrzlng gas turblne efflclency 

could result In an overall reductlon of the comblned cycle efficiency Slmllarly, ~f the 

Ranklne cycle portlon were modlfled wlthout regard to  the gas turblne, the gas turblne 

efflclency mlght decrease and lower the overall plant efflclency 
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Two prlnclpal Issues must be considered In the comblned cycle performance The 

f~rs t  Issue IS the lnltlal steam condltlons In the Ranklne cycle The higher the lnltlal steam 

pressure and temperature, the more efflclent the Ranklne cycle Gas turb~ne exhaust 

temperature determines the upper l~ml ts  on Rank~ne cycle lnltlal cond~t~ons, the h~gher 

that temperature, the hlgher the Ranklne cycle pressure and temperature can be H~gher 

gas turb~ne exhaust temperature also benef~ts the Ranklne cycle because the hlgher the 

temperature of the gas turblne exhaust the more thermal energy (heat) IS available 

High gas turblne exhaust temperature IS desirable for h ~ g h  Ranklne cycle efflclency 

The more eff~clent the gas turblne IS, the lower its exhaust gas temperature 

Accord~ngly, some compromise IS requlred between gas turblne efflclency and Ranklne 

cycle lnltlal cond~tlons 

Gas turblne exhaust temperature IS also a concern when the gas turblne IS at less 

than full load When the gas turblne dr~ves a generator that IS synchronized to-an 

electrical dlstrlbutlon system, the turblne speed IS constant regardless of the load The 

compressor operates at the same constant speed and thus provldes the same amount of 

air to the combustion sectlon, regardless of the amount of fuel belng burned The result 

IS considerably lower flrlng temperatures and exhaust temperature at reduced load The 

reduced temperatures cause both the gas turblne and Ranklne cycle efflclencles to fall as 

the load IS reduced 

In older gas turblne deslgns, there was no way to remedy thls problem In newer 

gas turblne deslgns, air flow through the compressor can be controlled by adjustable Inlet 

Gulde Vanes (IGVs) The control IS done by changlng the angle of attack of the lGVs In 

operation At  reduced loads, the lGVs can be adjusted to  produce a lower alr flow and 

malntaln exhaust temperatures at reduced load The range of load over whlch thls 

method IS effectlve IS relatively small, typically from 70% t o  100% of full load 

The second prlnclpal Issue In comblned cycle efflclency IS the gas turblne exhaust 

pressure The pressure at the gas turb~ne exhaust IS the same as the pressure at the 

HRSG Inlet As exhaust pressure Increases, the veloclty of the exhaust gas through the 

HRSG tube bundles also Increases 

Heat transfer In the HRSG 1s prlnclpally convectlve heat transfer The 

effectiveness of convectlve IS a functlon of the veloclty of the fluld As the veloclty of 

the fluid increases, the heat transfer Increases Thus HRSG efflclency Improves as the 

-- 
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gas turblne exhaust pressure lncreases Thls IS, however, the opposlte of what 1s 

deslrable for gas turblne efflclency 

Heat transfer can be Increased wlthout increasing gas turblne exhaust pressure by 
adding more tubes In the HRSG whlch increases the heat transfer surface area The 
increased cost of the addltlonal heat transfer surface area may, however, outwelgh the 

lncrease In gas turblne efflclency 

F~gure 2-9 illustrates the relationships and tradeoffs between gas turbine pressure 

ratlo and flrlng temperature for both gas turblne and cornblned cycle efflclency Thermal 

efflclency 1s shown on the vertical axls, whlle speclflc output In terms of MW per Pound 

Per Second (MWIPPS) air flow IS shown on the horizontal axls For the slrnple cycle, 

lncreaslng the pressure ratlo lncreases gas turblne eff~clency whlle lncreaslng flung 

temperature can decrease efflclency lncreaslng flrlng temperature lncreases the gas 

turblne output - 

For the comblned cycle, very hlgh pressure ratlos result In little Increase or even 

a decrease In comblned cycle effrcrency lncreases In flrlng temperature always result In 

an lncrease In comblned cycle efflclency 

Designers of comblned cycle plants must cornpromlse the efflclency of the gas 

turblne and the Rankine cycle, especially the HRSG, In order to optlmize the performance 

of the comblned cycle By deslgn, the pressure ratlo IS llmlted somewhat and the 

exhaust pressure IS sl~ghtly hlgher than ~t would be wlth the gas turblne operating In 

slmple cycle Thls optlmlzatlon has resulted In comblned cycle efflclency as hlgh as 

L # U ~  52% lncreases in gas turblne flrlng temperatures that are expected in the next ten years 

could produce comblned cycle efflclencies as hlgh as 60% ~ * 1 /  

2 3 Benef~ts of the Comblned Cycle 

The demand for comblned cycle power plants has Increased dramatically over the 

last decade The prlnclpal reason for thls lncrease In popularlty IS probably the fact that 

comblned cycle plants offer the most efflclent, proven technology for generating steam 

and/or electrlc power commerc~ally available today There are other reasons for the 

Increase In popularlty however, lncludlng avallablllty of gas and 011 fuel, moderate capltal 

cost, and short construction schedule as compared to  conventional Ranklne cycle plants 

Thls Sectlon describes the beneflts of comblned cycle technology 
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Simple Cycle 
Higher Temperature 4 More Power 

Spec~fic Output (MWAPS) 

Corn bined Cycle 
Hjgher Temperature ---+ More Efficent 

F~gure 2-9 S~mple and Comblned Cycle Performance Plots 
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Many of the beneflts of comblned cycle technology are related dlrectly to 

operational benefits Those beneflts are described below 

Recent advances In gas turblne technology have Increased effrc~ency whlle 

maintarning hlgh avarlablllty and rellabllrty ratings Manufacturers, such as General 

Electric, have Implemented deslgn advancements In cooling and aerodynam~cs to boost 

the efflclency of thew slmple cycle MS7000F gas turblne to  over 35% Thls is a 

srgnlflcant lmprovement compared to  the GE frame 5 unlts of the 1970's that had 

thermal efflclencies of 22 - 23% Specrally developed hlgh strength alloys and Improved 

coatlngs have allowed flring temperatures to  exceed 2300°F These gas turblnes have 
.. 

slmple cycle efflclencres comparable to  conventlonal fossll-flred power plants 

Other efficiency rmprovements have come from enhancements In the following 

areas 

Inlet gulde vane deslgn 

Compressor blade deslgn 

Tighter compressor and turblne clearances 

Improved turblne nozzles, buckets, and shrouds 

Improved combustion systems 

Exhaust diffusers 

Early industrial gas turblnes were relatively unreliable when compared to  steam 

turblnes In Rankine cycle plants Advanced gas turblne deslgns have resulted In greater 

relrablllty and hlgher avallabllity Avallabrllty IS a measure of rellabllrty that is essentially 

the ratlo of the trme the machrne was available to produce power to  the time the unlt 

should have been on-line S~nce the early seventies, gas turblne avallabllrty has Increased 

from as low as 70% to  over 90% Projected avarlabllity for newer models can be as hrgh 

as 95% wlth 3000 hours MTBF (Mean Time Between Failures) Thls IS better than the 

avallablllty of many conventlonal Rankine cycle plants Thls Improvement In relrablllty IS 
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a malnly due to Improved materials and des~gned-ln redundancy of cr~tlcal accessory 

components, especlally In controls Redundancy means that there IS at least one back-up 

component to perform a funct~on so that the fallure of a slngle component does not result 

In a forced outage The GE Mark V Speedtronic controls, for instance, have triple 

redundancy for cr~tlcal functions This allows for continued turblne operation whlle any 

one of the subsystems IS undergoing maintenance or repair 

Beyond thermal efficiency and rellablllty galns, comblned cycle plants can offer 

consrderable operat~ng flexlblllty In many comblned cycle plants, the gas turblne can be 

o~erated s ~ m ~ l e  cvcle or In the comblned mode Thls feature requlres the lnstallatlon of 

a bypass stack and damper between the combustron turblne exhaust and the HRSG The 

damper can be posltloned to dlrect the gas turblne exhaust gas to e~ther the bypass stack 

or the HRSG Use of thls damper allows the gas turb~ne to be placed In operat~on while 

the Rankrne cycle IS shut down In some plants the bypass damper can be modulated to 

control the flow of exhaust gas, and thus heat Input, to the HRSG Wlth no modulatlng 

bypass damper, the heat Input to the HRSG IS determined only by the load on the gas 

e turbrne The Improved control of HRSG heat input afforded by a modulatlng bypass 

damper also Improves control of steam and turblne metal temperatures, especlally durlng 

startup 

Flexlb~llty can be extended through the add~tion of multlple gas turblnes, HRSGs, 

and steam turblnes Increased flexlbllity comes at the cost of greater complexity A 

typlcal example of such a conflguratlon IS a comblned cycle plant wlth two gas turb~nes 

exhaustlng to a HRSG and a slngle condens~ng steam turbinelgenerator This example 

plant has bypass dampers and stacks for the gas turblnes Several of the posslble 

operat~ng modes for the example plant are 

1 One or two gas turblnes operat~ng and bypassing the HRSG 

2 One or two gas turblnes exhaustlng lnto the HRSG w ~ t h  the steam turbine on- 

l~ne  

3 One or two gas turblnes exhaustlng lnto the HRSG wlth the steam turblne off- 

line 

4 Elther gas turblne exhaustlng Into the HRSG whlle the other gas turblne is 
operated in s~mple cycle 
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The gas turbine portion of a combined cycle plant can be brought from shut down 
condition to full load in a matter of 10 to 20 minutes depending upon the partrculars of 

the unit Most Rankine cycle plants require a minimum of several hours to  start up and 

0 
some require more than a day to start up The Rankine cycle portion of a combined cycle 

plant can also be started up relatively quickly with proper destgn - g k 4 - q  11% h(& 
& vhll s e e  

2 3 2 Env~ronmental Aspects 

Over the past decade, growing concern for the environment has led to stricter 

standards regarding air emrssions and industrial pollution NO, emissions are a product 

of every air-fed combustion process, including those in the gas turbine NO, emissions 

are suspected of contributing to several atmospheric processes that are either known or 

thought to be degrading to the environment Among those processes are acid rain, forest 

and vegetation decline, and changes to the ozone layer 
.. 

Power plants are responsible for abaut one-third of the annual NO, emissions 

Utilities have been forced to add new equipment or modify exlsting equipment to comply 

w ~ t h  recent regulations These additions and modifications have proven to  be both 

expensive and time consuming 

Gas turbines and combined cycle plants have proven to operate with significantly 

lower emissions of contaminants to  the air than older Rankine cycle plants Emissions 

Include sulphur dioxide, nitrogen oxides, and particulates Another environmental benefit 

of the comb~ned cycle plant is related to  ~ t s  high efficiency By operating more 

efficiently, less fuel IS burned for a given electrical output resulting in fewer combustion 

by-products If natural gas is flred, sulphur dioxide (SO,) and particulate emissions are 

negligible Also, advances in combined cycle technology have yielded modificat~ons in 

the process which reduce emissions even further Several of these modifications are 

lrsted below 

SteamIWater Injection - Injecting steam or water into a gas turbine's combustor 

has proven to significantly reduce NO, emissions Steam inside the combustion 

zone has a quenching effect which suppresses NO, formation by as much as 70% 

Steamlwater ~njection also Increases power output, but reduces combined cycle 

efficiency slightly 
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Low NO, Burners - Modifications In gas turbine combustors have resulted in lower 

NO, emissions by adequately premixing the air and fuel upstream of the combustor 

and providing more stable control of fuel and air in the combustion process The 

low NO, burners reduce the amount of excess air, control flame length, and reduce 

flame temperatures, all of which reduce the formation of NO, 

Selectwe Catalvtic Reduction (SCRZ - SCR IS a process in which nitrogen oxides 

are removed by the injection of aqueous ammonia (NH,) into the flue gas upstream 

of a catalyst structure The catalyst causes a chemical reaction that converts the 

nitrogen oxldes to elemental nitrogen and water vapor The SCR unit, generally 

located w~thin the HRSG, offers a NO, removal efficiency of up to 90% 

Selective Noncatalvtic Reduction (SNCR1 - SNCR is a process similar to SCR in 

effect but one which uses a different chemlcal reaction Urea and/or ammonia IS 

Injected into the flue gas to react with NO, to form nitrogen and water %his 

process generally occurs in the HRSG section near the flue gas outlet SNCR IS 

less effectlve (about 80-85%) than SCR in NO, removal 

In addition to reduced air emissions, combined cycle power plants generally operate 

with less thermal pollution of cooling water sources, and reduced consumption of water 

and natural resources Also, the space required to build a combined cycle facility is 

significantly less than for conventional Rankine cycle plants All of these environmental 

factors are considered by Public Utilities Commissions in granting licenses to build new 

power plants The less the environmental impact, the more likely a license will be 

granted Accordingly, the difficulty and risk of complet~ng the licensing process required 

f ~ r  acombtned cycle @art cs Jess t b  that far a~~mpareh le ,  cment~onal ,  Rankine cycle 

plant 

2 3 3 Repower~ng and Econom~c Aspects 

Repowering is a term generally applied to the replacement of the bo~ler In an older 

Rankine cycle plant with a gas turbine and HRSG The result IS a combined cycle plant 

with greater capacity and efficiency than the old Rankine cycle plant Repowering w ~ t h  

advanced gas turbines and HRSGs can improve overall plant thermal efficiency by more 

than 20% Repowering can also trlple total plant electrical capacity Repowering often 

has the advantage of being more economical, per cost of kilowatt generated, than other 

options for adding capacity 

-- 
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While repowering is normally thought of as the conversion of an older Rankine 

cycle plant, modif~cations can also be made to existing gas turbine plants operating In 

slmple cycle The modification in the case involves the addttion of the appropriate duct 

work to a new HRSG and Rankine cycle components Some gas turbine power plants 

are built to  run in simple cycle lnltially and are later converted to  combined cycle 

conflguration when the economic conditions are favorable 

The amount of time requlred to  repower a plant also has a significant economic 

Impact In power plant construction Depending upon equipment size and complexity, 

dellvery and construction of a gas turbine can take about one year The HRSGIsteam 

turbine cycle dellvery and erection can frequently be completed in an additional year, 

much less time than required for construction of conventional power plants, typically at 

half the time Shorter construction time generally results in a significant decrease In 

overall cost In addition, the system capital cost IS typically low as a result of smaller, 

standardized components, modular construction, rapid erection, and minimum support 

system costs 

2 3 4 Combined Cycle, Cogeneration, and IPP Power Plants 

Many utilities generate only electrical power There is, however, often a need in 

industry for process steam and/or hot water and even heated air In some citles, there 

are district steam heating systems for heating buildings It is common in many cities and 

in large lndustrlal plants to  have bollers devoted to  the productlon of steam and/or hot 

water for heatrng or for processes involved in productlon of chemicals or products such 

as paper It is possible to build a power plant that generates electrical power and steam 

and/or hot water for heat~ng and other processes Such a plant IS generally called a 
cogeneration plant The cogeneration plant can use a Rankine cycle, a gas turbine, or 
even a combined cycle conf~guration 

Cogeneration plants have an advantage in that they are generally more efficient 

than plants that are dedicated to  production of either electric power or steam, hot water 

and/or heated air The overall efflclency of a cogeneration facillty where waste heat is 

used effectively can be as much as 80% 

Cogeneration plants are, however, at a disadvantage In that they often cost more 

than a plant that is deslgned to  produce only electric power or steam Until 1978 there 

was another obstacle In the construction of cogeneration plants That difficulty was in 

connecting to  the local utlllty's electrical drstrlbution system If a plant wlth electrical 
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e generation cannot connect to the local electrical system, it must operate as an electr~cal 

"island " Operation as an electr~cal island has many negative rmplications, especially lack 

of reliability since the local utility cannot act as a backup In the event of problems 

Some reasons for difficulty in connecting to  a local utility's electrical distribution 

system were technical in nature One example IS dispatching of the system The utility 

dispatcher must be able to direct units in the system to  Increase and decrease load in 

response to changes in system demand Typically cogeneration plants are not under the 

direct control of the system dispatcher If there were many cogeneration plants 

connected to the system, reliable operation of the system would be much more d~ff icult 

and the rel~ability of the entire system would be reduced There were other technical 

problems preventing connection of cogenerators to  established utilities One of these 

problems was consistent protective relaying in the electrical system 

Other, non-technical obstacles that prevented cogenerators from connecting tp a 

local utility's electrical distribution system were competitive in nature If a ut i l~ ty  were 

selling electrical power to a large industrial plant, and that plant decided to  bu~id a 

cogeneration unit to supply its own electrical power needs, the utility's market and thus 

its profitability would be reduced Further, if the cogeneration plant were to  generate 

more power than required for its own needs, the ut~ l i ty  could find itself in compet~tlon 

with the cogenerator 

The Un~ted States government wanted to encourage cogeneration as one part of 

the overall response to the oil and energy cris~s in the early and mid-1970's The result 

was the watershed Publ~c Utility Regulatory and Policies Act (PURPA) of 1978 

Essentially, PURPA requires that utilities allow cogenerators who qualify under the 

requirements of PURPA to connect to  their system Further, the PURPA requires the 

utl l~t ies to  buy any excess power supplied to  the system at the "avoided cost " The 

avoided cost of producing power is the cost a utility would incur ~f it were to produce the 

power instead of the cogenerator Finally, PURPA requires that utilities not "take 

reprisals" against cogenerators such as withhold~ng standby power 

PURPA exempts most cogenerators from regulation as utilit~es, and directs utilities 

to set reasonable rates for buying power from and $elling power to  cogenerators States 

are required to set rates that utilities must pay cogenerators for electr~city Utilities are 

not allowed to  own more than 49% of a cogeneration plant and must negotiate in good 
f a ~ t h  wlth cogenerators 
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At  the same t ~ m e  that cogeneration has increased, another type of plant has also 

become common These plants are called Independent Power Producers (IPPs) An IPP 

1s a power plant that IS, In general, deslgned to  compete wlth the local utlllty An IPP 

plant may or may not produce both electrlcal power and heatlng steam and/or hot water 

The IPP plant does not, however, quallfy under PURPA and thus IS generally subject to  

the same regulatory requirements as the utlllty 

It would have been very difficult for an IPP to build a plant 25 years ago 

Construct~on of IPP plants 1s now easier since regulatory bodles often force utlllties to  

conslder lPPs as alternatives t o  bu~ ld~ng  new plants of thew own to  meet Increases In 

electrlcal demand If the IPP can provlde the power at a lower cost than the ut~llty, the 

regulatory bodles often requlre the utlllty to allow the IPP to  be bullt The utlllty must 

then negotlate an agreement to purchase power from the IPP Sometimes utlllt~es have 

taken the lnltlatlve to negotlate deals wlth lPPs wlthout regulatory proddlng where ~t was 
.. 

determined to  be econom~cally advantageous to  the utlllty 

In summary, the character of the ut l l~ ty  buslness has changed considerably over 

the last 20 years Before that time, the buslness was dominated by relatlvely few 

utllltles Most of these utllltles were regulated monopolies Today, those same u t ~ l ~ t ~ e s  

must compete wlth cogenerators and lPPs In a much more open market Thls newly 

competltlve environment has forced those utllltles to  become lnnovatlve and develop 

ways to Improve eff~clency Thls competltlve pressure, In part, accounts for the Interest 

of ut~llt les In comblned cycle plants llke the Wabash Unlt #I repowerlng project The 

hlgh thermal efflclency of t h ~ s  comb~ned cycle plant, comblned wlth the use of relatlvely 

lnexpenslve coal as fuel, helps PSI Energy Improve ~ t s  competltlve posltlon In the 

Industry 

2 4 Fuels for Combined Cycle Power Plants 

Gas turblnes used In comblned cycle power plants utlllze a varlety of foss~l fuels 

The tradltlonal approach to gas turbrne fuel use was the dual fuel approach In w h ~ c h  the 

gas turblne was deslgned to  burn elther gas or dlstlllate fuel In recent years, the 

economics of obtaining gas turblne fuel suppl~es have resulted In the utlllzatlon of many 

fuels and In more numerous comb~nat~ons Advances In technology have resulted In the 

utlllzatlon of less conventional types of fuel in new gas turblnes 
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2 4 1 Gaseous Fuels 

Gaseous fuels are the most commonly used fuels in combined cycle plants 

Gaseous fuels include natural gas, liquified petroleum gases (LPGs) such as propane and 

butane, and coal derived gases 

Natural gas is the most widely used of all gases It IS considered an ideal fuel 

because of good combustion characteristics, reduced air emissions, and relative ease in 

handl~ng In comparison t o  other fossil fuels, natural gas produces little or no sulphur 

ox~des This is an advantage over coal and oil, both of which have significant amounts 

of sulphur In splte of these advantages, however, natural gas is expensive In relation 

to  other fuels and is not readily available In all parts of the United States As a result, 

natural gas is used much less frequently than would be expected 

Natural gas IS a mixture of several different hydrocarbon gases called componSnt 

gases The main component gases are methane (CH,), ethane (C,H,), and propane 

(C,H,) Depending on how the gas was formed, carbon diox~de, hydrogen sulfide, 

n~trogen, and hydrocarbon vapors may also be present These constituents are 

undesirable and are often removed before use 

The heating value of natural gas IS reported on a volumetric basis and can vary 

greatly Most natural gas has a heating value of about 1000 BTU per cubic foot If 

natural gas has a large percentage of propane and ethane, the heating value can exceed 

2000 BTU per cubic foot 

A typical fuel gas supply system IS s~mple It consists of supply piping, pressure 

and/or f low control valves, a strainer or scrubber, and an isolation stop valve There IS 

no fuel preparation required as w ~ t h  coal (pulverizers) or oil (heating and strainers) 

Consequently gas fuel operating complexity IS less than that for oil and coal 

Other fuel gases used in gas turbines include liquified petroleum gases (LPGs) 

which are considered "wet  gases" because they can form condensibles at normal 

operating cond~t~ons These gases Include propane and butane which are characterized 

by a relatively high fraction of hydrogen content Since the hydrogen forms water vapor 

when the gas IS burned, these gases requlre additional fuel supply equipment t o  prevent 

condensation and the ingestion of l iqu~d slugs by the gas turbine P~ping runs for LPGs 
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are designed with heat tracing and low point condensate drams to accommodate the high 
moisture content Gaseous LPGs are heavier than air The density of LPGs requires 

special venting for both the fuel gas and turbine compartments in order to avoid 

accumulation of gas in low points or pockets that can result in an explosion 

The potentlal for natural gas shortages and high prices has fostered the 

development of technologies for fuellng gas turblne combined cycle systems wlth 

alternate fuels, lncludlng coke, lignite, and coal Slnce there are vast reserves of coal 

throughout the world, there IS a strong lncentlve to  develop an economical way to use 

coal In comblned cycle plants One such method produces a fuel gas derived from coal 

Pressurized coal gasiflcatlon produces a coal-derlved gas that, after treatment and 

cond~t~on~ng, can be burned llke natural gas In combustlon turblnes A process lrke thrs 

is used for the Wabash Unlt # I  repowerlng project 

F~gure 2-10 illustrates the concept of the gasiflcatlon comblned cycle In The 

process, coal IS fed to  a gasifier rn a dry form or as a water slurry, dependrng on the 

gaslfier concept The coal reacts with an oxldant (oxygen or alr) and wlth steam to 

produce raw synthesis gas (syngas) The raw syngas leaves the gasifrer at a temperature 

ranging from about 1000°F to about 2300°F The syngas then passes through a series 

of filtering devices which remove particulates and sulphur Following cleanup, the syngas 

is transported to the combined cycle fuel gas supply system, where ~t is used to fire the 

combustlon turblne 

Coal gaslflcatlon comblned cycle plants are expected to  have relatively high 

efflclencles of up t o  40 percent or more They are also "environmentally friendly" wlth 

NO, emissions comparable to  natural gas and sulphur removal In the range of 98 to 99 

percent The sulphur IS typically recovered In elemental form and IS a marketable 

byproduct, as are other items such as nonleachlng ash whlch IS sultable for frll materlal 

Several disadvantages Include hlgh cost, addltlonal equipment and space, and more 

complex controls systems 

- - 
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- 
F~gure 2-1 0 Coal Gasrfrcatron 

2 4 2 L ~ q u ~ d  Fuels 

Comb~ned cycle power plants ut~llze a w ~ d e  range of l~qurd hydrocarbon fuels for 

their combustion process These l ~ q u ~ d  fuels include 

Conventional l lqu~d fuels (d~stillate, crude olls, res~duals) 

t Less conventional l lqu~d fuels (jet fuels, kerosene) 

Unconventional liquid fuels (naphtha, gasollnes) 

All of these l~quld fuels come from crude 011 Crude orl IS the substance that comes 

from the 011 well or drilllng s ~ t e  When heat is applled to crude oil, the Ilghter, more 

volat~le d~st~ l la te 011 vaporizes and leaves the crude base The vapors are captured and 

condensed The condensed l lqu~d IS the distillate (No 2 011) discussed above The 

product remalnrng is the res~dual Operation w ~ t h  crude and resldual 011s requires specral 

measures to  prevent hlgh temperature corrosion and ash foullng In the turblne section 

Both crudes and residuals requlre treatment for sodlum salts and vanadlum 

contaminat~on Fuel preparation may include filtering, heat~ng to  maintain proper 
v~scoslty for atomczat~on, and pressurlzatlon 
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Dlstlliate 1s the most commonly used llquld fuel Dlstlllate, or No 2 fuel oil, IS a 

llght fuel 011 wlth a heatlng value of about 19,580 BTUIlb Thls class of fuel IS clean 

burnlng and IS slmllar In manner to  natural gas 

Jet fuels and kerosene have been used occas~onally as backup fuels where 

avatlablllty and economlc conslderatlons have made these fuels a more deslrable cholce 

than d~stlllates These fuels have high heat~ng values (over 19,000 BTUIlb) and are 

generally clean burnlng In add~tron to h~gher cost, another problem w~ th  these l~ghter 

fuels IS thelr lubrlcatlng quallty whlch 1s lower than the dlstlllates and heavler fuels A 

mlnlmum level of lubrlctty (a parameter that IS used to descrlbe the lubrlcatlng quallty of 

the fuel) IS deslrable to provlde reasonable llfe of the mechanical fuel system 

components Naphtha and natural gasollnes have an even lower level of lubr~c~ty,  and 

In addltlon, also have flash polnts that are low enough to  requlre speclal handllng to  avold 

flre and explosion .. 

A conventional llquld fuel control system IS shown In Ftgure 2-1 1 A posltlve 

displacement fuel pump, usually a gas turblne shaft drlven from the accessory gear, 

provldes a constant flow of llquld fuel at the requlred pressure for Injection of fuel lnto 

the gas turblne The gas turblne must be capable of operating at a wlde range of loads 

At  low loads, more fuel IS pumped than IS burned The excess fuel at low loads IS 

reclrculated through a controlling bypass valve to the pump suctlon The balance of the 

fuel passes Into a devlce called the flow dlvlder, whlch dlvldes the slngle stream from the 

pump lnto several streams, one for each combustor on the gas turblne The flow dlvlder 

IS made up of ~nd~v~dual,  hlgh volumetric efflclency gear pumps, one for each combustor 

The gear pumps are mechanically connected to run at the same speed, and consequently 

supply equal amounts of fuel to  each combustor Unequal dlstrlbutlon of fuel can result 

In local~zed, excessive temperatures The flow dlvlder speed IS measured and used as a 

feedback slgnal to  the fuel flow control system 

Wlth all llquld fuels, some type of treatment IS requlred before the fuel enters the 

gas turblne combustors In the case of a true llght dlstlllate oil, treatment IS requlred 

pr~marlly to remove dirt and contaminants Fllters are the most commonly used dev~ce 

Page 37 



Prmcrples of Comb~ned Cycle Power Plants MODULE 2 

F~gure 2-1 1 Typ~cal Gas Turb~ne Fuel 011 System 

Treatment and conditioning systems for crude and resldual oils are more complex 

because of the processing steps required to remove or control their characteristic trace 

metal contaminants Complete fuel treatment includes 

1 The fuel 011 IS "washed" to remove water-soluble trace metals such as sodlum, 

potassium, and certain calcium compounds Washlng lnvolves mlxlng heated 

fuel w ~ t h  water and a small amount of emulsion-breaklng fluld to ald in 

separation The fuel 011 IS then separated from the water by an electrostatic 

system or centrifugal force 

2 The fuel IS flltered to remove solld oxldes, s~licates, and related compounds 
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3 Chemicals are added to the fuel to prevent vanadium corrosion Vanadlum is 
a corrosive element found in crude oil To Inhibit the vanadium In the fuel, 

magnesium compounds are added in a ratio of three parts of magnesium, by 

weight, to each part of vanadium This form of treatment inhibits the corrosive 

characteristics of vanadlum by forming high melting-temperature ash composed 

of magnesium sulfate, magnesium oxide, and magnesium vanadates 

The selection of lrquid fuel 011s requires consideration of a wlde range of properties 

including vanadlum content, specific gravlty, and vlscoslty The degree of the fuel 

treatment equipment soph~stication, plant equipment investment, and operating costs 

requ~red are tied directly to the physical and chemical properties of the fuel 

2 4 3 Solid Fuels 

The utility industry has experimented for some time with coal, lignite, and waste 

products such as municipal sewer sludge in order to utilize the combined cycle 

advantages wlth solid fuels Unfortunately various constituents of solid fuels reduce the 

llfe and performance of the gas turbine For example, ash formed during direct 

combustion can create a need for excessive gas turbine maintenance because ash causes 

erosion, corrosion, and ash deposition 

Research continues towards the possibility of direct coal combustion for gas 

turbines Modifications In gas turbine combustors designed to handle coal are In the very 

early stages of development One such method involves the use of slagging combustors 

whlch operate at 2500 to 3000°F The combustors are deslgned to remove the ash and 

harmful constituents durlng the combustion process To solve the corrosion and erosion 

problems, a staged combustion system has been developed whlch utilizes the slagging 

combustor to partially oxidize the coal The slagg~ng combustor is followed by various 

gas cleanup systems and a secondary combustor 

Indirect firing of sol~d fuels IS also a consideration for gas turbines Fluidized bed 

combustion (FBC) has been modlfied to be used in combined cycle applications 

Pressurized fluid bed combustion, a variation of fluid bed technology, involves the burning 

of coal under pressure In a fluidized bed to provide steam and pressurized flue gas 
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a A dlagram of a pressurized fluldlzed bed combustlon process IS shown In Flgure 2- 
12 The flue gas IS flltered before expanding through the gas turblne Exhaust gas from 

the gas turblne can then be used to  heat feedwater or generate additional steam Alr 

from the combustlon turblne compressor supports the fluldlzed bed of coal and sorbent 

(Ilmestone or dolomite) Sorbent IS a material, such as limestone or dolom~te, that 

comblnes w ~ t h  the sulphur from the fuel In the flu~dlzed bed and thus prevents release of 

sulphur droxrde In the flue gas 

Flgure 2-1 2 Pressurized Fluld~zed Bed Combustion 

2 4 4 Other Conslderat~ons 

Various advanced cycles whlch promote fuel flexlblllty are currently belng 

developed as part of the Department of Energy's Clean Coal Technology Program One 

notable process, slmllar to coal gas~f~cat~on, lnvolves the mixing of coal and iron rn a 

gaslflerJmelter, wrth molten Iron and fuel gas The molten Iron can then be utlllzed In a 

steel mill, and the gaseous fuel burned In a gas turblne 
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Another concept calls for ellmlnatlng the conventional combustor on the gas 

turblne and replacing r t  wlth a remotely located heater, creatlng an Externally Flred 
Combrned Cycle (EFCC) Heat generated by the combustron of coal IS transferred to alr 
through a ceramrc heat exchanger The exhaust gas from the gas turbrne IS used as 

combustion alr In the external combustor Flue gas exrtlng the ceramic heat exchanger 

passes through the HRSG and provldes steam for the steam turblne In addltlon to  coal, 

energy sources such as wood chrps, tlres, and sludge can be utlllzed w ~ t h  the ceramrc 

heat exchanger 

The combustron process In gas turblnes allows a wlde range of fuels to be burned 

However, many of these fuels have characterlstlcs that must be accommodated In the 

deslgn of the fuel control systems as well as In fuel preparation and handllng systems 

These systems are expected to be more complex In thew operation, thus the economlc 

advantages of these systems are somewhat uncertain at thls tlme 
.. 

2 5 PSI Energy's Wabash U n ~ t  #I  Repowerlng Project 

Flgure 2-13 shows a heat balance for the Wabash Unlt # I  cycle The cycle 

conslsts of one gas turblne that exhausts Into one HRSG The HRSG operates at a slngle 

pressure and has a reheater Thls HRSG deslgn, through relatlvely uncommon, IS requlred 

to accommodate the deslgn of the exlstlng steam turblne The turblne IS a angle reheat 

turblne wlth no provlslons for multrple admlsslon of steam at different pressures There 

are three feedwater heaters and an economizer In the HRSG 

The Wabash Unlt #1 cycle IS relatlvely complex compared to  most other cycles 

since ~t IS Integrated wlth a coal gasrflcatlon process The coal gaslflcatlon process 

requlres Interchange of water and steam wlth the comblned cycle A large fract~on 

(about 30%) of the water supplled to the gaslflcatlon process IS lost Accordingly, the 

plant IS equlpped wlth provlslons for considerable makeup (replenishment) of condensate 

to rna~ntaln a constant Inventory of water In the cycle 

Condensate from the condenser hotwell IS pumped by the condensate pumps 

through the steam jet alr ejectors and the gland steam condenser In the existlng plant 

The condensate IS then plped to the new condensate holdlng tank at the water treatment 

bulldlng The condensate holdlng tank also receives makeup from the demlnerallzed 

water storage tank 
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F~gure 2-1 3 Heat Balance 
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Water from the condensate holdlng tank IS pumped to  the gaslflcatlon process as 
cold condensate (nomrnal temperature about 88°F) where ~t IS used to cool syngas The 

condensate IS then returned to  the system from the gaslflcatlon process as warm 

condensate (about 193°F) The warm condensate passes through a feedwater heater In 

the HRSG to an open feedwater heater called the deaerator The deaerator uses cold 

reheat steam for heatlng Heated water from the deaerator drams Into a deaerator 

storage tank The deaerator storage tank provrdes suctron to the boiler feedwater pumps 

The boller feedwater pumps discharge through HP economlzers 1 through 3 to heat 

the feedwater (to about 570°F) About 85% of the hot feedwater from the HP 

economizer #3 feedwater flows to the gasification process whlle the remaining 15% 

flows to the HRSG drum About 26% of the hot feedwater that goes to the gaslflcatlon 

process IS lost The rest of the feedwater IS returned to the cycle, and of that feedwater, 

about 93% IS returned as saturated steam (at about 1655 psla and 609°F) and the rest 

as cold feedwater (at about 405°F) 
.. 

The steam from the gasrflcatlon process IS mlxed with the steam from the HRSG 

evaporator and the mlxture IS plped to  the superheater The cold feedwater from the 

gaslflcatlon process passes through auxrllary economlzers 1 and 2 and then enters the 

HRSG drum Steam from the HRSG drum, together wlth steam from the gasrflcatlon 

process, passes through HP superheater sectlons 1 through 3 and leaves the HRSG at 

1564 psla and 1010°F 

The pressure and temperature of the steam falls as the steam flows through the 

long run of pipe from the HRSG to  the steam turblne The pressure and temperature at 

the steam turbrne Inlet are 1465 psla and 1000°F The exhaust from the HP turblne 

sectlon (cold reheat steam at about 467 psla and 71 5°F) IS plped back to HRSG reheater 

sectlons 1 through 3 The steam leaves the reheater at about 101 0°F and IS cooled to  

about 1 OOO°F at the lntermedlate pressure turblne A portron of the cold reheat steam 

IS used for steam lnjectron In the gas turblne for NO, control 

Hot reheat steam IS admltted to  the steam turbrne IP sectron at about 1000°F 

through rnterceptor valves The steam temperature falls In the long run of plplng from 

the HRSG to the steam turbrne The steam exhaustrng from the LP turbrne IS condensed 

and collected in the hotwell 
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The gas turbine is a General Electric MS7001 F with Mark V Speedtronic controls 

At  full load, it operates with a pressure ratio of about 15 to  1 and a firing temperature 

of about 2300°F The primary fuel is syngas from the gasification process Steam 
injection (using cold reheat steam) IS used to control NO, The exhaust gas temperature 

IS about 1093°F The gas turbine generator output is 192 MW at full load The thermal 

efficiency of the gas turbine alone is about 35% The gas turbine IS equipped with 

provisions for f i r~ng oil as well as the syngas from the gas~fication process 

The hot exhaust gas from the gas turbine passes directly t o  the HRSG There is 

no bypass stack and damper The HRSG has 9 banks of tubes Most of these tube 

banks have two parallel tube bundles From the inlet to the stack, these tube banks are 

Reheater #3 - HP superheater #4 

Reheater #2 - HP superheater #3 

Reheater #1 - HP superheater #2 

HP superheater # I  

HP zvaperatcr 

HP economizer #3 - Auxiliary economizer #2 
HP economizer #2  - Auxiliary economizer # I  

HP economizer #1 

Feedwater heater 

There is also a space just behind the HP evaporator that is provided for SCR NO, 

removal This SCR will not be installed unless it is necessary after startup of the plant 

The steam turbine IS an existing 90  M W  (nameplate rating, expected output IS 

105,140 KW), single reheat unit manufactured by Westinghouse The steam turbine will 

remain essent~ally unmod~fied with the exception of the controls w h ~ c h  will be upgraded 

from MHC to  EHC 

The expected gross output of the plant is 297,140 KW This will be reduced by 

auxiliary power to  261,754 KW net output The expected net heat rate IS 9,034 

BTUIKWh which corresponds to  a thermal efficiency of about 37 8% 
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Combined-Cycle Thermodynam~c Princ~ples and Economics 

The Carnot efflclency of a cycle IS the maxlmum efflclency of an Ideal thermal 

process The efficlencles of real thermal processes are lower since they are not Ideal and 

have losses There are two baslc losses In any cycle, the heat losses (radiation, 

convectron, etc ) and the Internal losses The heat losses are easy to under stand since 

they are energy losses that are lost to the process The Internal losses are the losses to 
the ~rreverslble processes In accordance wlth the second law of thermodynam~cs Some 

people call these losses exergetic losses and the heat losses energetic losses 

Carnot effrclency IS simply the difference of the absolute temperature at whlch 

heat IS added to the cycle less the absolute temperature at whlch heat 1s rejected from 

the cycle dlvlded by the absolute temperature at whlch heat 1s added to  the cycle and IS 

as follows 

Efflclency 
Where rl, = Carnot 

TA = Temperature of heat addltlon (OR) 

T, = Temperature of heat rejectlon (OR) 

There are two main reasons why the efflclencies of real processes are lower than 

the Carnot efficiency The first IS that the temperature dlfferentlal In the heat being 

supplled to the cycle 1s very great In a conventional Ranklne cycle plant, the maximum 

steam temperature 1s only about 1000 OF whlle the combustion temperature In the 

furnace IS about 3000 OF The second IS that temperature of the waste heat rejected 

from the cycle IS hlgher than the ambient temperature Both of these heat exchange 

processes produce losses In cycle 

The best way to  improve efflclency then IS clear Rase the temperature at whlch 

heat is added and/or reduce the temperature at which heat IS rejected The Rankine cycle 

IS l lm~ted by metallurgy and the heat transfer characterist~cs of steam on the heat addltion 

temperature , but rejects heat in the condenser at near atmospher~c temperature The gas 

turblne on the other hand, adds heat to  the process at a very hlgh temperature and 

rejects heat at a temperature much h~gher than atmospheric Neither of these cycles can 

accomplish both of our objectives In trying to  ralse the heat Input temperature and 

s~multaneously reduce the heat rejectlon temperature by themselves However, by 

0 
Page A-1 

12;" 



Prtnctples of Combined Cycle Power Plants MODULE 2-APPENDIX A 

combining these two cycles, one with a high heat add~t~on temperature and the other 

with a low heat rejection temperature we can get closer to  our goal 

In an open cycle gas turbine, the process temperatures attamable are very h ~ g h  

because the energy is suppl~ed directly to the cycle without the use of heat exchangers 

The exhaust temperature however is very high In the steam cycle, the maxlmum 

process temperature IS not very high, but the exhaust heat returned to  the atmosphere 

on the cold end is at a very low temperature Combining a gas turbine and a steam 

turb~ne offers the best possible method for producing a high ef f~c~ency thsrmal process 

The comparisons are shown in Table 1 

Table 1 Cycle Efflc~enc~es 

The Carnot eff~ciencies for each of the cycles ind~cate the efficiencies that would 

be achieved ~f there were no internal exergetlc losses Although t h ~ s  IS not poss~ble ~t 

does provide a good idea example of the relative eff~ciencies of the various cycles and 

clearly shows the superior eff~ciencies that are obtained by comblned cycles Even a 

reheat turbine cycle has a Carnot efficiency 10 to 15 percentage points less than a 

comb~ned cycle The h~gher exergetic loss due the temperature d~fferential when heat is 

exchanged between the gas turb~ne exhaust and the wateristeam cycle IS one 

disadvantage of the comb~ned cycle If it were not for thls fact the efficiency of the 

comb~ned cycle compared t o  the other cycles would be even greater Even so, there is 

a s~gnif~cant advantage to  be gamed by ~nstal l~ng a combined cycle plant 

This may also be seen In Figure A-1 which compares the temperature/ entropy 
d~agrams for the four cycles The comblned cycle best uses the temperature d~fferent~al 

Temperature of 
heat add~t~on O F  

Temperature of 
heat rejection O F  

Carnot 
Eff~c~ency % 
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Steam Turb~ne 
(wlth reheat) 

690- 1000 

1 15-1 70 

45-54 

Gas Turb~ne 

1250-1 340 

440-530 

42-47 

Steam Turb~ne 
(without reheat) 

530-775 

1 15-1 70 

37-50 

Combined 
Cycle 

1 250-1 340 

11 5-170 

63-68 
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between heat addltlon and heat rejection, even though there IS an additronal exergetlc 

loss between the gas and waterlsteam cycle - 

Thermal Efflclency of a Comblned Cycle Plant 

Comblned cycle plants generally are assumed to  have the total heat addltion 

occurring In the gas turbine The more general case however, should Include heat addltron 

In the HRSG since many plants have been built wi th this supplemental flring capability 

to  elther Increase capacity of the plant dur~ng peak perlods or t o  supply generation when 

the gas turbine may be out of service Therefore the general deflnltlon of thermal 

efflclency for a comblned cycle plant would be 

Where rl, = Comblned Cycle effrclency 

P,, = Power output of the gas turbine (Kwh)  

P,, = Power output of the steam turbine(KWh) 

Q,,= Heat input t o  the gas turblne (BTUIhr ) 

QsF = Heat Input 
I 1320K 

from supplemental 

Gas Turb~ne B Non reheat Steam Turblne 

C Reheat Steam Turb~ne D Comb~ned Cycle 

Flgure A- I  Temperature Entropy D~agrams For The Four Major Power Generation Cycles 
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If there IS no supplemental flr~ng In the HRSG (Q,, = O), the formula for efflclency 

reduces to 

In the general case, the efflc~enc~es of the s~mple cycles are calculated as follows 

For gas turblnes 

For steam turb~nes 

n,,= psi- 

And 

Comblnlng these t w o  equations produces the fol low~ng equatlon for the steam cycle 

" S T  
QST= ( 7 )  

Qs,c+QGT(l -qGT) 
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Supplemental Flrlng Effect on Overall Comblned Cycle Efflclency 

If we calculate the overall comb~ned cycle e f f~c~ency  using the formula for steam 

turb~ne eff ic~ency w ~ t h  supplemental f~rrng just developed and the srmple gas turbrne 

efflc~ency we get the followrng result 

Supplemental f~r lng In the HRSG Improves the overall eff~clency of the combrned 

cycle plant whenever 

Drfferentratron of Equatlon ( 8 )  and subst~tutron Into the above lnequallty results ~n 

the followlng 

Reduclng and recomb~nlng Equatlon (1 0) produces the followlng lnequalrty 

The second term of the lnequallty IS equal to  11, , so the rnequality reduces to  

If we substitute Equation (7) thrs equatlon simplif~es to  
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Thls equatlon ind~cates that lncreaslng the supplemental flrlng Improves the 

efficiency of the comblned cycle plant only ~f ~t Improves the efficiency of the steam 

cycle The greater the dlfference between the efflclency of the comblned cycle and the 

steam cycle and the lower the temperature of the heat Input to the steam cycle, the more 

effective the Improvement will be Thls make supplemental flrlng of less interest from 

the standpoint of cycle efflclency ~mprovement The efflciency of the combined cycle 

lnstallatlon Increases much more rapldly that of the steam cycle, continually lncreaslng 

the dlfference Therefore, ~t IS better to burn all the fuel In a modern gas turblne because 

the heat IS supplled to the cycle at a hlgher temperature than ~t 1s by supplemental flrlng 

In the steam cycle 

Wlthout supplemental finng, equatlon (8) can be wrltten as follows 

Differentlatlon makes ~t posslble to estlmate the effect that a change In efflclency 

0 of the gas turblne has on overall efflclency as follows 

lncreaslng the gas turblne efflclency Improves the overall efflciency of the cycle only ~f 

From Equatlon (1 5) one can obtaln the fol low~ng lnequallty 
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Improving the gas turblne efficiency s helpful only if ~t does not cause too great 

a drop In the effrclency of the steam cycle Table 2 show the maxlmum allowable 

reduct~on as a funct~on of the gas turblne effrcrency This table indrcates that the hlgher 

the efflziency of the gas turblne, the greater may be the reductron In efficiency of the 

steam cycle 

Table 2 0 Allowable Reduct~on In Steam Cycle Eff~crency as a Funct~on of Gas 
Turblne Efflc~ency ( steam cycle eff~c~ency = 0 25) 

The proportions of the overall output belng provlded by the gas turblne Increases, 

reduclng the effect of lower eff~crency In the steam cycle However, a gas turbine w t h  

a maximum efficiency st111 does not provlde the hlgh effic~ency that a comblned cycle 

plant does If the inlet temperature is held constant, a gas turbine with a very hlgh 

pressure ratio achleves a hlgher efficiency than a gas turblne wlth a moderate pressure 

ratlo However, the efficiency of the combined cycle plant wlth a gas turblne wlth a 

moderate pressure ratlo IS slgnlfrcantly more efflc~ent because the steam turblne operates 

more efflclently w ~ t h  the hrgher exhaust gas temperature and produces a greater output 

a 
F~gure A-2 shows the effrclency of the gas turblne alone as a functlon of the 

turblne inlet and exhaust temperatures The maximum efficiency IS reached when the 

exhaust gas temperature are quite low ( a low exhaust - nperature means a hlgh 

pressure ratlo) 

300 350 GOO 650 500 OC 550 
+ 2 

F~gure A-2 Gas Turb~ne Eff~c~ency as a Funct~on of Inlet And Exhaust Gas Temperature 

a 
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F~gure A-3 shows the overall efflc~ency of the combined cycle in the same way 

Note that the point of optimum eff~ciency has shifted toward the higher gas turbine 

exhaust temperature Due to economics, present day gas turbines are generally 

optim~zed with respect to maximum power dens~ty and not to efficiency Fortunately, this 

optimum coincide fairly closely with the optimum effictency of a combined cycle plant 

As a result, most of today's gas turb~nes are optrmally suited for combined cycle 

~nstallat~ons Gar turbines with intermediate cooling In the compressor or recuperator, 

are less suitable for combined cycle plants They normally have low exhaust gas 

temperatures, so that the eff~ciency of the steam turbine will be low 

F~gure A-3 Comblned Cycle Eff~c~ency as a Function of Inlet And Exhaust Gas 

Temperature 

Two conclusrons can be reached from our examination of comb~ned cycle 

efficiencies They are as follows 

The gas turbine with the highest efficiency does not necessarily produce the best 

overall combined cycle plant effic~ency The turbine inlet temperature 1s a far more 
Important factor 

Similar considerations apply to steam turbines These however are less important 
slnce the gas turblne IS generally the standard machine The exhaust heat available 

for steam generation is usually a given and the challenge is obtaining the maximum 

conversion t o  electrical energy 
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Economic Comparison of Combined Cycle Plants with Other Cycles 

Thermodynamics does, indeed, play an important role In selection of the type of 

power plant, but ~t is not the only criterion for the decision Other factors as price, 

environmental impact, and fuel availability must also be taken into account 

The main alternatives for power production cycles are steam and gas turbine power 

plants and that sltuatlon will not change In the near future For small to med~um power 

outputs, however, a diesel power plant can also be a viable alternative The high 

efficiency of modern diesel engines is comparable to that of a combined cycle plant with 

the same power rating Up to a power output of 20 to 30 MW, it is possible that a diesel 

power plant might be the optimum choice For greater power capacities, the diesel plant 

loses its attractiveness because Investment and maintenance costs are higher than those 

for a combined cycle plant, without providing greater fuel flexibility The diesel engine 

is also less desirable from an environmental point of view because it is more difficult-to 

attain low emission levels with ~ t ,  particularly for NOx and unburned hydrocarbons 

The comparison below is restricted to the following types of power stations 

Steam turbine plants 

rn Gas turbine plants 

rn Combined cycle plants 

The range of ratings under consideration is between 30 and 500 M W  Combined 

cycle plants with a smaller power output can, of course, be built, but they are less 

desirable for power generation alone because their relative costs increase as the power 

rating decreases They are best used mainly for industrial or district heating power 

stations, but even for these applications, their minimum economical size is approx 10 
M W  

Economy 

Every Industrial plant strives to  keep production costs as low as possible, and 

power plants are no exception in this regard Political factors and environmental 

protection leg~slation impose certain limits on this goal, but economy of operation remains 

the most important criterion when selecting what type of power plant to  build 
- 
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* The costs for produc~ng electricity in a power plant vary include three types of costs 

Capital costs 

Fuel costs 

Operation and adm~nistrative costs 

The first of these depends on the price and the amortization rate for the plant, on 

interest, or on the desired yreld on capital investments (annuity factor) and on the load 

factor of the plant, which, in turn, depends on the load, the operating time des~red, and 

plant availability Capital costs are also influenced by the interest incurred while the plant 

is being built 

The specif~c fuel costs are inversely proportional to the average efficiency of the 

installation This average effic~ency must not, however, be confused with the thermal 

eff~ciency at rated load It 1s def~ned as follows - 

Where T ) A ~ ~  = Average efficiency 

rl = Cycle efficiency 
- Operating efficiency rloper - 

Operating efficiency takes Into account the following losses 

Start-up and shut-down losses 

Higher fuel consumption for part-load operatlon 

M~scellaneous heat and energy losses due to  fouling, aglng, operator error, 

etc 

Operating and administrative costs include 

Fixed costs of operation and administration (staff costs, insurance, etc ) 

Variable costs of operation and repair (maintenance, replacement parts, etc ) 

The basis used for comparisons of economy IS generally a present value 

comparison The varlous costs for a power station come due at different tlmes For that 

reason, when making financial calculations, they are corrected to  a single reference time, 

which IS generally the date of commerc~al operation These converted amounts are e 
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referred to as present value amounts The slmpllf~ed formula used to flgure the present 

value for all expenses IS 

Where 

TCR = Total capital requirement to be written off (Present value of all 

expenditures dur~ng the period of construction and commlsslonlng, 

such as the prlce of the plant, construction Interest, etc ), In dollars 

TNj = Equivalent utlllzatlon tlme at rated power output, In hrs per year, 

Tnj = energy generated durlng the year, dwded by the rated output 

Yf = prlce of fuel, In dollars per KWhr 

fflclency 
- plant e r l ~ v ~  - 

U, = Annulty factor w =  q-1 

- I -q -" 
q - I + z  

z - - Interest rate 

n = Amortlzatlon perlod ~n years 

P = Rated power output ~n kW 

U = Operat~ng and admlnlstrat~ve costs, lncludlng taxes and Insurance, In 

dollars per year 

The power production costs can be derlved from the present value using the 

following formula 

Where 

YE, = Product~on cost In dollars per KW 
PV = Present value In dollars 
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Comparison of efficiency 

A t  current fuel prlces, thermal effrcrency IS the cruc~al factor for ~nstallatlons 

operated at medium and base load For that reason, hlgh efficiency IS a prerequisite for 

havlng an econom~cal plant Flgure A-4 shows how the thermal eff lc~ency at rated load 

for the types of power plant under consideration depends on the power output Steam 

turblne plants have been further broken down into plants w ~ t h  and w~ thou t  reheating 

0 100 200 300 600 SOOW 
OUTPUT 

CC Comb~ned cycle plant 

ST R Reheat steam turb~ne plant 

ST NR Non reheat steam turb~ne plant 
GT Gas turb~ne power plant 

Frgure A-4 Comparrson of Varrous Types of Power Plant Cycle Efficrenc~es 
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Double reheat steam plants have not been considered because they are seldom 

constructed Among the comblned cycle plants, only those without or wlth only llmlted 

supplementary flring are shown 

The chart makes clear the thermodynamic superiority of the combined cycle 

Surpassed by far are the gas turbines which, even with a high turbine inlet temperature 

of approx~mately 201 2 O F ,  only atta~n an eff~ciency of 30% to 35% 

Compar~son of Prrce 

After efficrency, prlce is the most important criterion for select~on F~gure A-5 

shows how the speciflc Investment costs for the varlous types of power plant depend 

on thelr power output These costs are valid for a turnkey ~nstallat~on includ~ng machlne 

transformer, but not as workshop, off~ces, staff fac~lities, and the like They have been 

based on 1988 price levels and progress payments, and do not include Interest durtng 

construction The data shown merely indicate trends appropriate caution must be taken 

in applying them, since very many factors affect the price of a power plant erection site, 
commercial rlsks, the polltical situation, impediments to  construction, legal regulations, 

etc Thls diagram clearly shows the low investment costs required for the gas turblne, 

which have contributed significantly to its wlde-spread acceptance 

Steam power statlons are signlflcantly more expensive than a combined-cycle 

power plant A coal-burning plant, for example, costs two to three times as much as a 

comblned cycle plant with the same power output Modern combined cycle power plants 

are therefore simpler and less expensive than steam power units 

Nuclear power plants have not been included in this comparlson because the 

investment costs requlred for them are far too dependent upon political and other local 

considerations 
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OUTPUT ( I S 0  1 

CC Comb~ned cycle plant 

ST RC Reheat steam turkne plant coal fired 

ST R Reheat steam turb~ne plant 011 or gas fired 
ST NR Non reheat steam turblne plant 011 or gas fired 
GT Gas turb~ne power plant 

Flgure A-5 Compar~son of Varlous Types of Power Plant Cycle Investment Costs 

Compar~son of Operat~ng and Adrn~nlstrat~ve Costs 

At today's fuel costs, the operating and adm~n~strattve costs affect the economy 

of a power plant only sl~ghtly They amount only to 5 to 10% as much as the fuel costs 

Because of the slmpllc~ty of the gas turblne, ~t IS lowest In operat~ng and 

malntenance costs even ~f ~t requlres more spare parts than a steam turblne alone L~ttle 

staff and ma~ntenance are requ~red A steam power plant requires more staff and ~ t s  
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maintenance costs are higher Combined-ckcle plants fall between these t w o  extremes 

units without supplementary flring are more like a gas turbine plant, and those with 
0 

maximum supplementary firlng more like a steam turbine power plant 

Comparison of Availabil~ty 

The availability of a power plant greatly affects ~ t s  economy Whenever a unit IS 

down, the electricity must either be generated In another power station or, if there IS no 

reserve available, purchased from another electrlc ut~l i ty  In both cases, the replacement 

energy is more expensive than that generated by the plant itself, since capital costs are 

Incurred whether the plant is running or not 

No values for availability can be stated that will be valid for all cases since such 

factors as preventive maintenance and operating mode make a huge difference 

However, according to well-known statistics, all the plants under consideration have 

similar availabilities when used under the same operating conditions 

Typical figures for the time availability of well-designed and maintained plants are 

as follows 

Gas turbine plants (gas-fired) 88 - 95 % 

Steam turbine plants (oil or gas-fired) 85 - 90 % 
Steam turbine plants (coal-burnlng) 80 - 85 % 
Combined-cycle plants (gas-fired) 85 - 90 % 

These figures are valid for plants operated at base load, they would be lower for 

peaking or medium-load machines because frequent start-ups and shut-downs greatly 

reduce life expectancy of the machine and therefore Increase the scheduled maintenance 

and forced outage rates, 

The major factors determining plant availability are 

Des~gn of the major components 

Engineering of the plant as a whole, especially of the interfaces between 

systems 

Mode of operation (base, medium, or peak load) 
Type of fuel 

Qualif~cations and skills of the operating and maintenance crews a 
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Comparison of Construction Time 

The tlme required for construction affects the economy of a unlt The longer it 

takes, the larger the capltal requirement to be written off, since construction Interest, 

price increases for materials, insurance, and taxes during the construct~on period add to 

the price of the plant 

Flgure A-6 shows the amount of time requlred to build the varlous types of power 

plants The gas turbine, because of its standardized design, can be built with the 

shortest lead tlme, which has encouraged its widespread acceptance More time IS 

needed to comple a combined-cycle plant 

One can, however, commission the gas turblnes prior to the steam plant, so that 

from 60 to 70% of the power output IS a v a ~ t a b ~ a t  tne sammime as a gas turblne power - 
plant Thls IS a great advantage over a conventional steam power plant, whlch can 

deliver power only after two to four years 

Compar~son of Economy 

The diagrams below show the effects of the most Important parameters on the 

economy of a power plant 

1 Flgures A-7 to A-9 Dependence of Cost of Power Generat~on on 

Fuel Prlces, for 50, 200, and 500 MW plants 

2 Figures A-1 0 to A-1 2 Dependence of Cost of Power Generation on 

the Equivalent Utlllzat~on Tlme, for 50, 200, 

and 500 MW plants 

3 Figure A-1 3 Dependence of Cost of Power Generation on 

the Annuity Factor, for a 200 MW plant 
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0 100 200 300 400 500 HW 
OUTPUT 

Comblned cycle plant 
Reheat steam turblne plant coal fired 
Steam turblne plant 011 or gas fired 
Gas turb~ne power plant 

F~gure A-6 Compar~son of Var~ous Types of Power Plant Cycle Constructron T~mes 
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F~gure A-7 Dependence of Generat~on Costs on Fuel Pr~ce for a 50 MW Plant 
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CC Comb~ned cycle plant 
GT Gas turb~ne plant 

ST Reheat steam turb~ne plant (011 or gas) 
ST RC Reheat steam turb~ne plant (coal) 
Power Rat~ng 200 MW 
Annu~ty Factor 11% 

Eq~uvalent ut~l~zat~on tlme H 4000 hr per annum 

Flgure A-8 Dependence of Generation Costs on Fuel Prlce for a 200 MW Plant 
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CC Comb~ned cycle plant 
GT Gas turb~ne plant 

ST R Reheat steam turblne plant (011 or gas) 

ST RC Reheat steam turb~ne plant (coal) 

Power ratlng 500 MW 
Annu~ty factor 11% 
Equ~valent ut~l~zaaon tlme H 4000 hr per annum 

F~gure A-9 Dependence of Generation Costs on Fuel Prlce for a MW Plant 
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- 
EQUIVALENT UTILIZATION TI ME 

Power ratlng 
Fuel Pnce 
Annu~ty factor 

Comblned cycle plant 
Gas turblne plant 
Non reheat steam turb~ne plant 
50 MW 
US $311 O6 Btu (LHV) 
11% 

F~gure A-1 0 Dependence of Generation Costs on Equ~valent Utlllzatlon 

T~me For a 50 MW Plant 

Page A-21 

\qv 



Pr~nc~ples sf Comb~n~d Cycle Power Plants MODULE 2-APPENDIX A 

CC 

GT 
ST R 

ST RC 
Power raang 

Fuel Pnce 

Annu~ty factor 

Comblned cycle plant 
Gas turblne plant 

Reheat steam turblne plant (011 or gas) 
Reheat steam turbtne plant (coal) 

200 MW 
US $3110' Btu (LHV) 
11% 

F~gure A- I  I Dependence of Generat~on Costs on Equ~valent Utll~zatlon Time 
For a 200 MW Plant 
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CC 
GT 
ST R 
ST RC 
Power rating 
Fuel Pnce 
Annu~ty factor 

EQUIVALENT UTILIZATION TIME 

Combined cycle plant 
Gas turbine plant 
Reheat steam turb~ne plant (oil or gas) 
Reheat steam turbine plant (coal) 

500 MW 
US S3/106 Btu (LHV) 
11% 

F~gure A- 12 Dependence of Generatron Costs on Equ~valent Ut~lrzat~on T~me 

For a 500 MW Plant 
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8 10 12 16 16 1'8 20 % 

ANNUITY FACTOR y 

CC Comb~ned cycle plant 
GT Gas turb~ne plant 

ST R Reheat steam turblne plant (011 or gas) 

ST RC Reheat steam turb~ne plant (coal) 

Power ratlng 200 MW 
Fuel Pnce US $3/106 Btu ILHV) 
Equivalent ut~llzatlon time H 4000 hr per annum 

F~gure A-1 3 Dependence of Generat~on Costs on the Annu~ty Factor 

A combined-cycle power plant has less fuel rellablllty than a steam power plant 

The quest~on can therefore be asked whether an oil or gas burnlng combined-cycle plant 

IS more economical than a steam power station that burns a less expensive fuel, e g , 
coal Flgure A-14 shows the difference In the price of fuel between a 200 MW 
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combined-cycle plant and a coal burning reheat steam power plant of the same size, as 

a function of the equivalent utilization t ~ m e  If the actual fuel price differential is above 

the curve, the coal fired unit produces electricity cheaper, if it is below the curve, the 

combined cycle is better It must be stated, however, that it is generally easier to  obtain 

a permit to build a clean gas-fired plant or a combined cycle plant than to  bu~ ld  a large 

steam turbine plant, part~cularly one that burns coal 

0 1000 2000 3000 4000 5000 6000 7000 J- 
a 

EQIVALENT UTILI SATION TIME 

Flgure A-14 Perm~ssible Difference Between the Price of Fuel For a Combined Cycle 

Plant and a Steam Power Plant 0 
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The following conclus~ons can be drawn from these dlagrams 

Whenever 011 or gas is being burned in a power station, the combined-cycle plant IS 

more economical than the steam power plant 

For short utilization perlods (a peaking plant), the gas turblne is most economical At 

today's fuel prices, thls limit is at about 1000 to 2000 hr per year for large plants 

Eve:: -when burning crude oil at a price of $20 (US) per barrel, the limit IS around 1000 

to  1500 hr per year 

Conventional steam power plants are sultable for use as coal burning base load or 

possibly medium load power plants However, the price differential between the coal 

and the gas turbine fuel must be sufficiently great (approx $3-6 US per MBtu) 

Combined cycle plants with maximum supplementary flring can be of Interest if there 

IS only a small amount of gas or oil available at favorable terms, since the rest of the 

fuel requirement can be covered by using coal for the supplementary firing 

Fuels 

The selection of the fuel and the corresponding type of power plant is determined not 

only by short term economic considerations but also In accordance with polltical criteria 

and assumptions about long term developments in the prices for the various possible 

fuels In this regard, the following aspects can become important In selecting the type 

of power station to be built 

long-term availability of the fuel at a reasonable cost 

risk of a supply shortage due to  political interference, such as war, boycott, etc 

polit~cal opposition to  nuclear power plants 

environmental protection 

The result of all these factors may well be that the fuel selected IS may be one other 
than that which appears best at the time of plant construct~on, 

The long-term source of fuel can be taken Into account only t o  a limited extent, by 

including in the calculations of economic costs an estimated prlce Increase for the fuel 
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during the expected servlce l ~ f e  of the unit However such estimates should be handled a 
with care In any case, the greater the fuel f lexib~lity of the plant chosen, the less the 

risk from poss~ble increases in fuel prlces 

Table 3 l ~ s t s  the fuels that can be burned In the varlous power plants today 

Table 3 0 Var~ous Types of Power plants and the Fuels They can Burn 

Gas Comb~ned-cycle Combined Cycle Steam power 
Turb~ne wlthout sup firing with sup flring plant 

Natural gas 

D~esel 011 

Crude 

Heavy 011 

L~gnite 

B~turninous coal 

Refuse 

Agr~cultural waste 

Blast furnace gas 

Chem~cal gas 

Coal gas 

Yes 

Yes 

Yes 1) 

Yes 1)  

No 

No 

No 

No 

Yes 4) 

Yes 4) 

Yes 4) 

Yes 

Yes 

Yes 1 )  

Yes 1) 

No 

No 

No 

No 

Yes 4) 

Yes 4) 

Yes 4) 

Yes 

Yes 

Yes 2) 

Yes 2) 

No 

Yes 3) 

No 

No 

Yes 4) 

Yes 4) 

Yes + r  

Yes 

Yes 

Yes 
.. 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

1 ) Heavy 011 or crude cannot be burned In every gas turbine Generally a fuel treatment 

unit IS requ~red 

2) Note 1) appl~es t o  the gas turbine In the supplementary firing, however, heavy oil 

can be burned just as well as In a conventional steam generator 

3) To be used only in the supplementary flrlng 

4) These fuels can generally be used as gas turblne fuels However, adaptations on the 

mach~ne are requlred ~f the heat value IS l ow a 
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The fuel flexlbllity of combined-cycle plants is less than that of steam power plants 

Some gas turblnes can burn heavy or crude, provlded the machine IS designed to  do so 

lndustrlal gas turblnes are more sultable than those derlved from jet technology It 1s 

easier to  burn special fuels In gas turblnes wl th large combustors than In those wi th 

several smaller combustors or an annular combustor, since the latter are more sensltlve 

to  changes in flame length, radrat~on, etc 

A second requirement for burning heavy 011 or crude in a gas turblne IS the correct 

treatment of the fuel, generally by means of washing and doslng with addlt~ves These 

steps make it possible t o  remove or Inhibit elements that cause hlgh temperature 

corrosion, such as vanadium, sodlum, etc 
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Comb~ned Cycle Developments 

There are currently three major trends that are occurring In combined cycle 

applications These are as follows 

1 Increased gas turbine efficiency and power output 

2 Coal gasification for combined cycle applications 

3 Dry, low NO, burners for lower NO, emissions 

lncreased efficiency and output IS a continuation of the development trend that has 

lead to the Increased popularity of gas turbines and combined cycle plants for new and 

repowered power plants in recent years Although the concept of using fuels other than 

gas or oil for gas turbrnes and combined cycle plants IS not new, development now is 

focused primarily on the use of coal, since it IS readily available and usually inexpensive 

Much work has been done and demonstration plants have been bu~lt, to test and refine 

the Integrated Coal Gasification Combined Cycle (IGCC) Development of Pressurized 
Fluldlzed Bed Combustor (PFBC) plants has also advanced to  the point where they also 

may be considered as sources of fuel gas for combined cycle plants 

New Gas Turb~nes 

Recent advances in gas turbine efficiency have been due to  technology and material 

advances that have allows the use of higher gas inlet temperatures Further research in 

this area as well as improved cooling systems indicates that additional rmprovements are 

possible Research projects are being conducted for Improved cooling systems for the hot 

gas path of the turbine However, more advanced cooling technologies employing water 

and steam cooling systems do not yet appear close to  the point where they could be used 

in a commercial gas turblne 

Therefore, research work is concentrating more on the development of new materials 

such as y' super alloys, oxide dispersion strength alloys, directionally solidified blades and 

more efficient air coollng systems employing improved film cooling and impingement 

cooling 

The use of ceramic materials for rotating parts, primarily blading stdl appears to  be 

far from the commercializat~on stage, because of the low reliability of ceramic blades 

Ceramrcs are however, being used more frequently in the hot gas path of newer gas 

turbrnes 
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Alr compressor research and development are equally Important and are leadlng to 

hlgher compresslon ratlos and hlgher volumetr~c flows The advantages of hlgher gas Inlet 

temperatures cannot be fully reallzed wlthout Increasing the compresslon ratlos to hlgher 

values needed Hlgher volumetr~c air flows allow hlgher power ratlngs for the unlts 

Modern compressor bladlng can handle much hlgher flows than In the past The use of 

transonic stages have made ~t posslble to attaln equ~valent outputs and pressure ratlos 

wlth fewer compressor stages 

Improvements so far have lead to comblned c cle efflclencles of over 50% and 1CY 
capacltles of over 2 0 0  MW for 5 0  Hz and 1 5 0 p  for 6 0  Hz turblnes Thls In turn has h 
lead to  lower costs and Increased use of comblned cycle power plants for large power 

statlons lncludlng repowering projects Gas flred comblned cycle plants will wlthln the 

next flve years reach efflclenc~es In the 52 t o  55% or hlgher, range (LHV) %a'?? 

Slnce coal IS abundant and cheap In the U S and many other countries much 

research has been done to  enable the use of thls fuel In gas turb~nes and comblned cycle 

plants There are two  techniques that hold promlse of belng commerc~ally vlable 

Autothermal coal gas~flcatlon and pressurized fluld bed combustlon 

Coal Gas~frcat~on 

The gaslf~catlon of coal IS an old technology and was used t o  manufacture fuel gas 

for dlstrlbutlon In cltles and In the chemlcal and petrochemical lndustrles to  produce raw 

materials for chemlcal processes 

Autothermal coal gaslflcatlon IS based on the partlal combustlon of coal In order to  

generate the heat for the gaslf~catlon process The coal gaslflcatlon process converts 
coal, usually along wlth water, Into H,, CO, CO,, CH,, H,S and H,O The main reactions 
are as follows 

C + H,O - CO + H, 

C + co, * 2CO 

C + 2H2 - CH4 

CO + 3H2 - CH, + H,O 
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S~nce the overall react~on IS endotherm~c, the coal must be part~ally burned The 

oxygen requ~red for combust~on to take place IS suppl~ed to the gass~f~er by rnjecttng 

e~ther alr or oxygen Into ~t Gas~f~cat~on processes can be therefore be class~f~ed as e~ther 

1 Air Blown Gas~f~ers Produc~ng gas w ~ t h  low heat~ng values (100 to 

1 20 Btulscf) 

2 Oxygen Gasifiers Producrng gas w ~ t h  med~um heatrng values 

(about 330 Btulscf) 

E~ther process can be used for comb~ned cycle appl~cat~on The gas composltlons of 

the gas~f~cat~on processes are shown In Table 1-1 

Table 1-1 Typ~cal Gas Compos~tions (%Volume) .. 

In add~t~on to  a dist~nct~on based on the ox~dat~on gas, a dist~nct~on can also be made 

on the flow pattern of the gas~fter There are three marn flow patterns 

1 F~xed bed gas~f~ers w ~ t h  counter current flow 

CO 

Hz0 

co2 
N2 

CH4 

Relat~ve Heat~ng Value 

Adtabat~c Flame Temperature 

2 Entra~ned bed gas~f~ers w ~ t h  parallel flow 

Natural Gas 

10 

90 

1 

3812 OF 

Oxygen Blown 

60 

30 

3 

2 

5 

1 I 3  

41 72 "F 

3 Flu~d~zed bed gas~f~ers w ~ t h  bubblrng or c~rculat~ng beds 

A I ~  Blown 

25 
18 
7 

49 

1 

1 I 9  

3452 OF 

F~gure B-1 shows the work~ng schemat~cs of these types The gas~f~ers w h ~ c h  are 

closest to large sale scale commerc~al appl~cat~on for comb~ned cycle use are of the f~xed 

bed type or the entra~ned bed type, both oxygen blown 
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COAL I WATER 

A I R 1  0 2  
STEAM 

ASH w SLAG SLAG 

F I X E D  BED ENTRAINED R O W  

COUNTER - flOW PARALLEL - FLOW 

Flgure B-I  Worklng Schematics of the Maln Types of Gaslflers 

Gasif~ers can also be classifled according t o  thew operating pressures They may be 
operated at e~ther atmospheric pressure or be pressurized at a higher pressures higher 
than atmospheric The pressur~zed gassifiers must be used for comblned cycle plants 

since the gas pressure at the inlet t o  the gas turbine must be at least 290  psla 

Therefore, gas~fiers for combined cycle plants usually operate at  275 to  4 2 0  p s ~ g  Table 

1-2 shows the characteristics of some of the major coal gaslf~cation processes 
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Table 1-2 Characterlstlcs of Some Major Coal Gaslf~catlon Systems a 

.. 
Emlsslon control for coal gasslflcatron 1s much easler slnce ~t IS much easler to obtaln 

a very clean fuel by cleanlng fuel gas than by cleanlng the flue gas from a coal flred 

boller The maln reasons are as follows 

HT W~nkler 

OxygenIArr 

Flurd~zed 

Bed 

Bubbl~ng or 

crrculat~ng 

Quench1 

cooler 

1 The volume of gas of coal gas to  be cleaned 1s less than 1 % of the flue gas 

from a boller 

2 I t  1s much easler to remove H,S than S q ,  whlch makes ~t econom~cally 

more feas~ble to remove more than 99% of the sulfur, as compared to  only 

90% In a scrubber of a coal flred boller 

DOW 

Oxygen 

Entra~ne 

d Bed 

Parallel 

Quench1 

cooler 

Prenf lo 

Oxygen 

Entra~ne 

d Bed 

Parallel 

Quench1 

cooler 

3 Most other pollutants such as heavy metals, chlor~des, etc are also 

removed In the gasslflcatlon process 

KRW 

Oxygen1 

Air 

Flu~drzed 

Bed 

Bubbl~ng 

or 

c~rculat~n 

9 

Quench1 

cooler 

Shell 

Oxygen 

Entrarne 

d Bed 

Parallel 

Quench1 

cooler 

4 The major by product of the desulfur~zat~on process wlth coal gass~f~cat~on, 

except In a fluldlzed bed gasslfler, 1s elemental sulfur, whlch 1s easler to 

transport and sell Other desulfurizatlon processes produce 5 to  10 t~mes 

as much waste 

Texaco 

Oxygen 

Entrarne 

d Bed 

Parallel 

Quench1 

cooler 

Oxrdant 

Type 

Flow 

Raw Gas 

Temp 

Raw Gas 

Coollng 

5 Most oxygen-blown gaslflers produce unleachable slag Waste d~sposal IS 

far easler than wlth the ash produced by coal flred bollers 

Br~trsh GasILurg~ 

Oxygen 

F~xed Bed 

Countercurrent 

Quench 
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a These reasons make coal gaslflcatlon one of the most promlslng methods to  produce 

a truly clean coal burnlng plant 

Coal gaslflcation can be elther a system Integrated Into a comblned cycle plant or a 

non-~ntegrated system wlth the comblned cycle plant and the coal gaslflcatlon plant 

separated by some dlstance from each other However, the Integrated system provlde 

the best utlllzatron of waste heat generated by the gaslflcatron process and very greatly 

Improves the overall efflclency of the entlre system 

A major conslderatlon for any Integrated coal gaslflcatlon comb~ned cycle plant IS the 

temperature at whlch the gas IS cleaned All successful systems used today clean the gas 

at amblent temperatures Thls means that the gas produced must be cooled after ~t leaves 

the gaslfler It IS Important that thls heat be captured and used efficiently Entrained bed 

gaslflers whrch produce gas at approxlmately 2700 OF are equlpped wl th gas coolers to  

generate elther saturated or superheated hlgh pressure steam whlch IS then used-to 

generate more power In the comblned cycle plant 

Figure B-2 IS a typlcal IGCC plant wl th a entralned bed gaslfler The steam generated 

In gaslflers and the heat recovery steam generator all f lows through the hlgh pressure 

sect~on of the steam turblne About 4 0 %  of the steam IS generated In gas~f lcat~on 

process of the plant 

The gas from a flxed bed gaslfler IS cooled t o  a much lower temperature because of 

the countercurrent f low of the gas and coal, approxlmately 900-1 000" F Heat recovery 
IS therefore less Important and such plants usually generate only small amounts of low 

pressure steam Flgure 5-3 shows a Brltlsh Gas-Lurgl gaslfler, whlch IS a countercurrent 

type There IS no hlgh pressure steam generatrng gas cooler and the cycle IS much 
slmpler 

The technique used to  clean the gas IS qulte slmllar for both systems However, there 

IS one difference The gas produced In a fixed bed gaslfler contains tars and phenols 

whlch must be separated out and recycled back to  the gaslfler The entralned bed gaslfler 

operates at a much hlgher temperature whlch "cracks" the heavy hydrocarbons 
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F~gure B-2 Entrained Bed Gas~f~er IGCC Plant 

F~gure B-3 F~xed Bed Gas~f~er IGCC Plant 
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Table 1-3 provldes key data for the plant shown In Flgure 0-3 Thls IGCC plant has * a 150 MW gas turblne wlth an efficiency ratlng of 35% at IS0 condltlons 

Table 1-3 Techn~cal Data For a Entrained Bed IGCC 

NO, reductlon IS accomplished by scrubbing wlth water and the plant cost IS comparable 

for a coal flred unlt wlth scrubbers and a NO, reductlon system 

Several large IGCC plants have been bullt that demonstrate the technology and coal 

gasiflcatlon IS a proven technique IGCC plant efflciencles can be Improved by uslng gas 

turblnes wlth hlgher gas Inlet temperatures, dry low No, combustors and hot gas clean 

up Gas cleanlng systems that operate at 752 to 932 OF would Improve the performance 

of alr blown systems The gas flow IS approxlmately three tlmes as great as an oxygen 

blown system, but no alr separation plant is needed 

. 

Gaslfler 

Coal 

Heatlng Value of Gas 

Sulfur Removal 

NO, Emlsslons 

Energy Input from Coal (LHV) 

Gas Turblne Output 

Steam Turblne Output 

Plant Power 

Net Output 

Net Eff~c~ency (LHV) 

Pressur~zed Flu~d Bed Combust~on Systems (PFBC) 

Entrained Bed 

llllnols No 6 

290 Btulscf 

99% 

75 ppm volumetr~c 

577 MW 

173 MW . 
110MW 

33 MW 

250 MW 

43 3% 

Flu~dlzed bed bollers use a mix of hlgh sulfur coal and limestone to remove the sulfur 

from the coal durlng the combustion process This IS true for both atmospheric and 

pressured bed units Slnce the temperature must not exceed approxlmately 1650 OF, very 

llttle NO, IS produced Atmospheric unlts have very low power denslty, the dlmenslons 
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of the atmospheric fluldlzed bed unlts become qulte large, even for low steam outputs 

Pressurized unlts offer several advantages over atmospheric unlts, one of which IS the 

use of a gas turblne as the forced draft compressor to Increase the pressure The other 

major advantage IS the reduction In overall size roughly In proportlon to  the pressure of 

the combustion chamber 

This process is used In many fluidized bed boilers that operate at atmospheric 

pressure The power density of these units IS very low and the dimensrons of these units 

become very large at hlgher ratings which provldes a great Incentive to  Increase power 

densities Pressurlzatlon provldes two major advantages 

1 The dimensions of the fluidized bed and steam generator are reduced 

approximately In proportlon to  the pressure 

2 The overall plant efficiency IS increased by the use of the gas turblne as $he 

pressurizing unlt 

The two main types of PFBC plants dlffer in the Inlet temperature of the gas turbine 

The low temperature type uses a gas turbine that has a low gas inlet temperature approx 

842-932 OF, which IS just high enough so that the gas turbine is just capable of drlvlng 

the gas compressor Thls type 1s illustrated In Flgure B-4 

Figure B-4 PFBC Plant with a Low Temperature Gas Turb~ne 
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The low temperature type is not a true combined cycle unit since it is @ thermodynam~ally equivalent to a conventional steam turbine power plant The principal 

advantage of the low temperature type is the relative ease of cleaning the flue gases 

which typically are about 840 to 930oF 

The high temperature type uses a gas turblne located at the outlet of the flu~dized bed 

and IS ariven by exhaust gases with temperatures of approximately 1572 to 1662 OF 

The power produced by the gas turblne IS greater than that needed to drive the 

compressor This type IS shown In Flgure 6-5 

w 

Flue Gases 

F~gure 8-5 PFBC Plant w ~ t h  a H~gh Temperature Gas Turbine 

The high temperature type are combined cycle unlts and typ~cally achieve cycle 

efficiencies of 43 to 44% However the gases are hot (1  570 to 1660oF) whlch makes 

gas cleanup more d~fficult 
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The plant shown In Flgure B-5 has the following specif~cat~ons a 

A typical PFBC is shown In Figure B-6 Flue gas from the PFBC IS cleaned by two 

stage cyclone separators since electrostatic precipitators cannot operate at the high flue 

gas temperatures generated by the PFBC Therefore the gas must be cleaned after it 

passes through the economizer and is cooled enough to be cleaned by a conventional 

"hot' electrostatic precipitator 

Net power output 

Gas turbine output 

Steam turblne output 

Net eff~c~ency 

Increases in output and improved steam conditions will lead to efficiencies of 4 4 t o  

45% The compact design and hlgh efficiency (5 to  10% higher than conventional steam 

power plants) make the PFBC type plant very desirable The one major drawback 

however IS the necessity of high temperature flue gas cleaning and the consequent 

reduction In the gas temperature supplled t o  the gas turblne This is much below the 

hlgh temperature potential of modern gas turbines The economizer placement, after the 

gas turb~ne, also reduces the compactness of the plant 

80 MW 

17 MW 

67 MW 

42 5 %  

There are a number of ideas that have been suggested about how to get around 

these difficulties, but they remain to be commercialized One possib~lity is the pyrolysis 

of the coal into a gas and then burning the gas following the fluidized bed to  provlde a 

clean high temperature gas that could be used in the high temperature gas turbine This 

process would compete with the IGCC and it will remain to be seen whether or not thls 

technique actually becomes commercially v~able A hot air turbine has also been 

suggested The air would be used to cool the PFBC and then expanded in the gas 

turbine before being used as combustion air in the open process The air would provlde 

a clean medium for the gas turblne, but since air does not have as good heat transfer 

properties as water or steam, it would require much greater heat transfer areas and heat 

exchangers The material used for the cooling tubes not only would have to be very 

highly corrosion and erosion resistant, but would have to  have very good heat transfer 

characteristics 
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F~gure B-6 ABB Pressurized Flu~d~zed Bed Boller 

Dry Low NOx Combustors 

The two disadvantages of conventional NOx reductlon methods both lnvolve water 

They are hlgh water consumption and the resulting reductlon In efflclency of ~njectlng 

water into the combustlon gas They are environmental cons~derations with the use of 

water for Nox reductlon as well Therefore a lot of research and development has been 

dlrected to reduclng NOx through Improved combustlon technlques These technlques 

use either an oxygen lean or oxygen rich approach to  combust~on 

In oxygen lean combustion, only small amounts of NOx can be formed, even at very 

hlgh temperatures, because there IS a scarcity of oxygen to  comblne w ~ t h  the nltrogen 
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The oxygen has greater propensity to  combine wi th hydrogen and carbon leaving little 

or no oxygen available to  combine with the abundant nitrogen However, In order to get 

complete combustion, this first stage of combustion must be followed with a cooler 

oxygen rich stage during which the temperature IS too low t o  allow formation of much 

NOx This technique IS being used frequently in modern steam generators and IS usually 

referred to  as staged combustion, since rt consists of t w o  distinct stages 

Gas turbines however, because of the high operating excess air ratios can use a 

different technique, combustion wi th excess air This techn~que works the same way as 

injecting water or steam, but uses air as the cooling medium Large amounts of air are 

used to  cool the flame and reduce NOx The limiting factor IS flame stab~li ty With 

excess air amounts greater than 3, flame stability becomes very poor and the flame can 

be completely extingurshed This IS not usually a problem at full load since the maximum 

amount of air supplied will seldom produce an excess air ratro higher than 2 The - 
remaining air IS requrred to  cool the hot parts and the turbine balding However, at lower 

loads the excess air ratlo can become much higher and produce flame instabilrty 

In order to  keep the flame stable at the higher excess air ratios, the air and fuel must 

mix together more homogeneously Low NOx burners using high excess air are referred 

to  as premix burners, Figure B-7 shows a typical premix burner cross section The arr 

and natural gas are mixed in a tube and then burned downstream from the swirl basket 

The swirl basket is located at the end of the mixing tube and helps contain the flame 

There are t w o  major problems with this burner The first is that it is drfficult to  burn 

liquid fuels since the mixing IS not as complete and the second is that there is a rlsk of 

back flash or burning taking place in the mixing tube 

The burner works well wi th natural gas as long as the gas temperature is not too 

high This limits the pressure ratio of the gas turbrne to  about 15 t o  16 The 

burnercannot be used wi th  gases that have higher flame propagatron speed such as 

hydrogen or carbon monoxide and has hardly ever been used successfully wi th liquid 

fuels There are a few gas turbines burnrng natural gas in commercial operation that 

have dry, low Nox combustors of this type One such type is a 70 MW unit that uses 

36 combustors wi th  swirl baskets This helps solve the part load operation problem by 

switching of f  groups of burners as load is dropped, thus maintaining lower excess air 

levels and stable combustion There are five groups of burners in this configuration and 

they are controlled wi th  a single fuel valve as shown in Figure B-8 
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WFUEL 

'ION 

F~gure 6-7 Prem~x Burner 

Prrulr burners 

Figure 6-8 Fuel Flow Control and Grouping of Burners for Dry Low NOx Burners 
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Some other solut~ons to thrs problem at part load use a progressrve sw~tch over from 

premix combust~on to normal d~f fus~on combustron as load drops and the lnstallat~on of 

an alr bypass that allows more alr to escape the combustron zone as load IS dropped 

Several large gas turblnes are operatrng w ~ t h  thls dry low NOx burner technology 

frrrng natural gas and producrng full load NOx emlssrons of between 25 and 75 ppm at 

15% 0 2  depending on deslgn further work IS belng done to produce even lower emlsslon 

levels and greater fuel flexlblllty 

One other techn~que has been successful In reducrng Nox emlsslons Thls IS the 

surface burner Thls burner operate on the prlnc~pal that many small flames over a larger 

surface area will l ~ m ~ t  the resrdence tlme w~thln the flame IS very short, leavlng l~tt le tlme 

for Nox format~on The problem w ~ t h  thls technrque IS keeplng the resrdence tlme short 

enough to keep Nox product~on low w ~ t h  out producrng large amounts of carbon .. 
monox~de an unburned hydrocarbons One combustor of thls type In a gas flred 45 MW 
gas turblne has 200 sw~r l  baskets and produces full load NOx In the range of 50 to 80 

PPm 
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3 0 STEAM TURBINE-GENERATOR 

Steam turbine-generators are used to  convert the heat energy in the steam 

from the turbine first into mechanical energy and then into electrical energy The 

steam turbine-generator IS, by  itself, a very simple machine wi th  few moving parts 

This is desirable because it allows the steam turbine-generator to  have very good 

rel~ability It IS not unusual for a steam turb~ne-generator to  run for more than a year 

wlthout shutdown Current practice In the United States calls for steam turblne- 

generators to have major maintenance outages about once every five years In some 

European countries, the interval between major overhauls has been extended to  more 

than ten years 

While very reliable, the large steam turbine-generator is a complex machlne 

wi th many components and supporting systems This Module covers the following, 

Turbine main steam valves 

Turning gear 

Turbine lube oil system 

Turbine EHC fluid system 

Turbine gland steam system 

Turbine controls 

Excitation system 

Generator gas control system 

Generator seal oil system 

Operation of the steam turbine-generator requires consideration of many 

aspects includ~ng thermal stress, requirements for generator synchronization, and 

values of cr~tical parameters such as the lube oil header temperature and gland steam 

header pressure The turbine manufacturer provides detailed starting and loading 

instructions t o  provide the operator wi th guidance on all of these aspects of 

operation 
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Thls module descr~bes the pr~nclples used In the steam turblne, the centerline * components and supporting systems of the turbine These principles are also 

discussed for the generator The baslc prlnclples associated wlth the steam turblne 

are equally applicable to  the gas turblne 

The power plant IS often descr~bed as an energy converslon factory In whlch 

the chemlcal energy In the fuel IS transformed In a serles of steps lnto electrical 

energy, wlth the turblne-generator as one part of the power plant The functlon of 

the steam turblne IS to  convert the energy In the hlgh pressure and temperature steam 

from the boller or HRSG Into mechanical energy It IS common to  refer to the energy 

converslon that occurs In the turblne as happen~ng In a s~ngle step The converslon 

of energy In the turblne actually occurs In two  steps Flrst, the heat energy In the- 

steam IS converted Into klnetlc energy of a steam jet by nozzles Second, the steam 

jets are used wlth buckets or blades mounted on a rotor to  produce a mechanlcat 

fnrnn ,,,,, ,lxttorque a This Section descr~bes both of these processes 

3 1 1 Nozzles and Thew Pr~nclples 

A steam turblne nozzle IS a devlce that converts heat energy of steam lnto 

klnetlc energy (energy of motlon) by expanding the steam A slrnpl~fled, convergent 

nozzle of the type most often used In steam turblnes IS shown In F~gure 3-1 

Assume that steam at temperature T, and pressure enters a convergent 

nozzle The hlgher the pressure and temperature, the more thermal energy IS In the 

steam The steam 1s moving at veloclty V, before enter~ng the nozzle The steam 

leaves the nozzle at a lower pressure and temperature, T, and P, but at a hlgher 
veloclty, V, Thls IS because some of the heat energy In the steam has been 

converted lnto energy of motlon, called klnet~c energy Klnetlc energy IS a funct~on 
of the square of veloclty, therefore, as the veloclty Increases, so does the klnetlc 

energy 
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F~gure 3-1 S~mpl~f~ed, Convergent Nozzle 
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The ratio of the pressure upstream and downstream of the nozzle IS crltlcal In 

the efficient operation of the nozzle It is designed to  operate wi th  a constant 

pressure ratio for best efficiency in energy conversion If turbine conditions change 

the pressure ratlo, ~nefflciency results Also, if changes to the nozzle such as erosion 

occur, the design is upset and inefficiency results Common problems with nozzles 

which occur In operation are erosion from debr~s In the steam and depos~ts from 

contamination of the steam 

3 1 2 Bas~c Turblne Types and Thew Pr~nc~ples 

The klnetlc energy in a jet of steam is not useful as it IS The nozzle by Itself 

cannot convert the energy in the steam to  useful mechanical energy There are t w o  

basic turbine types lmpulse and reaction Both use nozzles and rotor buckets (also 

called blades), but In different ways 
* 

Impulse Turblne 

Figure 3-2 illustrates the operating principles of an impulse turbine Steam 

enters an impulse turbine through a stationary nozzle that expands the steam and 

creates a steam jet The steam jet strikes the rotor buckets Note that the terms 

bucket and blade are synonymous, however the term buckets IS used most often for 

impulse turblnes 

In an ideal impulse turbine, the steam expansion occurs through the stationary 

nozzle, the buckets change only steam veloc~ty Ideal impulse turbines do not exist 

in practice, however turblnes that are nearly ideal impulse turbines are often used 

F~gure 3-3 shows axial and radlal views of an ideal impulse turblne stage Each 

set of nozzles and rotor buckets is called a stage The graph in F~gure 3-3 shows that 

all the pressure drop in the stage occurs at the nozzles, and the velocity and volume 

of the steam increase In the nozzles 

The expanded steam strikes the buckets, forcing them t o  rotate and reducing 

the velocity of the jet of steam The force of the steam on the buckets produces the 

mechanical energy needed to turn the generator This mechanical energy comes from 

the jet of steam which has its velocity reduced considerably 
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F~gure 3-2 Impulse Turblne Operat~ng Prlnc~ples 
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F~gure 3-3 Ideal Impulse Stage 
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The steam jet from the flrst-stage nozzle strikes the first-stage rotor buckets 

After leaving the first-stage rotor buckets, the steam passes through the second-stage 

nozzle Some of the remaining thermal energy is then converted t o  kinetic energy 

The second-stage rotor buckets are forced to  rotate by the steam jet leaving the 

second-stage nozzles 

Impulse turb~nes can be multi-staged In t w o  ways The f ~ r s t  IS the Curt~s (or 

velocity compounded) stage shown in F~gure 3-4 A veloc~ty compounded stage has 

one set of nozzles wi th t w o  or more rows of moving buckets There are stationary 

buckets between each row of moving buckets Each set of nozzles and buckets 

makes up one stage In passing from the nozzle exit through one set of buckets, the 

velocity of the steam decreases because of the work it does on the buckets The 

steam then passes through a row of stationary buckets that change the direction of 

the steam without changing its pressure or speed The new steam direction is 

approximately parallel t o  the original steam direction leaving the nozzles The steam 

then strikes a second row of buckets that are attached to  the same wheel as the flrst 

row This process may be repeated through as many as four rows of moving buckets 

in one stage Most Curtls stages, however, are limlted t o  t w o  rows of moving 

buckets 

F~gure 3-4 also shows that in an ideal Curtis stage, the entire pressure drop 

occurs through the nozzle, and the pressure remains constant across the buckets 

This is a characteristic of Impulse turbines The velocity, on the other hand, drops 

in steps as it passes through the moving buckets 

In a sense, Cur t~s staging IS not multistaging Thts is because, as pointed out 

&weiro ratter how n?any rewssf moving buckets a Curtis stage has, it is still only 

one stage I t  is possible, however, to  have a second Curtis stage behind the first 

The second way that impulse turbine stages may be arranged is the Rateau (or 

pressure compounded) stage A Rateau turbine consists of a series of nozzles and 

buckets Each set of nozzles and buckets makes up a stage F~gure 3-5 shows a four 

stage, pressure compounded, impulse turb~ne The steam pressure In a series of 

Rateau stages drops in steps through each set of nozzles 
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F~gure 3-4 Ideal Curt~s Stage 
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F~gure 3-5 Arrangement of Typ~cal Rateau Stages 
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Many old, multistage, impulse turbines consist of both Rateau (pressure @ compounded) and C U ~ S  (veloc~ty compounded) stages Usually, the first stage (and 

sometimes the second stage) is a velocity compounded stage wi th  t w o  rows of 

moving buckets on its wheel The remaining stages are then pressure compounded 

stages as shown in F~gure 3-6 Newer turbines seldom use Curtis staging, however, 

otherwise the multi-staging is the same I t  is not unusual to  have as many as 20 

stages in an impulse turbine 

Reactlon Turblnes 

Figure 3-7 illustrates the basic operating principles of an ideal reaction turbine 

The turbine rotor is forced t o  turn by the active force of the steam jet leaving the 

nozzle In an ideal reaction turbine, the moving buckets would be the only nozzles 

Therefore, all the steam expansion would occur in the moving buckets This 1s 
impractical in large turb~nes because it IS difficult to  admit steam to  moving nozzles 

Thus, large turbines use flxed nozzles t o  admit steam t o  moving nozzles Therefore, 

practical, large reaction turb~nes use a combination of impulse and reaction principles 

The typical ~mpulse-reactlon turbine has stationary nozzles and moving nozzles 

The moving nozzles are created by varying the cross section of the openings between 

adjacent buckets (usually called blades in such turblnes) as shown In Flgure 3-8 

Reaction turbines can be classified by the percentage of the energy conversion that 

occurs in the moving nozzles Typically, turblnes that are called reaction turbines 

have about 50% reaction and 50% impulse Turbines which use a combination of 

impulse and reaction pr~nciples are often referred to  simply as reaction turbines to  

distinguish them from the impulse turbines 

F~gure 3-9 shows a series of reactlon turbine stages Each stage consists of 

a set of fixed nozzles and a set of moving nozzles The pressure drop occurs over 
both the flxed and movlng nozzles Reactlon turblnes are multi-staged by alternating 

sets of flxed and moving nozzles and are basically pressure compounded turbines 

w i th  reaction Each pair of f ~ x e d  and moving nozzles makes up one stage Many 

times, reactlon turbines have one Curtis impulse stage as the flrst stage of the 

turb~ne Flgure 3-10 shows a typical arrangement 
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F~gure 3-6 Comblnat~on of Curtls and Rateau Staglng 
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F~gure 3-7 React~on Turblne Operating Prlnc~ples 
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F~gure 3-9 Arrangement of React~on Turblne Stages 
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F~gure 3-10 Comblnat~on of Curt~s and React~on Staglng 
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In the previous section, turbine theory and the t w o  basic turbine types were 

described Impulse and reaction turblnes can be further divided into a large variety 

of types using Important character~stics Each of the six characteristics discussed 

below is applicable t o  both impulse and reaction turbines These characteristics are 

Condensing vs non-condensing 

Extraction vs non-extraction 

Single pressure vs multiple pressure 

Reheat vs non-reheat 

Single casing vs compound 

Exhaust f lows 

Condensing versus Non-condens~ng - 
One characteristic for classifying steam turb~nes IS whether they are 

condensing or non-condensing In a condensing turbine, the steam is exhausted into 

a condenser By condensing the steam, the turbine exhaust pressure and 

temperatures can be very low Low exhaust pressure allows the turbine to  make 

maximum use of the thermal energy in the steam and makes the power plant more 

eff ic~ent Nearly all large steam turbines are of this type 

In non-condensing turbines, the exhaust steam is not condensed The steam 

may simply be allowed t o  blow into the atmosphere or (more often) it may be used 

for some useful purpose such as heating buildings If a non-condens~ng turbine 

exhausts to  a pressure greater than atmospheric pressure, it is called a backpressure 

unit This type of turbine is most often seen in smaller, older plants or process plants 

such as steel mills, refineries and paper mills 

Extract~on versus Non-extract~on 

A second way turbines can be classified IS by extraction or non-extraction 

Extraction turbines are sometimes called "bleeder" turbines An extractlon turbine IS 

a multl-stage turblne where some of the steam IS exhausted, or bled, from between 
turb~ne stages at extractlon polnts T h ~ s  extractlon steam may be used for 

regeneratwe feedwater heating or other purposes 
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Slngle pressure vs mult~ple pressure 

Most turblnes have steam admltted to the flrst stage from a slngle source 

Some turblnes have steam at a lower pressure admltted to the steam path at some 

polnt after the flrst stage Thls arrangement IS common In steam turblnes used in 

comblned cycle plants because rt IS common to have Heat Recovery Steam 

Generators (HRSG's) that operate wi th more than one pressure 

Reheat versus Non-reheat 

A thlrd way that turblnes can be classlfled IS reheat or non-reheat A reheat 

turblne IS a multistage turblne In whlch the steam IS dlrected from some lntermedlate 

stage of the turblne back to the boller In the boller, the steam IS reheated and then 

plped back to the turblne Some large turb~nes return the steam to  the boller to be 
* 

reheated a second time Thls IS called a double reheat turblne There are two 

advantages to reheating steam Flrst ~t makes the power plant more efflclent 

thermodynamically Second, ~t delays the start of steam condensation In the turblne 

Nearly all modern large steam turblnes use reheat Most have only one stage of 

reheat, however some larger unlts use two  stages of reheat 

Slngle Caslng versus Compound 

Another way t o  classlfy turblnes IS as angle caslng or compound turblnes A 

slngle caslng turblne has all the stages of the turblne In one caslng as shown 

schematically In F~gure 3-1 1 (a) As turblnes become larger, ~t IS not practical to have 

all the stages In one caslng Therefore, they are dlvlded Into two  or more caslngs 

These machlnes are known as compound turblnes There are two  dlfferent types of 

compound turblnes, tandem-compound and cross-compound 

A tandem-compound turblne IS shown In F~gure 3-1 1(b) The turblne sectlons 

are In llne wlth one another and the sectlons are on the same shaft The tandem 

compound turblne shown has two dlfferent sectlons Large modern unlts may have 

as many as flve separate sectlons 
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F~gure 3-1 1 Compar~son of Turb~ne Arrangements 
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A cross-compound turbine is shown in F~gure 3-11(c) In this case, the 

drfferent turbine sections are on different shafts For power plants, this means that 

t w o  separate generators are used This can be an advantage for very large turbine 

generators since it may be easier to  build and ship two half-size generators than one 

very large generator Some large cross-compound units have two or more turb~ne 

sect~ons on each shaft, and thus they are a combrnation of cross-compound and 

tandem-compound 

Nearly all large steam turbines are multlple casing units The tandem- 

compound arrangement is most common Cross-compound turbines are often 

des~gned for large unlts and In cases where the advantage In efflclency of a cross- 

compound unit over a tandem-compound can be justifled 

Exhaust Flows - 

Condensing turblnes can be further class~fied by thew exhaust flow A 

single-flow condensing turblne passes all of its exhaust steam to the condenser 

through one exhaust openlng However, the low pressure sections of a large 

compound turbine become so large that they must be sp l~t  up Into more than one 

section because of design limitations Turbines wlth as many as SIX flows are not 

uncommon 

3 1 4 Compar~son Turb~nes Types and Manufacturers 

There are as many d~fferent varlatlons in steam turblnes as there are 

manufacturers, and many manufacturers bu~ld different types of turbines as well 

This Sect~on describes some of those differences with reference to the two large 

steam turbines manufacturers that have historically dom~nated the market rn the 

United States, Westinghouse and General Electrlc There are some key differences 
in the design of ~mpulse and reaction staging that are important In understanding 

other design features of the turb~ne 

General Electrlc (GE) turbrnes are mostly impulse turbrnes while Westinghouse 

turbines are prrncipally reaction turbines The reason for this IS historical In the early 

history of the turbine-generator business in the Un~ted States, GE bought rights to the 

patent for the rmpulse turbine from C G Curtis and Westinghouse bought r~ghts to 
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the reactlon turblne from Slr Charles Parsons Those patents have, of course, long 

since explred Both Westlnghouse and GE now bulld turb~nes that Incorporate both 

reactlon and lmpulse features It IS st111 true, however, that GE turblnes are pr~nc~pally 

of the lmpulse des~gn and most Westlnghouse turblnes are prlnclpally the reactlon 

deslgn A comparison of the t w o  deslgns IS useful In understanding how steam 

turblnes work 

The flrst difference between the t w ~ d e s l g n s  1s In aerodynamlc efflclency The 

aerodynamlc efflclency of the lmpulse stage IS less than that of the reactron stage but 

the reaction stage efflclency falls off sharply when ~t IS not In operation at its des~gn 

polnt Aerodynamlc efflclency becomes more Important as a design cons~deratron as 

the stage becomes longer (as IS the case In the low pressure turblne) - 
A consequence of these differences In eff~clency IS seen In the flrst stage of 

many Westlnghouse turblnes The flrst stage of the turblne IS one In whlch the 

condltlons under whrch the turblne condltlons change considerable over the range of 

operation because the valves used t o  control the f low of steam t o  the turblne open 

just ahead of the f ~ r s t  stage nozzles The flrst stage turbrne buckets (or blades) are 

the shortest In the turbine Accordingly ~t IS common for Westlnghouse turblnes, that 

are prlnc~pally react~on otherwise, to  have a Curtrs stage (also sometimes referred to  

as :he zont:~! stage) as the first stage In the turblne 

In GE turblnes, on the other hand, the last stage buckets are as long as those 

In Westlnghouse turb~nes Slnce, for long buckets, a pure lmpulse deslgn would have 

a performance penalty due t o  aerodynamic losses, most GE turblnes have a srgnrfrcant 

degree of reactlon rn the long buckets of the LP turblne 

Number of Stages 

Another difference between the ~mpulse and reactlon deslgns IS the amount of 

energy that can be absorbed In a slngle stage The ~mpulse des~gn can absorb more 

energy than the reactlon stage The consequence of thrs fact is that more stages are 

requlred In a reactlon turblne as compared t o  the lmpulse deslgn For u n ~ t s  that have 

the same ~nl t ia l  steam condltlons more stages are requlred In a reactron turbrne than 

a comparable lmpulse turblne For example, In a plant wl th  t w o  sister unlts, one 
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Westinghouse and the other GE, both rated at about 300 MW and both operating 

wi th the same steam conditions, the GE unit has 22 stages while the Westinghouse 

unit has 37 stages 

a 
Stage Des~gn 

As descr~bed earher, all of the pressure drop In the ~mpulse turb~ne IS (~deally) 

across the stationary nozzles In the reactton des~gn, the pressure drop IS sp l~ t  

between the statlonary and moving nozzles The consequence of thls fact is the 

nozzles In the GE design are rather massive while the buckets are relatively less 

massive In the Westinghouse design the stationary and rotatlng blades are of 

roughly equal strength This is illustrated in F~gure 3-12 F~gure 3-12 (a) shows the 

reaction stage while F~gure 3-12(b) shows the impulse stage The stationary nozzles 

of the impulse design are in fact rather massive In fact, when one looks down at the- 

horizontal joint of the impulse turbine, the buckets appear t o  be runntng in a 

compartment formed by adjacent nozzles The impulse turbine is sometimes said t o  

be "compartment design" as a result 

There are t w o  other differences in des~gn illustrated in F~gure 3-12 Flrst, note 

that the labyrinth seals for the impulse design are concentrated at the inside diameter 

of the nozzle wi th  relatively little at the tips of the buckets This IS consistent wi th 

the fact that there is little tendency for steam to  leak past the t ip of the bucket since 

there IS little pressure drop there On the other hand there is a large pressure drop 

across the nozzle and so seals wl th many teeth are required t o  seal the lnslde 

diameter of the nozzle 

The second d~fference in the t w o  designs illustrated by F~gure 3-12 1s the 

balance hole in the wheel of the impulse turbine Labyrinth packing does not prevent 

all leakage, ~t can only control and reduce leakage Thus, there is some leakage of 

steam into the wheel space Also, there IS some steam which leaks by the root of 

the bucket If there were no balance hole, the steam would build up pressure on the 

upstream side of the wheel This would produce axial force on the wheel (discussed 

below) The steam would also tend to f low from the wheel space through the bucket 

at a rlght angle compared t o  the rest of the steam flow, thus disturbing the steam 

f low and reduclng eff ic~ency The balance hole prevents thls f low from occurring 
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Flgure 3-1 2 Comparison of React~on and Impulse Stage Deslgns 
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There IS no balance hole In the reactlon stage, of course, since there IS a 

pressure dlfference across the movlng blades by deslgn A balance hole In the 

reactlon stage would bypass steam from ~ t s  normal flow path 

Thrust 

A dlfference between the reactlon turblne and the lmpulse turblne results from 

the changes In pressure that the steam undergoes as ~t passes through the turb~ne 

In the impulse turblne all of the change In steam pressure occurs In the statlonary 

nozzle and none In the movlng buckets Ideally, there IS no axlal force on the lmpulse 

turblne rotor because there IS no pressure drop across the movlng buckets 

In the reactlon turb~ne, however, a pressure drop occurs across the movlng 

nozzles as well as the statlonary nozzles The result IS that there IS an ax~al force o n  

the movlng nozzles due to the dlfference In pressure on the upstream and 

downstream s~des of the movlng nozzles Th~s  In turn produces an axlal force, or 

thrust, on the turblne rotor 

There are several ways In whlch the turblne deslgner can deal wlth thls thrust 

One way IS to  slmply deslgn the turblne w ~ t h  a very large thrust bearlng Thls IS 

undesirable for a number of reasons ~ncludlng the hlgh cost associated wlth such a 

bearlng 

A common means of deallng wlth the h ~ g h  thrust on the reactlon turblne rotor 

IS to bulld a double flow turblne sectlon In such a turblne sectlon the steam flow IS 

dlvlded Into two equal flows as ~t enters the turb~ne The two steam flows then pass 

through two half-slzed turblne sections that are orlented In opposite dlrectlons on the 

same turb~ne rotor as shown In F~gure 3-13 The thrust produced In the two  half- 

srzed turblne sections IS equal and opposlte Therefore, In the double flow turb~ne 

sectlon there IS no net thrust 

Both Westlnghouse and GE use the double flow deslgn, especially In the low 

pressure turb~ne where the turblne blades or buckets are relatively long Thls IS 

because even In GE turbines, there IS reactlon In the low pressure turblne buckets and 

thus thrust on the rotor 
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F~gure 3-1 3 Simpl~f~ed Double Flow Turb~ne 
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A variation on the double f low turbine section is the opposed f low section In 

the opposed f low turbine section one half of the turbine stages are oriented in one 

direction on the turbine rotor whlle the remaining turblne stages are mounted on the 

same rotor but oriented in the opposlte direction as shown in Figure 3-14 

I t  would appear that the opposed f low design would eliminate thrust in the 

same way that the double low turb~ne section does This is not the case, however, 

because the pressure In the various stages changes wi th load Thus, if the opposed 

f low section is designed to  have balanced thrust at full load, it is unbalanced at 

reduced load As a result, most reaction turbines that employ opposed f low sections 

have balance pistons (which are discussed next) Both Westinghouse and GE use the 

opposed f low section design 

The last method of dealing wi th reaction turbine thrust is the balance piston- 

A balance piston is a drum like section machined on the turbine rotor Labyrinth 

packing IS installed at the outside diameter of the drum to  make it poss~ble to  maintain 

a h ~ g h  pressure on one side and a low pressure on the opposite slde as shown In 

Figure 3-1 5 The ax~al  force on the balance piston caused by the pressure differential 

can be used t o  counterbalance the thrust from a reaction turbine section 

There are many other differences between GE and Westinghouse turbines, 

especially In nomenclature These differences are noted in the remaining section of 

this text 

3 2 Turbine Centerl~ne Components 

This section describes the major components of the steam turblne that are on 

the turbine centerline such as the turbine casings and rotors, as well as the important 

supporting components such as standards and bearings Major steam turbine valves 

and supporting systems are described later 
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F~gure 3-14 S~mpl~f~ed Opposed Flow Turblne 
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LOW PRESSURE 

HIGH PRESSURE 

DUMMY PISTON 

LOW PRESSURE 
EXHAUST HERE 

REACTION BLADING 

F~gure 3-1 5 S~mpl~f~ed Balance Plston Arrangement 
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3 2 1 Turbine Cas~ngs 

The function of the turbine casings is to  keep steam in the turb~ne and the air 

out of the turbine The casings also support the stationary internals of the turbine 

and hold those parts in al~gnment wl th the rotor Westinghouse often refers t o  the 

turbine casings as cylinders GE usually calls cast turbine caslngs shells and 

fabricated sectlons casings 

Turbines that are more than about 5 0  M W  usually have multiple turbine 

sections Each turbine section has a separate casing Most large steam turbines are 

reheat turbines The turbine sections commonly seen In reheat turbines are the H ~ g h  

Pressure (HP) turbine section, the Intermediate Pressure (IP) turbine sect~on and the 

Low Pressure (LP) turbine section Although some large steam turbines have 

completely separate HP and IP turbine sections, a common arrangement has the HP .. 
and IP turbine sections In an opposed f low turb~ne section Figure 3-16 shows a 

cross section through a typical HP-IP opposed f low turbine section 

Another common feature used in large steam turbines from about 75 t o  350  

M W  IS a single double f low LP turbine A cross section through a typical double f low 

LP turbine section IS shown in F~gure 3-17 

Units that are smaller than about 200  - 300  M W  usually have integral steam 

chests The steam chest is a chamber In which the governor or control valves are 

installed (steam chests are discussed in more detail later in this Section) When the 

turbine is larger than about 300  MW, the steam chest and shell become so large that 

it is no longer reasonable t o  mount the steam chest on the shell For large units, 

therefore, the steam chest is separate from the turb~ne shell 

The HP and IP turbine casing(s) are castings while the LP turbine casing(s) may 

be elther a casting or a fabrication The HP and LP turbine casings are both sp l~ t  at 

the horizontal joint For some smaller units, usually when there IS a slngle f low LP 

turbine, there is a machined vertical joint between the HP or IP and LP turbine casings 

that is assembled during the initial installation of the turbine 
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F~gure 3-1 6 S~mpl~f~ed HP-IP Opposed Flow Turblne Sect~on 
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Most units that operate at pressures of 1500 to  1800 psig or more have double 

walled construction In double wall construction, there is an inner shell or cylinder 

that IS supported and located by the outer shell or cylinder This construction IS used 

in the HP-IP opposed f low section shown in Figure 3-16 Double walled construction 

1s advantageous because it reduces thermal stress Thermal stress IS reduced with 

double walled construction because the temperature differential across each wall IS 

less then over a srngle wall Double walled constructron also reduces thermal stress 

because the walls are thrnner rn double walled than srngle walled constructron 

The HP and IP turbine casing(s) supports and positions the internal components 

of the HP and IP turbine sections, including the diaphragms (GE nomenclature) or 

blade rings (Westinghouse nomenclature), packing heads (GE nomenclature) or gland 

rings (Westinghouse nomenclature), and labyrinth seals The casing(s), as well as 

other internal components, has a bolted joint at the horizontal centerline to  permit 

assembly of the internals 

The casing(s1, as well as the internal components, are supported at the 

horizontal centerline and are free to  expand vertically both upward and downward 

from the centerline Similarly, these components are all keyed at the transverse 

centerline and are free to  expand from the centerline in the transverse plane This 

support arrangement assures that radial alignment is maintained over the entire range 

of operating conditions as the turbrne components expand and contract 

The turbine is also be designed to  accommodate axial expansion I t  IS not 
unusual for a turbine to  experience almost 114 to  112 inch of growth (at the front 

standardlpedestal) from ambient to  operating temperatures Axial thermal movement 

is usually accommodated through the use of sliding pedestals (or standards) With 

sliding pedestals, the end of the HP turbine caslng opposite the generator (usually 

called either the turbine end or the governor end) is supported by a pedestal that IS 

free to  slrde axially withrn the range of thermal movement of the casing Free axial 

movement is assure through the use of special, low friction grease plates that are 

lubricated through grease fittings Transverse alignment is maintained by closely 

fitted keys between the front pedestal foundat~on plate and the bottom of the 

pedestal 
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Another method of dealing wi th thermal expansion is through the use of flexible 

supports The flexible supports are usually a series of flat steel plates that support 

the LP end of the turbine The flat plates bend slightly to  accommodate growth 

The HP and IP casing(s) is covered wi th insulation in normal operation to  

minimize heat loss Appearance lagging is Installed over most of the turblne 

Appearance lagg~ng IS to  the turbine what the body of a car IS t o  the frame and 

engine 

The LP turbine casing has an inner casing and an outer casing or cylinder The 

outer casing IS often called the exhaust hood The outer caslng prevents air from 

entering the turbine exhaust and condenser and dlrects the steam from the turbine 

exhaust to  the condenser The inner casing or casing supports and positions the LP 

turbine internals This inner casing IS located inside the exhaust hood As wi th t h e  

HP turblne section, the support of the components in the LP turbine IS at the 

horizontal centerline and they are keyed at the transverse centerline t o  assure that 

alignment IS maintained throughout the range of operating conditions 

a - 
The LP turbine has inner and outer casings or cylinders The outer caslng 

prevents air from entering the turbine exhaust and condenser and directs the steam 

from the turbine exhaust to  the condenser The outer casing is generally referred to  

as the exhaust hood The Inner casing supports and pos~tlons the LP turbrne 

internals This inner casing IS supported and positioned Inside the exhaust hood 

The exhaust hood is supported on foundation plates by "feet " The "feet" are 

actually flange like extensions of the fabrication that extend all around the outsrde 

circumference of the lower half of the exhaust hood There are keys at the 

transverse centerline that anchor the exhaust hood axially Gib keys at the ends of 

the lower exhaust hood maintain transverse alignment while allowing axial movement 

to  accommodate axial expansion at the ends 

The LP turbine experiences much less thermal movement than the HP and IP 

turbines because it experiences relatively little temperature change In operation 

There is some movement, however, and the LP turblne IS designed to  accommodate 

that movement so that distortion of the turbine casing does no occur Accordingly, 
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the exhaust hood feet are fitted wl th grease flttlngs t o  lubricate the feet and so 

assure freedom of movement 

The exhaust hood IS usually connected dlrectly to  the condenser at the bottom, 

and so 1s under a partial vacuum In operation While some turbines are deslgned so 

that the steam can exlt the LP turblne axially or at the side of the turblne, the usual 

arrangement is for the steam to  exhaust axially from the LP inner casing into the 

exhaust hood, whrch "collects" the steam and directs it downward to  the condenser 

beneath the LP turbine There is generally movement between the turbine flange and 

the condenser flange In most units thls movement is accommodated by the use of 

a flexible expansion jolnt that IS usually made of heavy but flexlble rubber In other 

cases a stainless bellows or Phillips seal 1s used In the Phillips seal a knife edge IS 

Immersed In a seal trough that IS fllled wi th water When the knife edge is 

submersed, air cannot be drawn into the condenser The exhaust hood has one o r  

more atrnospherlc relief diaphragms The atrnospherlc relief draphragm serves the 

same function as a relief valve, ~t protects the LP turbine from excesslve pressure 

A typical atrnospherlc relief diaphragm, a cross section of whlch is shown In F~gure 

3-18, has a diaphragm made of lead clamped around its circumference and supported 

by a grld underneath When there is a vacuum in the LP turbine sectlon, the 

diaphragm IS pulled downward against a grld When the pressure in the exhaust hood 

increases above about 5 psig (about 20 psia), the soft lead ruptures 

3 2 2 Stationary Blades and Diaphragms 

The stationary nozzles in turbines are des~gned and named differently 

depending upon the type of turbine and manufacturer For lmpulse turbines (typically 

GE) the stationary nozzles are generally referred to  simply as nozzles and the airfoil 

sections of the nozzles are called partitions In reaction turbines the statlonary 

nozzles are generally called stationary blades In either case, the statlonary nozzles 

expand the high pressure steam t o  extract its energy and direct the resulting steam 

jets toward the rotating buckets or blades F~gure 3-19 shows a cutaway through a 

typical lmpulse turbine stage illustrating the arrangement of the stationary nozzles 

wl th respect to  the buckets 
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F~gure 3-19 Arrangement of Nozzles and Buckets 
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The statlonary nozzles in most impulse turbines are held in place In a disk-like 

structure that, together wi th the nozzle partitions, is called a diaphragm Flgure 3-20 

shows a typical diaphragm The d~aphragm fits into clrcumferentlal slots in the 

turblne casing lnslde dlameter I t  is split at the horizontal joint for assembly There 

are labyrlnth seals at the inside diameter of the dlaphragm to  reduce steam leakage 

between the rotor and the diaphragm and seal strips near the outside diameter to  

reduce leakage around the rotating blades tips 

In reaction turblnes the pressure drop of the steam IS divlded more or less 

equally between the stationary blades and the rotating blades Since there is a lower 

pressure drop across the stationary blades in the reaction turblne, the construction 

of the stationary blading can be much llghter In general, the stationary blading in a 

reactlon turbine is installed In dovetall grooves mach~ned on the inside diameter of the 

Inner cylinders of the turblne as shown In Flgure 3-21 Thus, stationary blading for  

the reaction turbine is generally disassembled with the inner cylinder For most (lf not 

all) stages in a typical reaction turbine, ~t IS not possible t o  remove a stage of 

stationary blading by itself in the same manner as the impulse turblne wi th the * diaphragm design 

3 2 3 Turbtne Seals 

Seals are used to  reduce and control the leakage of steam Leakage occurs 

between turbine stages Inside the turbine and where the shaft penetrates the turbine 

caslngs The Interstage seals, as they are called, are mounted on the inside d~ameter 

of the diaphragms and blade rings Seals which are used t o  seal the penetrat~on of 

the rotor through the turbine casings or are mounted in gland rlngs (Westinghouse 

nomenclature) or packing heads (GE nomenclature) GE also refers t o  labyrinth seals 

as packing 

The type of seals used in all large steam turblnes are labyrlnth seals A 

labyrlnth seal is simply a rlng wi th sharp teeth on the ins~de d~ameter that run very 

close (as llttle as 0 01 5 inch) to  the sealing surface on the rotor The many teeth in 

the labyrinth seal present a di f f~cul t  path for steam leakage It is Important to  

understand that labyrinth seals do not prevent leakage by themselves, they only 

reduce or control leakage 

- - - - -  -- 
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There are many d~fferent arrangements for seals For appl~catlons where the 

pressure drop 1s small (such as the t ~ p s  of ~mpulse turblne buckets) there may be only 

a few teeth These seal teeth are caulked lnto a groove mach~ned on the ~ n s ~ d e  

d~ameters of the turb~ne caslng or d~aphragm or mach~ned on the outsrde d~ameter of 

the turb~ne rotor 

In appl~cat~ons where there IS a large pressure drop (such as the d~aphragm In 

an ~mpulse turb~ne), many teeth are requ~red to  l ~ m ~ t  the leakage f low and these teeth 

are Installed on the ~ n s ~ d e  d~ameter of a seal rlng The seal rlng IS sp l~ t  lnto rad~al 

segments The number of segments depends on the d~ameter to  be sealed, the larger 

the d~ameter, the more segments are used F~gure 3-22 shows a s ~ m p l ~ f ~ e d  cross 

sect~on through a pack~ng ring segment Installed In ~ t s  hook f ~ t  

The seal ring segments f ~ t  Into a c~rcumferentlal "hook f ~ t "  on the ~ n s ~ d e  

d~ameter of the d~aphragm, seal head, or turb~ne caslng Flat sprlngs push the rlng 
In the hook frt toward the rotor The sprlng back~ng IS Important because ~t allows 
the seal segment to  move outward rn the event that ~t IS hit or rubbed by the turb~ne 

rotor T h ~ s  reduces damage t o  the seals that occurs when the turblne rotor rubs 

aga~nst the pack~ng due to  h ~ g h  v~b ra t~on  or mlsal~gnment 

There are many varlatlons on seal des~gn In general the Intent of these 

varrat~ons IS to  Improve the effectiveness of the seals F~gure 3-23 shows h~gh-low 

seals that have alternating teeth of smaller and larger d~ameter The h~gh- low des~gn 

IS more ef fect~ve than stra~ght tooth pack~ng because ~t presents a more d ~ f f ~ c u l t  

leakage path for the steam The d~sadvantage of hrgh-low tooth pack~ng IS that axlal 

rubblng between the seal teeth and pack~ng lands occur when there IS any slgnlfrcant 

axla1 m~sallgnment 

Another type of labyr~nth pack~ng used In areas where axla1 mlsal~gnment IS 

l~ke ly  to occur 1s called slant tooth pack~ng The teeth, shown In F~gure 3-24 are 

slanted agalnst the normal f low of steam Th~s, l ~ k e  the hlgh-low tooth pack~ng, 

reduced the amount of steam f l ow~ng  through the pack~ng 
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F~gure 3-22 S~mpl~f~ed Labyrrnth Packrng Rlng Segment 
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PACKING 
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F~gure 3-24 Typ~cal Slant Tooth Pack~ng 
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3 2 4 Turblne Rotors and BucketIRotatlng Blades 

The turblne rotating blades work wl th the steam from the statlonary blades to  

produce a torque on the rotor, or splndle as ~t IS sometimes called The rotor holds 

all the rotatlng blades and transmits the rotatlng mechanical energy t o  the generator 

Rotor Construct~on 

The rotor Itself IS usually a slngle forglng w ~ t h  a bore hole In the center, The 

bore hole IS plugged t o  prevent water from becomlng trapped In the bore hole 

Buckets or rotatlng blades are attached t o  the rotor elther on wheels (typlcal of 

lmpulse turblnes and LP sectlons of reactlon turblnes) or In dovetail grooves machlned 

Into the surface of the rotor (typlcal for the HP and IP sectlons of some reactlon 

turblnes Where wheels are used, they may be elther dlsks that are shrunk onto t h q  

rotor or Integral t o  the rotor forglng F~gure 3-25 shows a cross section through a 

typlcal HP-IP opposed f low rotor wi th  Integral wheels 

There are t w o  varlatlons on turblne rotor constructlon One IS the ellmlnatlon 

of the bore hole A turblne rotor wlthout a bore hole IS stronger than one wl th a bore 

hole Bore holes were used In the past t o  Improve the "lnspectabll~ty" of the rotor 

and to  remove material In the bore where flaws were most llkely t o  occur Improved 

non-destructwe examlnatlon techniques and better forglng technology allow for solld 

rotor constructlon 

The other varlat~on In rotors IS welded constructlon Some European 

manufacturers manufacture rotors that are essentially a series of dlsks that are 

welded together 

The rotor has crltlcal speeds, that IS, speeds where vibration Increases 

substantially above normal because of resonance There are normally t w o  crltlcal 

speeds below running speed, and turblnes are normally deslgned t o  operate between 

the second and thlrd crltlcal speeds to  mlnlmlze vlbratlon Operators must avold 

prolonged operation at the rotor critlcal speeds durlng startup In order t o  avold 

excessive vlbratlon 
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F~gure 3-25 Typ~cal Rotor Cross Sect~on 
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The turb~ne rotor sags and temporarily bows ~f allowed to  remain at rest, 

particularly at elevated temperatures A temporary bow can cause excessive 

vlbratlon because the center of mass In a bowed rotor IS not at the center of rotation 

Temperature stratlficatlon w ~ t h l n  the turb~ne caslng wl th slgnlflcant temperature 

dlfferent~als and drstortlon can also occur In a hot turb~ne wi th the rotor at rest T h ~ s  

d~stor t~on can result In rubb~ng between the turbine rotor and statlonary components 

The rotors are slowly turned by a turning gear to  prevent t h ~ s  temporary bow and 

temperature stratlflcatlon when the turb~ne is shut down 

BucketIRotat~ng Blade Construction 

Rotatlng blades generally have the appearance of airfoil sect~ons The rotatlng 

blades at the front of the turblne are rather short but become longer through the 

steam path to  accommodate the Increasing volume of the steam as it flows through 

the steam path 

Flgure 3-26 shows a typ~cal  T-root deslgn on the left used by Westinghouse for 

attachment of all blades to  the rotor except for the first stage and the last few stages 

of the LP turblne where an axlal "fir tree" attachment 1s commonly used as shown on 

the rlght In Flgure 3-26 A p~nned, ax~al  fir tree deslgn IS used for the last few LP 

turb~ne stages 

Flgure 3-27 shows typ~cal  GE bucket assembl~es such as that found for all but 

the last one or t w o  stages Shroud bands are used on almost all stages of the turb~ne 

as shown In F~gure 3-27 (d) The last one or t w o  stages of the LP turb~ne use a flat 

flnger style of attachment for the buckets as shown In Flgure 3-28 
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F~gure 3-27 Typical GE Bucket Attachment 
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-PIN HOLE 

F~gure 3-28 GE Flat F~nger Bucket Attachment 3 2 5 PedestalsIStandards 
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Pedestals (Westrnghouse nomenclature), whlch are also called standards (GE 

nomenclature), support the turblne casings and/or the turblne bearlngs The front 

pedestal also houses turblne controls and Instruments In most turblnes and so rt IS 

also sometimes called the governor pedestal The pedestals are filled wl th 011 mist 

from bearlng lube 011 and lube or1 used for other purposes such as coupllng coollng 

Large drams In the bottom of the pedestal drams 011 back to  the lube 011 tank 011 seal 

rlngs (Westlnghouse nomenclature) whlch use labyrinth teeth slmllar t o  steam seals 

are used to  prevent leakage of 011 through penetratlons for the turblne rotor Or1 seal 

rlngs are also called or1 deflectors (GE nomenclature) 

As mentioned earller, the governor pedestal IS mounted on a foundatron plate 

at the front of the turblne where ~t supported the turblne end of the HP turbine 

casrng The other standard IS an integral part of the generator end of the exhaust 

hood and supports only the bearlng because the exhaust hood has ~ t s  own  support- 

Flgure 3-29 rllustrates the arrangement of typlcal turblne pedestals 

The turblne caslng and rotor expand considerably when they heat up from room 

temperature to  operating temperature Accordingly, as descrrbed earlier, the governor 

pedestal IS deslgned to  be able to  sllde on its foundation plate when the turblne heats 

up and expands or cools and contracts I t  IS Important t o  keep the governor pedestal 

greased to  make thls thermal growth smooth and even Grease flttlngs are provlded 

for this purpose If the pedestal does not sllde evenly and becomes cocked, 

mlsalrgnment and vlbrat~on can result 

The governor pedestal supports the #I  bearlng For many unlts, the thrust 

bear~ng IS also located In the front pedestal and the thrust bearrng IS sometrmes 

Integral t o  the # I  bearlng Thls locatlon of the thrust bearlng IS Important because 

~t means that the turbrne rotor IS pulled towards the turblne end of the machlne as the 

turblne caslng heats up and expands Thls helps t o  mlnlmlze axlal movement of the 

rotor wl th respect t o  the turblne at the generator end of the turbine 
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F~gure 3-29 Typ~cal Turblne Pedestal Arrangement 
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Turblne control components and related hydraulic components are often located 

In the governor pedestal, hence its name Perhaps the most Important of these 

components 1s the speed transducer that 1s used to  sense speed for the turblne 

control system Another Important component 1s the emergency overspeed governor 

that most unlts have Installed on the rotor In the governor pedestal Finally, the lube 

011 system main 011 pump 1s often housed In the governor pedestal 

Pedestals In the vlclnlty of the LP turblnes are generally ~ntegral to the lower, 

LP turblne exhaust hood The pedestal 1s supported on ~ t s  own  foundation plate 

whlch accommodates the relatively small movement that ~t experiences In operatlon 

The bearlng pedestal supports the bearlng and houses the coupllng between the 

turblne and generator For some turblnes, the turnlng gear, the dlfferentlal expansion 

detector and speed plckups may also be located In these bearlng pedestals These 

devlces are discussed later ~n thls Module - 

3 2 6 Bearlngs 

Bearlngs support and/or properly posltlon the turblne rotor wl th  respect to  the 

statlonary turblne parts There are t w o  types of bearlngs, journal or radlal and thrust 

The journal or radlal bearings support the welght of the rotor and posltlon ~t rad~ally 

The thrust bearlng absorbs axlal forces on the rotor and posltlons the rotor axially 

wlth respect t o  the statlonary turblne parts The generator also uses journal bearlngs 
- 

which are the same deslgn as those used for the turblne 

Journal Bearlngs 

Nearly all steam turblnes use journal bearlngs Instead of ball or roller bearlngs 

Journal bearlngs have a smooth surface of a soft mater~al called babbltt The 

bearlngs are fed wl th  011, as the rotor turns, ~t produces a pumplng actlon that bullds 

up pressure and a fllm of 011 between the journal surface and the babbltt so that In 

normal operatlon the surfaces never touch Flgure 3-30 shows the pressure 

dlstrlbut~on of the 011 In the bearlng 
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HORIZONTAL 
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F~gure 3-30 Journal Bearlng 011 Pressure D~str~but~on 
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A journal bearing IS also called a sleeve bearing I t  IS slmply a cylinder of 

babbltt cast into a cylindrical steel llner Babbitt is a soft alloy, typically lead, t in and 

antimony, which is softer than the steel journals to  avoid damage to  the journals The 

journal bearlng is spllt at the horizontal joint for assembly and fits into a 

circumferent~al slot or fit In the standard or pedestal In many cases there is a bearing 

ring between the standard f i t  and the bearing Figure 3-31 shows a simplified 

drawing of a journal bearing arrangement 

F~gure 3-32 shows a cross section through a typical Westinghouse journal 

bearing 011 IS fed t o  the bearlng through holes in the support which connect pads 

wi th feed holes In the bearlng pedestal which are In turn connected t o  the lube 011 

header Oil drains out of the ends in this bear~ng design 

There can be a problem with cylindrical journal bearings related t o  bearing 

instability A phenomenon related to  the dynamics of the oil film between the bearlnf 

and the rotor causes high pressure In the film which forces the rotor up against the 

inside of the bearlng, resulting In high vibration GE uses a modifled version of the 

cyllndrlcal bearing t o  improve stability In this design the horizontal diameter IS 

machined t o  a diameter that is just a little greater than the vertical diameter of the 

rotor journal (perhaps 0 01 5 inch for a 12-inch dlameter rotor) Since the vertical 

diameter is smaller than the horizontal diameter, this type of bearlng is called an 

elliptical journal bearing F~gure 3-33 shows a typical GE elliptical bearing 

Westinghouse does not use elliptical bearings 

Occas~onally, there IS a stability problem even wi th ellipt~cal journal bearings 

This occurs most often for bearlngs which are relatively lightly loaded, such as the 

HP and IP turbine rotors To solve this problem, both GE and Westinghouse utilize 

a bearing design which is even more stable than the elliptical bearing This is called 

the tilting pad bearing because the bearing inside diameter is broken up into tilting 

pads Figure 3-34 shows a cross section through a Westinghouse tilting pad journal 

bearing Typically there are t w o  or three pads on the lower half and the same number 

on the upper half The pads can pivot on an axis parallel to  the turblne rotor allgn 

themselves t o  the rotor journal and break up the oil film Tilting pad bear~ngs are 

typically used only for the relatively light HP and IP turbine rotors They are not used 

for all of the bear~ngs because they are more complicated and have greater losses 

than elliptical journal bearings 
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F~gure 3-31 S~mpl~f~ed Journal Beartng Arrangement 
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F~gure 3-32 Typlcal West~nghouse Journal Bearlng 
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F~gure 3-33 Typ~cal GE Ell~ptlcal Journal Bearlng 
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BEARING KEY #2 

Flgure 3-34 Typ~cal Westlnghouse Tllt~ng Pad Bearlng 
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Thrust Bearing 

The second type of turbine bearlng IS the thrust bearlng The thrust bearlng 

malntalns the axlal allgnment of the turblne rotor wl th respect t o  the statlonary 

turblne components The thrust bear~ng also absorbs the thrust caused by the f low 

of steam through the turblne due to  d~fferent~al  pressures It IS sometimes sald that 

the thrust bearlng IS the most important bearlng In the turblne The fallure of a slngle 

journal bearlng results In damage due to  rubb~ng in the turblne near that bear~ng, the 

rest of the turblne IS unaffected If the thrust bearlng falls, however, the turblne is 

damaged throughout since the axla1 allgnment of the entlre turbine IS lost 

Like the journal bearlng, the thrust bearlng builds up a thln fl lm of oil between 

the bearlng and a thrust runner on the rotor Thus the rotor never touches the 

bear~ng surface in normal operation .. 

Flgures 3-35(a) and (b) show typical arrangements for thrust bearlngs In both 

arrangements thrust collar(s) are machined Integral or shrunk onto the turblne rotor 

e The thrust bearing may straddle a single collar as shown In Figure 35-(a) or be In 

between t w o  thrust collars as shown In Figure 35-(b) In both cases, the bearlng 

actually has t w o  bearing surfaces, one on each side For some turblnes the thrust on 

the thrust bearlng IS always the same For others the thrust of the rotor In normal 

operatlon may be In one direction, however durlng startup the thrust may be In the 

opposlte dlrectlon for brlef perlods The slde of the thrust bearlng that bears the 

thrust of the rotor in normal operatlon IS called the active thrust bearlng whlle the 

other side IS called the lnactlve thrust 

The thrust bear~ng has plates agalnst whlch the runners on the rotor r ~ d e  

Actually a thln fllm of 011 prevents the runner from actually coming In contact with the 

plates The thrust plates or shoes have radlal grooves that divlde the surface Into 

lands These grooves assure adequate dlstrlbution of 011 t o  the entlre surface of the 

bearlng 
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* One type of thrust bearlng IS the tapered land type shown In Flgure 35-(c) 

The tapered land thrust bearlng has the appearance of t w o  dlsks, spllt at the 

hor~zontal jolnt wl th a hole In the mlddle for the rotor to  pass through The t w o  dlsks, 

or thrust plates as they are called, f ~ t  lnto cyllndrtcal recesses In the bearing ball, 

whlch In turn flts lnto a circumferent~al slot in the standard 

Another common type of thrust bearlng normally used on Westlnghouse 

turblnes, IS the Klngsbury thrust bearlng shown In Flgure 35-(dl Thts type of bearlng 

IS very slmllar t o  the tapered land type except that ~t has separate shoes that can 

plvot, each Independently of the others This destgn also assures equal loadtng of all 

of the pads These features assure that the Klngsbury thrust bearlng can operate 

even when there IS minor mlsallgnment, so ~t 1s often used where alignment IS a 

problem I t  IS not always used In place of the tapered land type, however, because 

~t is more compl~cated, wears relatively rapldly, and causes greater losses than t h e  

tapered land type 

Thrust bearlngs may wear over tlme, prlnclpally as a result of d ~ r t y  011 Wear 

In the thrust bearlng results In the rotor movlng axially If thls movement IS 

excessive, axial rubblng between the rotor and turblne lnternals results In extreme 

cases there IS severe damage throughout the turblne Most turblnes are equipped 

wl th  a thrust bearlng wear detector (TBWD) devlce to  provlde alarm and trip 

functions Thls devlce IS described later In thls Module 

Bearings must be supplled wl th clean 011 at the correct pressure and 

temperature For the Westlnghouse unlts bearlng header pressure should be about 

14 to  18 pslg whlle for GE units the header pressure should be about 25 pslg (both 

measured at the turblne centerllne) The temperature of the 011 t o  the bearlngs should 

be 100 - 120°F for both West~nghouse and GE turbines in normal operation H ~ g h  011 

temperature can result In excessive "thlnnlng" of the oil, whlch could result In 

metal-to-metal contact and damage to  the bearlng due t o  overheating Low 011 

temperature can result In excessive vlbratlon 

Page 60 



Principles of Combrned Cycle Power Plants MODULE 3 

When the unit IS on turning gear, the oil should be thicker (viscos~ty should be 

higher) than when the unit is In operation because the pumping action is much less 

at low speeds than normal operating speeds Because of this problem, the oil 

temperature should be lowered to  80°F to  95°F when the unit is on turning gear 

The principal purpose of the bearing lube oil is to  lubricate, however there is 

another important funct~on that ~t serves, cool~ng When the turb~ne spins In the 

bearing, it produces hydrodynam~c losses which heat the bearing Bearings for the 

HP turbines are also heated by the rotor itself which conducts heat from the hot 

steam inside the turbine casing The relat~vely cool oil cools the bearings It IS not 

unusual for the oil temperature to  Increase 50°F as ~t passes through a bear~ng 

Bear~ng Metal and Drain Temperatures 

Temperature indications are usually provided in the lube oil drains Newer 

turb~nes also have temperature indications in the babb~t t  for each bearing The 

temperature of the bear~ng and the oil drains are important indications of the cond~tion 

of the bearing Whlle the bearings are deslgned for no metal t o  metal contact, there 

are many problems that can result in metal to  metal contact The frictlon from metal 

t o  metal contact generates heat that can damage the bearing seriously since the 

melting point of babbitt IS only about 300°F Typical normal babbitt temperature for 

journal bearings is about 150  t o  225"F, and commonly there are alarms set at 225°F 

I t  is generally recommended that the turbine be tripped at babb~t t  temperatures of 

235°F or more For the thrust bearing and generator and exciter bearings, the 

recommended alarm and t r ~ p  limits are typically about 21 0°F and 225°F respectively 

For all bearings, typical recommended alarm and trip points for the bearing oil drain 

temperatures are 1 70°F and 180°F respect~vely 

3 2 7 Turning Gears 

Nearly all large steam turbines are equipped w ~ t h  turning gears, somet~mes 

called jacking gears or turning dev~ces The turnlng gear turns the turbine rotor 

slowly (usually about 3 - 5 rpm) during shutdown, prior t o  starting the turbine, or 

when the turblne is hot Turning the rotor slowly ensures that it IS heated or cooled 

evenly If the rotor IS allowed to  come to  a rest when hot, temporary bowing of the 

rotors and excessive vibration can result Distortion of the turbine casing also results 

because the hotter steam rises t o  the top of the casing 
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Most turnlng gears conslst of an electr~c motor drlvlng a speed reduclng gear 

tram The gear tram drlves a large pinlon gear or "clash plnlon" as ~t IS often called, 

that can swlng toward and away from the turblne rotor There IS a "bull gear" that 

is mounted at the coupllng between the turblne and generator F~gure 3-36 shows 

a typlcal turning gear of thls type 

Another, less common turning gear deslgn uses a worm wheel dev~ce that IS 

driven through a gear tram by a ratchet device The ratchet device is drlven by an 

air cylinder that is stroked per~odically when air IS admltted by a solenold valve Each 

t ime the cylinder IS stroked, the ratchet IS engaged, and the turblne rotor IS turned 

another increment 

The worm wheel engages a spacer gear that IS mounted at the coupling 

between the turblne and generator It can swlng lnto and out of engagement I t  1% 

swung out of engagement when the turbine is In operation When the turbine IS shut 

down and coasts t o  a stop, an electron~c zero speed devlce sends a signal to  the 

solenold valve for another air cylinder that pushes the worm wheel lnto engagement 

The turning gear automatically comes out of engagement when the turblne IS started 

UP 

The turnlng gear is usually lubricated w ~ t h  oil from the turblne lube 011 system 

For older units, a manual valve located near the turning gear must be opened to  

supply lube oil t o  the turnlng gear Usually a pressure switch at the lube oil feed llne 

provides an interlock t o  prevent the turning gear motor from belng started w~ thou t  

adequate lube oil pressure Another feature common to  older unlts IS manual 

engagement of the turnlng gear For these older unlts, there is commonly a hand 

crank that IS used t o  engage the clash plnlon 

Newer steam turbines have more automated turning gears The turbine lube 
o ~ l  system IS stdl used for lubrlcatlon, however for most newer turbines, solenoid 
operated valves that open automatically when the turnlng gear IS started are used to 

admlt 011 t o  the turnlng gear ~nstead of manual valves 

- - pp 
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The engagement of the turning gear is also automated for newer turbines The 

newer units are equlpped wi th  a device (which may be mechanical-hydraulic or 

electronic) that senses when the turbine rotor has come to  rest The zero speed 

slgnal is used t o  start the turning gear motor automatically and t o  open a solenoid 

valve that admits air to  a piston and cylinder that dr~ves the clash gear into 

engagement 

There IS usually an ammeter for the turning gear motor regardless of the 

vintage of the turbine The turning gear motor current should be monitored closely 

A high turning gear motor current indicates di f f~cul ty such as rubblng Turnlng gear 

motor current that alternates between a high value to  normal value is even more 

lndicatlve of a rub In the turbine 

The turblne should be placed on turning gear whenever the turbine IS to  be  

heated, such as by placing the steam or gland seal system in servlce The turbine 

should also be placed on turning gear t o  remove any temporary bow in the rotor 

immediately before startup When the turbine starts up, the turnlng gear IS 

automatically "thrown" out of engagement The turbine should remain on turning 

gear until the turb~ne has cooled after shutdown After the turbine IS cooled, the 

turbine may be taken off turning gear 

3 2 8 Shaft Ground~ng Brushes 

A static charge tends to  build up on the turbine rotor in operation due to  the 

f low of steam over the rotating blades This effect IS somewhat s ~ m ~ l a r  to  the 

accumulat~on of static charge in clouds that result In lightning Voltages on the 

turbine rotor can also result from currents in the generator rotor and/or the exciter 

If there were no shaft ground~ng brushes, when the voltage d~fference between the 

rotor and bearing became large enough, the current would "jump" across the oil fllm 

in an arc to  the bearrng (called arcing) The high voltage discharges (up to  150 volts) 

would damage the bear~ngs 

The shaft ground~ng brushes (also referred to  as an earth brushes) provide a 
low resistance current path from the rotor to  ground This prevents high voltages 
from developing and arcing and thus prevents bearing damage 
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There are several different designs for shaft grounding brushes One type uses 

spring loaded carbon brushes similar t o  those used for generator collectors Another 

IS similar except that the brushes are steel wi th sllver shoes, or wearing surfaces 

These t w o  designs share a common problem Over time, the brushes wear and their 

springs must then be adjusted to  maintain the proper pressure of the brushes against 

the shaft 

A newer des~gn, the copper bra~d type brush, el~mlnates thls problem The 

copper bra~ded brush is a heavy copper braid "strap" about 1-1 12 Inches w ~ d e  and 1 I4 
Inch thick which is mounted on a coupl~ng guard to  ride against the shaft There IS 

essentially no wear and thus no adjustment of springs is required While copper 

braided brushes are generally simpler and more effective than older designs, they 

have the potential for accumulation of a film of oil and dirt between the brush and the 

rotor that acts as an insulator This fi lm interferes wi th  the effectiveness of the - 
brush 

The effectiveness of the shaft grounding brushes, regardless of the type, 

should be checked per~odically The check should be done using an oscilloscope to  

check both AC and DC voltages 

3 3 Turb~ne Main Steam Valves 

The main steam valves are used to  control admission of steam from the steam 

generator (HRSG or boiler) t o  the turbine under emergency and normal operating 

conairions i ne re  are usually t w o  sets o t  valves in series in the piplng trom the steam 

generator to  the turbine for each sectlon of the turbine that receives steam from the 

steam generator The HP turbine receives steam from the steam generator HP 

superheater The throttle valves (TVs, also called main stop valves, MSVs) and 

governor valves (GVs, also called control valves CVs) control HP steam f low to  the 

turbine The TVs are emergency valves that are generally either fully open in normal 

operation, or fully closed t o  trip the turbine 

Most reheat turblnes have t w o  sets of valves between the steam generator 

reheater and the IP turbines The first set of valves (usually two)  are called the reheat 

stop valves Their function is analogous to  that of the TVs The second set of valves 

are the interceptor valves (IVs, also called intercept valves) Some older units have 

no RSVs, only IVs 
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a Steam turblnes In comblned cycle plants wl th multlpressure HRSGs commonly 

have no reheater The turblne must be deslgned to  accept low pressure steam, 

however, from the low pressure clrcult of the HRSG There are usually t w o  sets of 

valves In series between the HRSG LP outlet header and the turblne LP Inlet wl th an 

arrangement slmllar to  that of the reheat valves for an IP turblne These valves are 

often called lnductlon valves 

I t  IS very Important that the maln steam valves close qulckly (In a few tenths 

of a second) In the event of an emergency The deslgn of the main steam valves 

satlsfles thls requlrement Part of the deslgn IS provlslons for testlng by closlng most 

of these valves whlle the unlt IS In operatlon Provlslons for valve testlng are 

described In later In thls Sectlon 

A deslgn problem common to all but the smallest maln steam valves IS the large 

pressure dlfferentlal across the dlsk when closed The pressure dlfferentlal produces 

a large force that must be overcome by the valve operator t o  open the valve Thls 

problem IS generally addressed by bulldlng features Into the valve to  reduce the 

pressure dlfferentlal across the valve dlsk In some cases a bypass arrangement IS 

used whrle In others a speclal balanced valve deslgn IS used 

3 3 1 HP Turb~ne Inlet Valves 

ThrottleIMaln Stop Valves 

The flrst set of valves In series that controls admlsslon of HP steam to  the 

turblne are the throttle valves (TVs, Westlnghouse nomenclature) or maln stop valves 

(MSVs, GE nomenclature) The TVs are not normally modulating valves, they are 

elther fully open, or fully closed In normal operation The TVs remaln fully open untll 

the turblne IS shut down or an emergency such as overspeed trlps the valves closed 

The TVs for most turblnes can be used t o  control speed and/or load for startup 

Durlng the perlod of startup only these valves are modulated 

Steam turblnes may have any number of TVs from one up t o  four It IS very 

unusual for there t o  be more than four TVs Each TV has a slngle Inlet from the 
HRSG HP header and one or more outlets t o  the steam chest The steam chest may 
be separate or shell mounted as explained earher 
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Most Westlnghouse TVs employ a double plug deslgn Flgure 3-37 shows a 

cross section of a TV and servomotor The servo motor, IS slngle actlng, spring 

closed The servo motor IS mounted on the underside of the valve body GE MSVs 

nearly always have a deslgn slmllar t o  that shown In F~gure 3-38 This deslgn 

features a poppet valve deslgn wl th  the steam passlng through the bottom of the 

valve caslng The steam enters the upper part of the caslng, passes through a 

strainer, downward through the seat, and leaves through the lower portlon of the 

casing The maln disk has an Internal bypass valve as shown in detail in F~gure 3-39 

For both Westlnghouse and GE valves, the stems are sealed using closely fltted 

valve stem bushlngs The dlametral clearance between the stem and the bushlng IS 

typically 0 002 t o  0 008 Inch Thls close clearance reduces and controls leakage 

Westlnghouse valve stems usually are grooved, as well, t o  help Improve the 

effectiveness of the seallng .. 

The TV stem passes through the bottom of the valve, downstream of the seat 

through the bonnet The valve has a backseat In the bonnet whlch essentially seals 

the valve stem when the valve IS fully open It IS sealed by closely flttlng bushings 

In the pressure seal head for sltuatlons where the valve IS not fully opened or closed 

There are drams In the valve, one upstream of the seat and another downstream 

These are called the before and after seat drams, respectrvely 

A problem common t o  both the GE and Westlnghouse valves IS that of 

overcoming the large opening force requlred to  open the valves when closed wl th 

rated pressure upstream The actuator cannot open the valve agalnst thls force The 

pressure dlfferentlal across the dlsk is reduced so that the valve can open by lnstalllng 

a small pllot valve In the maln disk t o  bleed some steam downstream disk If the GVs 

or CVs downstream of the TVs or MSVs are closed or throttled, the pressure 

downstream of  the TVIMSV dlsk IS reduced enough for the actuator to  be able to  

open the main dlsk This small pllot valve lnslde the maln d ~ s k  IS called the maln stop 

valve bypass for GE units This deslgn 1s called the double plug (plug instead of valve 

dlsk) design for West~nghouse units 
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Figure 3-37 Typ~cal West~nghouse Throttle Valve 
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F~gure 3-38 Typlcal GE Maln Stop Valve 
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F~gure 3-39 S~mpl~f~ed GE Maln Stop Valve D~sk w ~ t h  Internal Bypass Valve 
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For both designs, the pilot valve IS on the end of the valve stem When the 

actuator moves the stem in the opening d~rection, the pilot valve opens first w h ~ l e  the 

main disk remalns on its seat When the pilot valve is fully open, the pressure 

differential across the main disk IS reduced enough t o  allow it t o  open as the stem 

continues to  move upward, prov~ded (once aga~n) that the GVs or CVs downstream 

are closed or throttled 

The p ~ l o t  valves In the TVs and MSVs are used for purposes other than 

pressure equalizat~on The p ~ l o t  valves have enough capacity t o  pass steam to  roll 

the turb~ne t o  rated speed and carry load During startup the TVs or GVs are 

modulated to  control speed and load This mode of operation IS called full arc 

admiss~on 

Both the TV and MSV have strainers installed upstream of the seats A strainer 

is simply a cylinder open at the top and bottom On the downstream side, drilled 

holes are drilled A heavy screen IS riveted over the holes in the screen T h ~ s  strainer 

prevents relatively large debr~s from entering the turbine It cannot trap very small 

particles, such as the oxide that often flakes off of the insrde of boiler or HRSG tubes 

There is an anti-swirl dam in the valve body that prevents steam swirl inside the valve 

casing and helps trap debris 

The TV/MSV strainer is fitted w ~ t h  temporary fine mesh screens in the 

manufacturer's factory t o  trap debr~s expected from initral operation of a new unit 

T h ~ s  temporary fine mesh screen is removed after initial operation of the unit when 

it has been determined that the debris has been blown out Often the f ~ n e  mesh 

screens are Installed again after outage In which boiler or HRSG tube repairs have 

been made 

GovernorlControl Valves 

The second set of valves that IS used to  control f low of HP steam lnto the 

turb~ne are the governor valves (GVs, West~nghouse nomenclature) or control valves 

(CVs, GE nomenclature) The GV/CVs are used to  modulate the f low of steam lnto 

the HP turbine to  control either speed, load or initial pressure Some u n ~ t s  start up 

in "full arc" admission as described in the previous Section In full arc admission the 

governor valves are open fully and the throttle valves are used t o  modulate steam 

f low The function of the valves IS the same regardless of their name, CVs or GVs 
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The number of GVICVs varies considerably among turbine des~gns Some 

turbines have only one GV while others have as many as 1 0  or 1 2  Relatively small 

units, those less than about 250 - 300  M W  usually have the GVs mounted in steam 

chests that are integral to  the turbine shell I t  is most common for units wi th shell 

mounted GVs to  have identical steam chests on the upper and lower half shells wi th 

the same number of GVs in each steam chest Steam IS admitted t o  the steam chests 

through the TVs 

For relatively large units, those greater than about 250-300 MW, the steam 

chest and GVs are too large to  be mounted on the turbine caslngs The steam 

chest(s) for these units are separate from the turbine casing GE units usually have 

a slngle steam chest llke that shown in Figure 3-40 that IS usually mounted between 

the turbine deck and the mezzanine in front of the turbine Most Westinghouse units 

wl th  separate steam chests have t w o  steam chests like that shown in Figure 3-41 

that are mounted on the turblne deck elevation, one on either side of the HP turbine- 

Most GVs and CVs design for small turbines IS an unbalanced plug type design 

The stem for the GVICV passes through a bushing wi th  close clearance for sealing 

There IS usually an HP leakoff and an LP leakoff In the sealing arrangement 

The leakoffs are connected t o  the glandlsteam seal system Figure 3-42 shows a 

typical small, unbalanced GVJCV 

All of the GVJCVs may be positioned by a single hydraulic actuator through a 

lever, bar l ift or cam arrangement Most larger units have individual actuators, 

however GVICV actuators are usually double acting, wi th spring assist closing 

GVJCVs are normally opened sequentially rather than in unison Sequential 

opening IS also called partial arc admission and multiple, sequential admission In 

order t o  understand the term partial arc admission and contrast it w ~ t h  multlple 

sequent~al admission it is necessary t o  examine the first stage nozzle that IS fed by 

the GVICVs The f ~ r s t  stage nozzle IS broken up Into a number of separate chambers, 
or arcs, as shown in Figure 3-43 Each CVIGV feeds one arc For a turbine wi th 
multiple sequential admission, not all of the GVICVs are open when the turbine is at 

low loads Thus, at low loads only some of the arcs of the first stage nozzle are fed 

wlth steam This IS the reason thls mode of operation IS called partial arc admission 
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F~gure 3-40 Typ~cal GE Separate Valve Chest 
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F~gure 3-41 Typ~cal West~nghouse Separate Valve Chest 
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Flgure 3-42 Typ~cal Westlnghouse Unbalanced Governor Valve 

a 
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SEAM INLETS 

Flgure 3-43 Typlcal Westlnghouse Flrst Stage Nozzle and Bell Seal 
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Partla1 arc admlsslon has the operational disadvantage that durlng startup there 

IS hlgh thermal stress Hlgh thermal stress results from locallzed heatlng of the arcs 

that are fed steam, In contrast to  the relatively cold arcs that are not fed steam 

After many Instances of startups wi th the accompanylng thermal stress, cracklng of 

the flrst stage nozzles can result The solutlon t o  thls problem IS t o  admlt steam to  

all of the nozzle arcs at the same time durlng startup Thls IS usually done by opening 

the GVICVs wide open while using the TVIMSV internal pilot valves to  modulate and 

control the follow of steam Since the full arc of the first stage nozzle is fed wi th 

steam In thls mode of operation, it is called full arc admission 

3 3 2 IP Turb~ne Inlet Valves 

Reheat Stop Valves 

Most turblne manufacturers have t w o  sets of valves In the plplng between the 

steam generator reheater and the IP turblne inlet The flrst set of valves IS usually the 

reheat stop valve (RSV) The RSV IS a non-modulat~ng valve that IS roughly 

analogous to  the TVIMSV The RSV IS fully open In normal operatlon and trlps closed 

when the turbine IS trlpped or shut down normally Unllke the TVIMSV, there IS no 

time In operatlon, lncludlng startup, In which the RSVs are modulated Some smaller, 

older unlts do not have RSVs 

Both Westlnghouse and GE have used several different deslgns for the RSV 

The most common of these IS very similar t o  a check valve except that ~t has a 

hydraulic actuator to  hold r t  open In normal operatlon and close it when ~t IS tripped 

In the Westlnghouse deslgn, shown In F~gure 3-44, the actuator IS connected to a bell 

crank outslde of the valve caslng while In the GE deslgn the actuator 1s connected 

inslde the valve caslng 

The actuators for the RSVs are typically slngle actlng wl th  sprlng closlng As 

wl th the other main steam valves, the RSV stems are sealed using closely fltted 

bushlngs The stems are backseated so that In normal operatlon there IS no leakage 
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Flgure 3-44 Typlcal Westlnghouse Reheat Stop Valve 
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Interceptllnterceptor Valves 

The second set of valves controlling the f low of steam from the steam 

generator reheater t o  the IP turblne IS the Interceptor valve (Westlnghouse 
nomenclature) or Intercept valve (GE nomenclature), both abbreviated as IV The IVs 
are analogous to the GVsICVs In that they are modulating valves The IVs are always 

fully open in normal operation, however The only tlme that they are called upon to 

modulate is during overspeed events 

The IV IS typically a poppet valve although some deslgns are balanced 

F~gure 3-45 shows a typlcal West~nghouse balanced IV As wl th the other types of 

main steam valves, the valve stems are sealed wlth closely fltted bushlngs The seats 

are usually backseated so that there is no leakage In normal operatlon 

- 
Comb~ned Reheat Valves 

GE uses a deslgn on its newer units called the comblned reheat valve (CRV) 

The CRV, shown In F~gure 3-46, appears to  be only one valve In fact ~t is t w o  valves 

wlthln a slngle casing that share the same seat The RSV IS In the bottom of the valve 

and is very similar In deslgn to  the main stop valve The IV is In the top of the valve 

Both valves use the same valve seat, the RSV Inside the IV 

Each valve has ~ t s  own  actuator, and either valve can move through ~ t s  entlre 

stroke Independently of the other The valve stems for both the RSV and IV are 

sealed wlth bushlngs which have a small clearance wl th the stem The stems are both 

backseated since these valves are fully open In normal operatlon The seal leakoffs 

for these valves are usually run t o  an open funnel drain ~nstead of the steam seal 

system In normal operation there should be no leakage Into the drams because the 

valves should be backseated The open funnels allow operators to  easily check for 

leakage 

The IV IS a balanced deslgn In that the RSV opens first, actlng as an equalizer 

valve, allowlng the pressure In the IV balance chamber to  escape downstream 

Normally the RSVs open when the turblne IS reset, prior t o  start-up, when there is no 

pressure dlfferentlal across the valve The IVs then open when the turblne IS started 
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Frgure 3-45 Typrcal Westrnghouse Interceptor Valve 
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F~gure 3-46 Typ~cal GE Comblned Reheat Valve 
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3 3 3 Low Pressure Valves 

For turbines Integrated In combined cycle plants wi th  multipressure HRSGs, 

there are provisions for admission of LP steam The LP steam is admltted t o  a polnt 

In the turbine steam path that matches the LP steam pressure As wl th the steam 

from the steam generator to  the HP and IP turblne sections, there are usually two  sets 

of valves in series, a stop valve and a modulating valve The stop valve is fully open 

In normal operation and the modulating valve 1s generally positioned to  control the 

pressure in the LP c i rcu~t  of the HRSG 

The naming of these valves IS not standardized llke that of the HP turbine and 

IP turbine inlet valves For some units they are called induction valves while for other 

units they are called LP admission valves There are many other names as well 

- 
LP Stop Valve 

Many different valve designs are used for LP stop valves In some cases the 

a valve used IS very similar to  the reheat stop valve whlle In other cases a butterfly 

valve IS used As wi th  other main steam valves, the LP stop valve stem IS generally 

sealed uslng a closely f ~ t t e d  bushing There may or may not be connections to  the 

turbine gland seal system and a backseat There 1s usually a strainer in the LP stop 

valve that protects the turblne from damage from debris 

lnduct~on Control Valve 

As wi th the LP stop valve, many different types of valves have been used as 

LP control valves including butterfly valves, balanced and unbalanced designs As 

wi th  the other main steam valves the stem is generally sealed using closely fitted 

stem bushings which may or may not have connections t o  the turbine gland\steam 

seal system In some cases where there is no stralner In the LP stop valve, there is 
a strainer installed In the LP control valve to  protect the turblne from debr~s 

The LP control valve IS generally modulated to  maintain the pressure in the LP 

clrcuit of the HRSG The valve may also be modulated in the event of overspeed to  

control and limit the peak overspeed 
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3 4 Turblne Lube 011 System 

The function of the turbine lube oil system IS to  provide lube oil to  the turbine 

bearings and other hydraulic devices The lube 011 system is often thought of strictly 

in terms of lubrication and indeed that is perhaps its most important function 

Another important function that is often overlooked, however, is its heat removal 

function The bear~ngs and other deuces that are served by the lube oil system 

generate considerable heat The lube oil carries this heat away for rejection In the 

lube oil coolers Another important function served by the lube oil system, for units 

wi th hydrogen cooled generators, is as a backup t o  the generator seal oil system 

The turbine lube oil system essential t o  the operation of the unit Immediate 

failure of the turbine bearings and loss of al~gnment wl th severe internal damage 

results In the event of fallure of the lube 011 system There are many different lube 

oil system designs, however, given the importance of the lube oil system, a feature 

common t o  all systems IS multiple lines of defense against the loss of lube oil In 

operation 

Lube oil IS commonly used for various control purposes as well, however For 

older un~ts, high pressure lube oil IS used for hydraulic fluid for the main steam valve 

actuators These units commonly use an older type of control system called an MHC 

(Mechanical Hydraulic Control) system Most newer units have EHC (Electro 

Hydraulic Control) systems that have a separate hydraulic system that uses a different 

fluid and pressure than the lube oil 

GE and Westinghouse lube oil systems are very similar The following Section 

describes a typical GE lube 011 systems as an example Where there are s~gn~f icant  

differences in the Westinghouse systems, these differences are noted 
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3 4 1 Typ~cal  Lube 011 System 

The GE lube oil system, shown schemat~cally In F~gure 3-47, conslsts of the 

fo l low~ng major components 

M a ~ n  lube 011 tank 

Maln 011 pump (MOP) 

Two  booster pumps 

Auxil~ary 011 pump (AOP) 

Turn~ng gear 011 pump (TGOP) 

Emergency bear~ng 011 pump (EBOP) 

Lube 011 coolers 

Vapor extractor 

Bypass f i l t rat~on system 

The turb~ne lube 011 system proper contains t w o  major f low paths, one suppl~es 

h ~ g h  pressure 011 for turb~ne control and protectlve dev~ces, and the other suppl~es 

lower pressure lubricating and coollng oil t o  the turblne and generator bearlngs 

In the high pressure f low path, h ~ g h  pressure 011 at about 225 p s ~ g  IS suppl~ed 

by the maln 011 pump (MOP) when the turblne IS In normal operation at rated speed 

West~nghouse u n ~ t s  operate at pressure of 150  p s ~ g  for older unlts and 300  p s ~ g  for 

newer un~ ts  The MOP IS located In the HP front standard and is dr~ven from the HP 

turb~ne rotor through a stub shaft The AC motor driven aux~ l~ary  011 pump (AOP) 

prov~des the source of hlgh pressure 011 w h ~ l e  the turb~ne IS be~ng started up or shut 

down T h ~ s  IS necessary because the MOP cannot prov~de h ~ g h  pressure 011 when the 

turb~ne speed is less than rated speed The h ~ g h  pressure 011 discharged by e~ther 

pump IS routed t o  the h ~ g h  pressure oil header to  the main steam valve servomotors, 

turb~ne controls and protectwe dev~ces 011 from the devlces that use the high 

pressure 011 drams back to  the maln lube 011 tank 
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Flgure 3-47 Typlcal GE Lube 011 System Arrangement 
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0 The oil supply for both the maln oil pump and the auxiliary oil pump IS the main 

011 tank The MOP is at the turbine deck elevation while the main 011 tank IS In the 

basement This d~fference in elevation makes it necessary to  provide booster pumps 

to  supply the MOP suction The booster pumps that are used in normal operation are 

oil turbine driven for GE units and ejectors for Westinghouse units and use high 

pressure oil from the MOP discharge for motive fluid This arrangement is an 

important feature of the lube oil system because it means that In normal operation all 

motor driven pumps can be shut down and the lube oil system IS self-sustain~ng 

Dur~ng startup and shutdown of the turbine, when hlgh pressure oil from the MOP IS 

not ava~lable, oil from the AOP low pressure d~scharge provides suction to  the MOP 

In the low pressure f low path, the source of low pressure oil IS the booster 

pump turbine discharge in the maln 011 tank A relief valve at the 011 turb~ne discharge 

limits the lube oil header pressure to  about 25 psig at the turbine centerline Lube o i l  

header pressure for most West~nghouse units is 18 psig at the turbine centerline The 

lube oil from the turbine discharge IS piped to  the lube oil coolers, only one of which 

is In service during normal operation The oil coolers cool the lube oil and the cooled 

lube oil then f lows t o  the bearing lube oil header Branches from the lube oil header 

provide lubricating 011 t o  all of the turbine and generator bearings Oil IS also provided 

to  some control devices All oil from these components drains back t o  the lube 011 

tank 

The MOP supplies all high and low pressure oil requirements of the turbine in 

normal operation as explained above The lube oil system also has three motor driven 

pumps that are used during startup and shutdown and during emergencies The first 

of these three pumps IS the AOP which IS mentioned above The AOP provides high 

pressure oil t o  the high pressure oil header The AOP IS used dur~ng startup and 

shutdown Since the AOP takes the place of the MOP high pressure d~scharge, the 

booster pumps and turbines operate just as they do in normal operation with the MOP 

In service to  provide MOP suction and the lube oil header 

The second motor dr~ven pump is the AC motor-driven turnlng gear oil pump 

(TGOP) that supplies lube oil when the turbine generator IS on turning gear, prior to  
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start-up, or after shutdown when the AOP is not in operation The TGOP takes 

suction from the main lube oil tank and discharges Into the lube oil header before the 

lube 011 coolers (at the same point as the discharge of the booster pump turbines) 

A check valve prevents backflow through the booster pump turblnes 

The third motor drlven pump IS the DC motor-driven emergency bearing oil 

pump (EBOP) which suppl~es the turblne bear~ngs wi th oil In the event that none of 

the other three pumps function A common scenario in which the EBOP must operate 

is during a shutdown with loss of AC power to  the other motor drlven pumps The 

EBOP takes suction from the main lube 011 tank and, like the TGOP, discharges Into 

lube oil header before the lube 011 coolers 

A single AC, motor-driven vapor extractors constantly removes moisture, oil 

vapor and hydrogen from the main oil tank through a mist separator The vapoF 

extractor also keeps the main lube oil tank under a slight negative pressure 

A portlor of the turbine lube oil is constantly cleaned in an 011 filter or purifler 

Oil from the lube oil header goes to  the filter and the clean 011 IS discharged into the 

lube oil tank 

Lube 011 Tank 

The lube oil tank (or reservoir as ~t is sometimes called) IS usually a large tank 

that is of rectangular, box-l~ke construction A large tank is used to provide a long 

residence time for the oil so that debris settles to the bottom of the tank The bottom 

of the tank has shallow "vees" that accumulate sludge for draining F~gure 3-48 

shows a typical lube 011 tank Westinghouse uses a cylindrical tank for its newer 

units 

Hinged doors on the top of the tank provide access to  the inside of the tank 

and components such as the booster pump and turbine, and related valves These 

doors also act as explosion relief devices It is important, therefore, that the doors 

never be locked or t ~ e d  down In any way 
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The tank is usually equipped wi th a float-operated level gauge that provides 

alarm signals to  the control room There is also commonly a level transmitter which 

provides a signal to  the control room There IS a cabinet mounted on the top of most 

lube oil tanks which has gauges, pressure switches, pressure transmitters and test 

valves installed There IS usually a low lube oil pressure alarm when the lube oil 

header pressure falls more than about 10 psig below normal header pressure 

M a ~ n  and Booster Oil Pumps/Ejectors 

The main oil pump (MOP), shown in Figure 3-49, IS a large volume, high 

pressure, single stage centrifugal pump driven by the HP turbine shaft and located in 

the HP front standard The MOP capacity and discharge pressure are much greater 

than the requirements for the lube oil header The excess capacity is used for the 

booster pump as described below The MOP takes suctlon from the main oil tank 

The discharge IS piped to  the lube oil coolers and the booster pump that is located itf 

the 011 tank The booster pump is necessary to  pump oil to  the MOP suction because 

the oil tank is at a lower elevation than the MOP In normal operation, when the 

turbine is operating at rated speed, the MOP IS the source of oil for the system 

The booster pumps for GE units are actually single-stage centr~fugal pumps 

driven by oil turbines The oil turbines are driven by the high pressure oil from the 

MOP discharge The booster pump takes suction from the lube oil tank and 

discharges to  provide suction to  the MOP This arrangement makes the lube oil 

system independent of electric power in normal operation 

Each booster pump IS controlled by three valves The booster baffler valve is 

the inlet valve that controls the f low of oil from the MOP discharge to  the oil turbine 

Pressure at the oil turbine inlets downstream of these valves is about 140 psig There 

IS also a bypass baffler valve that controls the bypass of oil from the MOP discharge 

around the oil turbine to  the turbine discharge that feeds the bearing header Finally, 

there is the bearing header relief valve at the turbine discharge These three valves 

in each of the t w o  booster pumps are adjusted wi th the turbine IS at running speed 

to  satisfy three requirements, 225 psig MOP discharge pressure, 25  psig bearing 

header pressure, and 15 - 25 psig MOP suction (all measured at the turbine 

centerline) These valves are accessible through an access door in the top of the 

tank Generally, the valves do not require operator action once set 

---- 
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Figure 3-49 Typical Westinghouse Shaft Driven Main Oil Pump 
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Westinghouse lube oil systems do not have turbine driven booster pumps 

Ejectors are used in their place An ejector IS a jet pump The Westinghouse lube 011 a 
ejectors use high pressure oil from the main oil pump discharge as the motive fluid 

The discharge from the ejectors is used to  provide main oil pump suction and lube 011 

header pressure 

Aux~l~ary 011 Pump 

When a turbine IS being started up and is at low speeds, the MOP does not 

supply enough oil to  the booster pump to  produce its own suction During this 

period, the AOP supplies suction to  the MOP The AOP IS a centrifugal, 

AC-motor-drlven pump mounted on the lube oil tank 

Lube oil IS also used at about 225 pslg (or 150  to  300  psig for Westlnghouse .. 
units) to  open and close the main steam valves This high pressure oil normally 

comes from the MOP that is unavailable during startup The AOP also provides the 

hydraulic pressure required for the hydraulics during startup 

The AOP is usually started just before turbine startup until the turbine is initially @ 
loaded, and prior t o  shutdown If MOP discharge should fall below minimum llmits 

in normal operation, a pressure switch automatically starts the AOP for most units 

The autostart feature for most units can be tested at the lube oil tank by opening a 

test valve on the lube oil tank console The AOP IS usually manually started just 

before turbine shutdown and is itself shut down after the turbine IS on turn~ng gear 

Turn~ng Gear 011 Pump 

The MOP cannot supply oil to  the bearings for turning gear operation because 

the shaft is rotating too slowly (only about 3 - 5 rpm) The turning gear oil pump 

(TGOP) provides lube 011 during turning gear operation The pump IS a centrifugal 

type pump and is mounted on the lube oil tank It is smaller than the AOP because 

it supplies lube oil only t o  the lube oil header, not t o  the hydraulic system The 

hydraulic system cannot be operated wi th only the TGOP in service, therefore The 

TGOP is driven by an AC motor 

--- 
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The pump 1s placed in operation before the turb~ne 1s placed on turning gear 

and remalns running until the AOP is started If the lube 011 header pressure falls 

below the mlnlmum acceptable, a pressure switch in the TGOP controls automatically 

starts the TGOP for most units The TGOP autostart feature for most unlts may be 

tested by openlng a test valve on the lube oil tank console The TGOP IS manually 

started after the turblne reaches turnlng gear (after which the AOP 1s shut down) and 

remains on until the turb~ne IS taken off turning gear 

DC Emergency Bearlng 011 Pump 

In some emergencies, the turbine 1s shut down when no power IS available for 

the AC motor driven pumps, and so the turbine bearlngs would have no 011 as the 

turblne "coasts down " Loss of 011 causes severe damage The emergency bearing 

oil pump (EBOP) 1s a DC motor drlven, centrifugal pump In the lube 011 tank tha t  

suppl~es oil to  the bearing header when thls happens The DC motor is suppl~ed w ~ t h  

power from the station battery The electr~cal controls for this pump are arranged so 

that an overload of the pump motor results In an alarm, but does not trlp the pump * because it is better t o  ruin the DC motor than to allow the main turbine to  coast down 

without lubricat~on 

The EBOP may be started manually from the control room but 1s not used in 

normal operation If the MOP discharge pressure or bearlng header pressure fall 

below mlnlmum l~m i t s  a pressure s w ~ t c h  automatically starts the pump The EBOP 

autostart feature for most units may be tested by openlng a test valve on the lube oil 

tank console 

Turn~ng Gear Interlock 

The lube oil system must be In service w ~ t h  adequate bearlng header pressure 

before starting the turning gear A pressure switch in the turning gear loglc prov~des 

this protection Bearing header pressure must be above minimum before the turning 

gear may be started and ~f the turnlng gear is runnlng the turnlng gear trips ~f bearing 

oil header pressure falls below minimum acceptable 
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Vapor Extractor 

The vapor extractor IS a positive displacement blower that takes suction from 

the 011 tank and removes explosive mixtures of air, hydrogen, water vapor, and 011 

vapor from the tank The hydrogen results from the interconnection of the lube oil 

and generator seal 011 systems The vapor extractor is drlven by an AC motor wl th 

the control switch in the control room There is no automatic starting feature for the 

vapor extractor In the event that the vapor extractor trips In operation, a control 

room alarm IS usually annunciated 

The vapor extractor has a bypass llne from the discharge back to  the top of the 

lube 011 tank A valve in thls bypass llne can be adjusted to control the vacuum in the 

lube oil tank and the lube oil system The vacuum should be set wl th  a manometer 

t o  about 112 to  1 1 /2 inches of water below atmospheric pressure The vacuum - 
should be no higher than necessary to  prevent the escape of oil vapor or oil leakage 

If the vacuum IS too high, excessive dust and dirt are drawn into the system past the 

oil deflectors 

The vapor extractor usually exhausts to  a roof vent through an 011 trap or mlst 

ellmlnator Thls mist eliminator drains to  a loop seal that In turn drains the dlrty oil 

to waste The vapor extractor should be in operation whenever there is hydrogen in 

the generator 

Westinghouse unlts are generally much more llkely to have oil fires In the event 

of failure of the vapor extractor As a result, many Westinghouse unlts have t w o  

vapor extractors and the backup vapor extractor often is started automatically 

Lube 011 Coolers 

There are t w o  100% capacity shell and tube type 011 coolers installed at the 

main lube oil tank In normal operation, one cooler IS valved out and the other 

receives the discharge from wh~chever pump IS supplying oil to  the bearing header 

There IS a transfer valve used to  shut off  oil t o  one oil cooler whlle the other IS in 

service 
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* F~gure 3-50 shows a slmpl~fled lube 011 cooler wlth a U-tube bundle The cooler 

has a continuous vent that d~scharges through an orlflce Into the tank 011 from the 

booster pump or alternate cooler can be admltted dlrectly to  the coolers through a 

flller or Interchange valve Whenever a cooler IS placed lnto servlce, the flller or 

Interchange valve should flrst be opened, and the vent dlscharge checked t o  be sure 

the cooler IS fllled The dlscharge of the vent may be observed through an screw 

type cover plate on the top of the tank between the t w o  coolers 

The lube 011 coolers are connected to  the booster pump dlscharge and bearlng 

header wl th  a three-way transfer valve llke that shown In F~gure 3-51 The f low of 

the lube 011 to  and from the coolers is controlled by a double 3-way valve which IS 

mounted on the lube 011 tank In front of the 011 coolers This speclal 3-way valve has 

t w o  valves In one body, one valve for the 011 entering the coolers and the other for 

the orl leavlng the coolers The valve dlsk IS a tapered plug wl th passages for bo th  

valves so that both valves share a common stem 

The 3-way changeover valve operating mechanism has t w o  components, a 

e jacking handwheel and a changeover handwheel whlch are located on the top of the 

lube 011 tank In front of the lube 011 coolers In normal operation the valve plug IS 

seated In ~ t s  f ~ t  Before the changeover handwheel can be operated, the plug must 

be llfted out of its f ~ t  by  turnlng the jacklng handwheel counterclockw~se (no more 

than 2 revolutions) The changeover handwheel lever can then be operated easlly 

The ports In the valve dlsk are arranged so that the 011 flow to  and from the old cooler 

are opened before the ports t o  and from the old cooler are closed Thls valve 

sequence assures that 011 f low IS not Interrupted durlng the changeover Thls 

arrangement also makes ~t posslble to  leave the valve In m ~ d - p o s ~ t ~ o n  to  place both 

coolers In service at the same tlme, although thls IS seldom done unless coollng water 

temperature IS hlgh After the valve IS In the new posltlon, the jacklng handwheel is 

turned In the clockwise dlrectlon to  seat the plug once agaln 

I t  IS very Important t o  assure that before placlng a new cooler In servlce ~t IS 

fllled wl th 011 If a cooler to  be place In servlce were to  be alrbound, a bubble of alr 

could be Introduced lnto the lube 011 header Such an alr bubble could cause 

momentary lnterruptlon In lube 011 f low and severe damage to  the turblne bear~ngs 
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F~gure 3-50 S~mpl~f~ed U-Tube Lube 011 Cooler 
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COOLER NO 

Flgure 3-51 Typ~cal Lube 011 System Transfer Valve 

Page 96 



Pr~nc~ples of Combined Cycle Power Plants MODULE 3 

The cool~ng water for the lube oil coolers is usually controlled ~ndividually by 

air operated, temperature control valves The controls for these valves are usually 

located in the control room Lube oil temperature should be maintained at about 90°F 

while on turning gear A t  startup, the temperature should be at least 100°F before 

increasing turb~ne speed above 3000 rpm Normal temperature while at rated speed 

IS about 11 5°F Alarms for lube oil are typically 130  F for the lube oil header and 

155°F for the 011 draln~ng from any bearlng 

Lube 011 Pur~ f~e r  

The lube 011 system IS normally equ~pped w ~ t h  a bypass f~ l t r a t~on  system A 

separate pump takes suction from near the top of the lube oil tank as shown in 

F~gure 3-52 T h ~ s  feature assures that the lube 011 tank cannot be drained 

rnadvertently by the lube 011 purifler The purifier pump discharges back t o  the tank 

3 4 2 Lube 011 System Operat~on 

Regardless of the manufacturer or the deta~ls of the design of the lube oil 

system, there are many operational concerns that are common Lubr~cation for 

bearings IS of obvious Importance The turbine bear~ngs positlon the rotor wi th 

respect to  the stationary parts of the turbine If the rotor turns in its bearings wlthout 

lubrication, metal to  metal contact occurs This contact causes fr~ctional heating that 

In turn causes the bear~ng babbitt to soften and be "wlped" out of the steel llner 

Once the soft babbltt IS w ~ p e d  out of the bearing, the rotor turns against the steel 

liner and becomes badly scored In addition, the rotor "falls" a distance equal t o  the 

thickness of the babbltt, usually about 1 /8  to  114 Inch Because the running 

clearances inslde the turbine are much smaller than t h ~ s  distance, the rotor contacts 

and rub against the internal components, usually causing considerable damage 

If only one journal bear~ng IS wlped on a unit wl th several journal bear~ngs, 

generally damage will be confined t o  those parts of the turb~ne closest to  that 

bearing If the thrust bearing is w~ped, however, the entlre turb~ne IS affected 

because it maintains the axial posltion of the entlre unit Failure of the thrust bear~ng 

usually results In axlal rubb~ng and severe damage throughout the turb~ne 
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011 that is supplied to the bearings must be clean and at the proper 

temperature Dirty 011 IS the most frequent cause of bearing damage Oil is kept 

clean by avoiding introduction of dirt Into the system, operation of the lube oil filtering 

system, and keeplng strainers and screens clean 

Introduction of dlrt Into the system can be minimized by maintaining only the 

mlnlmum requ~red vacuum In the lube 011 tank Th~s mlnlmlzes the amount of dust and 

debris drawn into the system between the shaft and 011 seals 

It is important to keep the lube oil at the proper temperature Durlng turnlng 

gear operatlon, oil that is too hot can be too thin to maintain an oil film between the 

journal and bearing because of the slow speed, even though the fllm may be adequate 

at running speed Metal to metal contact and bearlng damage can result 

In operatlon, oil that IS too cold IS so thlck that it can cause a phenomenorf 

called "011 whip " 011 whip is characterized by very high vibration resulting from 

bearing instability The proper 011 temperature for turning gear operation is about 90°F 

and for normal operation about 1 15°F The temperature is controlled by modulating 

valves controlling cooling water flow through the lube oil coolers 

When the lube oil IS cold and the turbine is shut down, the only way to heat 

the 011 for most turblnes is through operation of the motor driven pumps Lube oil 

tank heaters are uncommon The AOP is used for this purpose because the AOP is 

the largest of the motor driven pumps in the system and so generates the most heat 

from losses 

Cooling IS another important function of the lube oil system Bearlngs would 

quickly heat up due to frlction wlthout cooling and, because most babbltt softens at 

about 300°F, damage would qulckly result Thls IS true when the unlt IS shut down 

as well as in operation If the unit IS removed from turning gear immediately after the 

turbine is shut down, the rotors are hot enough to melt babbltt Lube 011 provides 

enough coollng to prevent melting 

Damage to bearlngs may be detected by unusually high vibration, hlgh bearing 

metal temperatures, and hlgh bearlng 011 drain temperatures Another indlcatlon of 

damage IS pieces of babbitt (a silvery, soft, nonmagnetic metal) In oil screens, 

strainers, or sight boxes 
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Generally, the temperature and cleanliness of the 011 IS adequate for the other 

devlces served by the system, ~f the requirements for the bearlngs are satlsfled The 

cleanl~ness of the 011 In the lube 011 system IS malntalned by the 011 filtration and 

storage system 

Lube 011 systems employ vapor extractors that remove 011 vapor, water vapor, 

and hydrogen (from the seal 011 system) from the main 011 tank They also provlde a 

sllght vacuum on the lube 011 tank that prevents 011 vapor from leaklng out of the tank 

Also, since all of the lube 011 dram piping from the standards IS connected to  the top 

of the tank, the vapor extractors prov~de the same negatlve pressure In the standards 

to  prevent 011 vapor from leaklng past the 011 deflectors 

I t  IS Important t o  understand the consequences of operation without a vapor 

extractor Alr that has h ~ g h  humldlty IS constantly drawn Into the lube 011 system at 

the oil deflectors even ~f the vapor extractor IS not runnlng Addltlonally, water 

sometimes enters the system through lube 011 cooler leaks Slnce the 011 IS hot, water 

0 that enters the system normally evaporates If the vapor extractor IS not in servlce 

to  remove the water vapor, water can condense and mix wl th  the 011 

When water IS carrled Into the lube 011 system, corroslon of varlous 

components occurs Perhaps the most serious area for corroslon In the turblne 

controls and maln steam valve servomotors If there is corroslon In these 

components, the turblne main steam valves may fail t o  close upon a turb~ne trlp and 

a destructive overspeed condltlon can result 

Another posslble consequence of fallure of a vapor extractor IS oil flres at the 

bearlngs If the vapor extractor IS not In servlce, 011 vapor can leak out ~ n t o  the 

turblne hall at the bearlngs Slnce hot turblne parts are close to  the 011 

seals/deflectors, flre IS a common hazard 

Flnally, fallure to  operate a vapor extractor, for unlts wl th  hydrogen cooled 

generators, can cause a hydrogen explosion The lube 011 system serves the 

generator bearlngs as well as the turblne bearlngs There are t lny bubbles of 

hydrogen entrained In the 011 that drams from the generator bearlngs t o  the lube orl 
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tank Over time the hydrogen can accumulate in the main lube 011 tank and form an 

explosive mlxture Operat~on of the vapor extractor IS essential, therefore, whenever 

there IS hydrogen In the generator 

There IS one caution In the operation of the vapor extractor, however If there 

is leaking steam near oil seals/deflectors, the vapor extractor should be shut down to  

avoid drawing the steam Into the lube oil system This may occur if the gland seal 

system exhauster(s) fall 

3 5 Gland Steam, Drarn and Exhaust Hood Spray Systems 

The turbine gland steam and drain system IS actually t w o  separate but related 

systems The funct~on of the gland steam system IS to  seal the turbine where the 

turb~ne rotor penetrates the casing These seals must be capable of keeping air out 

of the turbine as well as preventing leakage of steam from the turblne The turbine 

drain system drains condensate from the low points In the turbine Accumulat~on of 

water in the turbine can lead to  damage from water ~nductron One of the low points 

that IS drained by the drain system IS the gland seal steam supply The exhaust hood 

spray system sprays condensate into the exhaust hood during startup and periods of 

low load operation to  control the temperature of the long blades in the LP turblne 

3 5 1 Glandisteam Seal System 

Gland Steam System Prrncrples 

There are t w o  d~fferent types of seals used In steam turb~nes, pressure and 

vacuum, as shown In Frgure 3-53 For pressure seals, there are many rings of 

packlng and as many as three leakoffs, followed by a chamber connected t o  the 

steam seal header, and another chamber connected to  the steam seal condenser 

header In normal, full-load operation, steam leaks outward The steam pressure falls 

steadlly as the steam leaks past each rlng of packing The chamber connected to  the 

steam seal header IS always held at a constant pressure of about 3-5 p s ~ g  Steam 

which leaks outward from the steam seal header chamber leaks into the steam seal 

condenser chamber whlch is held at a constant pressure slightly less than 

atmospheric pressure (about 10 to  15 inches of water vacuum) T h ~ s  chamber draws 

a small amount of air in from the outs~de and so steam never leaks out Into the 

turb~ne hall 
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F~gure 3-53 S~mpl~f~ed Pressure and Vacuum Seals 
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In normal operat~on steam leaks Into the gland steam header Before the 

turb~ne IS started up, however, there IS a vacuum In the turb~ne Under these 

cond~t~ons,  steam leaks Into the turblne from the gland steam header which IS st111 

held at the same 3-5 psig The f low of steam to  the gland steam condenser chamber 

remains the same regardless of whether the packing is seallng against pressure or 

vacuum Thus the pressure pack~ng can seal against elther pressure or a vacuum 

A vacuum seal is used In the low pressure turbines where (for condens~ng 

units) the seal IS always necessary to  seal against a vacuum Vacuum seals usually 

have only three rings of packing forming t w o  chambers, the Inner one connected to  

the gland steam header and the outer connected to  the gland steam condenser 

header 

The seals for valve stems are similar to  those for the turblne, except t h a l  

closely fltt lng bushlngs are used instead of labyrinth packlng The bushings have a 

clearance of about 0 003 to  0 01 5 inch and so the pressure of the steam IS lowered 

as ~t leaks between the stem and the bushing As w ~ t h  shaft packlng, the bushlngs 

generally have a break t o  form a chamber where steam is allowed t o  leak off The 

end of the sealing arrangement may use soft packing, as shown In F~gure 3-54, or 

may be connected t o  the steam seal header and/or the steam packing exhauster 

header, depending on the pressure which IS belng sealed against 

The seallng arrangement also dlffers depending on whether or not the valve IS 

a controlling or non-controlling valve Non-controlling valves are generally either fully 

open In normal operation, or fully closed, when the unit is shut down Such valves 

often have a backseat which seals the stem against any leakage when fully open 

Such valves (such as Intercept and reheat stop valves), sometimes do not have 

connections to  the steam seal header or steam seal condenser since there IS normally 

no leakage Instead, the leakoff(s1 IS plped to  an open funnel dram so that leakage 

past the backseat can be easily detected 

Page 103 



Pr~nc~ples of Combmed Cycle Power Plants MODULE 3 
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F~gure 3-54 S~mpl~f~ed Valve Stem Bushlng Arrangement 
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Gland Seal Piping and Valves 

The gland seal system has t w o  separate but related plping systems, the gland 

seal header and the gland steam exhauster header The gland seal header pressure 

is maintamed at a pressure of about 3 to  5 pslg while the gland steam exhauster 

header is generally ma~ntalned at about -1 5 inches of water A simplified view of a 

typical system IS shown In Figure 3-55 

The gland seal header has at least t w o  pressure control valves t o  maintain 

pressure wlthin the requlred range One of these valves IS a steam feed valve that 

admits steam to  the gland seal header at low loads t o  maintain pressure durlng the 

perlod when, because there IS a very low pressure everywhere inside turblne, both 

the pressure and vacuum seal requlre seallng steam The pressure control range for 

the gland seal feed valve is typrcally about 3 to 4 pslg, it is fully opened at 3 psig and . 
IS fully closed at 4 pslg The source of sealing steam is usually steam from the steam 

generator, upstream of the TV/MSV 

The second pressure control valve, usually called the unloadrng or spillover 

valve, generally has a pressure control range of about 4 t o  5 psig, fully closed at 4 

psig and fully opened at 5 psig Steam from the unloading valve is usually piped to  

the condenser Bypass valves are Installed around the pressure control valves t o  

allow manual pressure control when the pressure control valves are not operating 

properly or excessive seal leakage exceeds the valves' capaclty 

Examinat~on of the operation of the gland seal header valves system as the 

turblne is started and loaded illustrates the Important aspects of its operation The 

system IS placed in servlce after the turbine is on turning gear and just before starting 

the condenser as a removal system to pull vacuum The gland seal feed valve opens 

to  admlt steam when the system IS flrst placed In servlce When the turblne IS 

started and the pressure at the pressure packlngs Increases, the steam requlrement 
for the pressure packlngs decreases Therefore, the pressure In the gland seal header 

tends t o  Increase, but the gland seal feed valve modulates In the closed direction to  

malntaln a nearly constant pressure When the turb~ne reaches a high enough load, 

steam leaks into the steam seal keader from the pressure seals 
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F~gure 3-55 S~mpl~f~ed GE Gland Seal System 
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As the load continues to  Increase, the turblne load reaches a "break even 

polnt" where the steam leaklng Into the gland seal header from the pressure seals IS 

exactly enough t o  supply the requirements of the vacuum seals A t  thls break even 

polnt the gland seal feed valve should be closed 

When the turblne load Increases above the break even polnt, the pressure In 

the gland seal header tends t o  Increase further The unloadlng valve then starts to  

open to  port the excess steam from the gland seal header 

There are several dlfferent features that are seen In some gland seal systems 

Flrst, many Westinghouse gland seal systems have more than one source of steam 

for the gland seal header, each of whlch has a separate pressure control valve 

Where thls arrangement IS used, steam from the steam generator upstream of the 

TVIMSV IS used when the turblne IS started up and cold reheat steam IS used aftec 

the cold reheat pressure Increases to  the polnt where IS can supply the needs of the 

gland seal header The t w o  pressure control valves used In thls arrangement have 

dlfferent pressure control ranges Typically the pressure control valves for the flrst 

valve mlght be about 3 pslg to  3 75 pslg, 3 75 to 4 25 pslg for the cold reheat valve, 

and 4 25 t o  5 pslg for the unloadlng valve 

Another feature used for most Westlnghouse turblnes IS attemperatlng sprays 

In the gland seal header for the vacuum seals Attemperatlon IS used t o  cool the seal 

steam that IS plped to  the vacuum seals because the operating temperature of these 

seals IS relatively low (around 230°F) Hlgh thermal stress results wlthout 

attemperatlon since the temperature of the steam In the gland seal header IS generally 

much hlgher, especially when the gland seal feed valve IS open 

A feature seen In some GE unlts IS a three way dlvertlng valve (TDV) 

downstream of the unload~ng valve The TDV ports steam t o  the condenser at low 

loads and to  a feedwater heater at hlgh loads The TDV posltlon IS changed from the 

condenser to  the feedwater heater extraction when the pressure at the turblne 

extractlon Increases above that of the gland seal header so that steam does not back 

up Into the turblne from the gland seal header 
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The gland exhauster header plplng system IS less complex than the gland seal 

header system because there IS no change In the amount or dlrectlon of flow, 

regardless of turb~ne load The partlal vacuum In the gland exhauster header IS 

created by a blower that IS Installed on the shell of a heat exchanger The shell and 

tube type heat exchanger IS called the gland steam condenser (GSC) The blower 

takes suctlon on the shell slde of the GSC The gland exhauster header 1s also 

connected to  the shell slde of the GSC and thls connection establ~shes the partlal 

vacuum In the gland steam condenser header 

Condensate from the condenser hotwell IS usually used as the coollng f l u ~ d  for 

the GSC condenser Use of condensate reduces operational f l ex~b~ l~ ty ,  however, slnce 

the condensate system must be In servlce before the gland seal system can be placed 

In servlce Some unlts have another source of coollng water to  the GSC (such as 

bearlng coollng water) t o  avold thrs constraint 
e 

As soon as the gland steam header IS pressurized, steam leaks lnto the 

outermost annulus of both the pressure and vacuum seals where the gland steam 

exhauster header IS connected Steam and air are drawn lnto the gland exhauster 

header When the mixture reaches the GSC, the steam In the mixture IS condensed 

and the air IS exhausted (usually to  a roof vent) by the blower The condensate from 

the GSC IS generally dralned to  the condenser 

Gland Seal System Operation 

The gland seal system must be In servlce any tlme that the turblne IS In servlce 

It IS placed In servlce before the condenser air removal system IS placed In servlce to  

prevent air from leaklng lnto the condenser Placlng the gland seal system In servlce 

allows a vacuum to  be establ~shed In the condenser The GSC blower IS generally 

placed In servlce before the steam IS admltted t o  the gland steam header to  avold 

steam leakage at the seals 

The gland seal system must remain In servlce untll the turblne IS shut down and 
there IS atmoseherlc pressure on the condenser (vacuum IS broken) If the gland seal 

system were to  fall whlle the turb~ne were in servlce, steam would leak from the 

pressure seals and air would leak lnto the condenser at the vacuum seals The 
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turblne would probably trip because of low vacuum under these circumstances If the 

gland seal system were t o  be shut down after the turblne were trlpped, but before 

breaklng vacuum In the condenser, cold air would be drawn Into the hot turblne at 

the seals Thls would cause hlgh thermal stress 

For some units, the external source of seallng steam has a very low pressure 

during startup Where this is the case, the gland seal header pressure may not be 

adequate even when the feed valve opens fully It may be necessary to  open the 

feed valve bypass valve in these Instances to  Increase the gland steam header 

pressure 

The gland seal systems IS usually deslgned t o  be able t o  function wl th worn 

labyrinth seals If the seals become very badly worn, however, the sealing steam 

requirement at low loads Increases and at hlgh loads the leakage of steam Into ths 

seal header Increases If the seals are very badly worn, the increased leakage may 

require that the feed valve bypass valve be open at startup and the unloading valve 

bypass opened at hlgh loads In order t o  malntaln the gland seal header pressure 

wlthln the normal operating range 

3 5 2 Exhaust Hood Sprays 

Exhaust Hood Spray Prlnc~ples 

The tlps of turblne blades travel at very hlgh velocities The veloclty of the 

longer blades, whlch are found In the low pressure turblne, is greater than that of 

shorter blades The last stage blades may have a t ~ p  veloclty of as much as 1200 

miles per hour 

Whenever an object travels through a gas, such as air or steam, at such hlgh 

veloc~tles, the object is heated by aerodynamic heating Aerodynamic heating IS 

caused by the frlction of gas molecules as they pass over an object, causing heatlng 

similar t o  that produced by solld surfaces rubblng together If blades are heated too 

much, thew temperature becomes so high that the metal strength IS lowered and 

damage occurs 
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Another factor unrelated to  aerodynamic heatrng can aggravate the tendency 

for the low pressure turblne to  be overheated at low loads That IS that the reheat 

temperatures are relatively h ~ g h  (compared to  f low) at low loads Thls tends to  

Increase the temperature of the steam In the low pressure turblne Because the low 

pressure turbine last stage blades are the longest, these blades travel at the highest 

speeds Therefore, these blades become hotter than the shorter blades In the turblne 

Although bucket temperature should be monitored, there IS no satisfactory way to  

measure the temperature of blades dlrectly wl th permanently installed Instruments 

When the blades become hot, however, the blades heat the exhausting steam 

and the exhaust hood Thls heatlng IS the major reason that exhaust hood 

temperature IS monitored If the exhaust hood temperature rises above acceptable 

I~mlts, ~t is a good lndlcation that the blades are too hot 

The function of the exhaust hood spray system IS to  prevent the LP turbrne 

bladeslbuckets from overheating The bucketslblades of the low pressure turblne are 

cooled, when necessary, by spraylng cool water through the exhaust hood spray 

nozzles, whlch resemble shower heads, near the last stage blades The spray creates 

a cloud of cool mlst near the last stage bucketslblades A t  low loads there is a 

negatlve pressure near the root of the last stage bucketslblades (a phenomenon called 

negatlve root reactron), and so the cool mist IS carrled upstream one or t w o  stages 

rn the LP turbrne 

Exhaust Hood Spray P~ping and Valves 

A typlcal exhaust hood spray piping and valve arrangement IS shown in 

Figure 3-56 The source of water for the exhaust hood spray water IS usually 

condensate from the condensate pump discharge The condensate IS plped t o  an air 

operated exhaust hood spray valve The water spray valve usually has shutoff valves 

Installed at the Inlet and outlet and has a bypass valve The discharge from the water 

spray valve IS plped t o  rlng manifolds that are mounted on the ends of the LP Inner 
casings Nozzles are connected to  the ring headers and are almed t o  spray water In 

the area of the LP exhaust annulus 

- -- 
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F~gure 3-56 Typ~cal Exhaust Hood Spray System 
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The operation of the exhaust hood water spray valve (WSV) is usually 

automatic The control scheme for the WSV depends upon the vintage of the turb~ne, 

Older turblnes use some ~ndicat~on of turbine load, usually GVICV positlon as a s~gnal 

to  open the WSV at low load (usually about 5 to  15% of rated load), and close it 

above the opening load setpoint In this control scheme, the WSV does not 

modulate The WSV 1s elther fully open or fully closed Slnce the WSV does not 

modulate, the turblne may be very hot when theWSV opens t o  admit relatively cool 

condensate T h ~ s  can cause high thermal stress In the turbine 

Newer units usually employ a more sophisticated control scheme for the WSV 

A temperature transmitter that senses exhaust hood temperature IS used to  control 

a modulating WSV position In this control scheme, the WSV starts opening around 

140°F exhaust hood temperature and IS fully open around "160 F This control 

scheme is an Improvement since it avoids the potential for thermal shock to  the . 
turb~ne that exists using a WSV that does not modulate 

Exhaust Hood Spray Operation 

The exhaust hood spray system should be operated wi th  care to  avoid t w o  

problems The first problem is thermal shock It is common for operators to  open the 

WSV bypass In many plants If it IS necessary t o  open the WSV bypass valve, it 

should be opened slowly when exhaust hood temperatures are high t o  avoid the 

potent~al for thermal shock as described earlier 

The second problem is erosion The water droplets from the exhaust hood 

sprays causes eroslon of the last stage buckets Excesswe eroslon can result ~f the 

sprays are used when they are not needed This problem can occur if the WSV 

bypass is Inadvertently left open 

3 5 3 Turblne Drains 

Dram System Prlnc~ples 

The basic "principle" associated wi th  the drain system is the fact that it is 

undesirable for many reasons to  allow water to  accumulate anywhere in the turbine 

or turb~ne related piping Water can enter the turb~ne from varlous sources, however 
one of the most common sources of water 1s condensation of steam One 
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consequence of water In piping as seen In many piping systems, IS water hammer 

Water hammer IS usually prec~p~tated by water flash~ng to  steam Another poss~ble 

consequence IS thermal shock, w h ~ c h  occurs when cold water h ~ t s  relat~vely hot 

turblne components Thermal shock can cause d~s to r t~on  and misal~gnment of the 

turbine components Finally, ~f water h ~ t s  the rotating blades of a turb~ne, severe 

damage, including loss of rotat~ng blades, can occur The ~ntroductlon of water to  

the turblne IS usually referred to as water ~nduct~on 

The dram system serves another function that IS not obv~ous A small warming 

steam f low IS established when the drams are opened dur~ng startup and the turblne 

and piping are f ~ r s t  pressurized 

Dram System P~plng and Valves 

* 

Dram systems are very s~mple Low spots In the turb~ne, valves, and related 

piping have drain connections ~nstalled These drams are generally p~ped to  the 

condenser w ~ t h  dram control valves In the dram l ~ n e  Water drains from the low spots 

by gravity Generally the dram valves are opened when the turb~ne IS shut down and 

dur~ng l n ~ t ~ a l  starting As the turb~ne heats up and the steam f low through the turblne 

and plplng Increases, there IS no p o s s ~ b ~ l ~ t y  of condensation and so the drain valves 

are closed t o  prevent the loss of steam Typlcal locations for drams ~nclude the 

following 

TVIMSV before seat drams 

TVIMSV after seat drams 

M a ~ n  steam lead drams (for units w ~ t h  steam chests not mounted on the 

turb~ne shell) 

Turb~ne shell (usually at the f ~ r s t  stage or ~mpulse chamber) 

RSVILPSV before seat drains 

RSVILPSV after seat drams 

Extraction plplng drams 
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Drain System Operation 

All tu rb~ne drams should be fully opened any time the turb~ne IS shut down 

The only except~on to  thls rule IS for long outages In w h ~ c h  the turb~ne has been 

allowed to  cool The drams are closed dur~ng startup as the load and temperatures 

Increase to  the point where condensation IS no longer poss~ble Keeplng the dram 

valves closed In normal operat~on saves steam that would otherwise be bypassed to 

the condenser and wasted The dram valves are opened when the turblne IS shut 

down Typlcal recommendat~ons for clos~ng the various dram valves durlng startup 

are as follows 

Maln steam lead and TV drams may be closed when HRSG temperatures 

(and superheat) assure that there can be no carry over of mo~sture to  the 

turblne . 

The LPSV llne dram may be closed when the ICV posltlon exceeds 5% 

open 

All other dram valves should remain open untll the turb~ne reaches 20% 

load 

The above gu~del~nes can be appl~ed In reverse for the openlng of the valves 

as the turblne IS shut down 

3 6 EHC Hydraul~c System 

Older turblne-generators use h ~ g h  pressure lube 011 as the hydraul~c f l u ~ d  for the 

main steam valve actuators T h ~ s  arrangement IS most common for unlts that have 

MHC (Mechan~cal Hydraulic Controls) Newer u n ~ t s  usually have EHC (Electro- 

Hydraul~c Controls) systems w h ~ c h  have a separate hydraul~c system T h ~ s  Sect~on 

describes features that are found In most EHC hydraullc systems 

The EHC hydraul~c f l u ~ d  system usually operates at pressures between 1800 

and 21 50 p s ~ g  The use of a separate h ~ g h  pressure hydraullc f i u ~ d  system makes ~t 

poss~ble to  bu~ ld  hydraullc servo motors that are cons~derably smaller and more 

Page 1 14 



Principles of Combined Cycle Power Plants MODULE 3 

compact than the actuators that are used in most lower pressure MHC systems The 

use of a separate fluid system also makes ~t posslble t o  better control the cleanllness 

of the hydraullc fluld, an Important consideration glven the importance of the role that 

the maln steam valves play In overspeed protection Flnally, the use of a different 

f l u~d  In the hydraullc system makes it posslble to  use a flre resistant fluld near the hot 

maln steam valves, thus lmprovlng safety 

Most turb~ne EHC hydraul~c systems have a central hydraulic pumping unit that 

conslsts of a fluld reservolr, pumps, coolers and other systems components Some 

older turblnes have been retrofitted with EHC actuators, each of whlch has its own 

reservolr and pump, however this arrangement is very uncommon A typical system 

wlth a central hydraullc pumplng unlt IS described in thls Section 

3 6 1 EHC Hydraul~c Fluld . 

The fluld used In almost all turbine EHC hydraul~c systems IS called Fyrquel, a 

trade name from the manufacturer, Stauffer Chemlcal It IS a synthetic phosphate 

ester f l u~d  No other fluld IS approved for use in these systems Thls fluid has three 

important properties that all personnel should be aware of 

1 The fluld is toxlc, especlally ~f Ingested or gotten Into the eyes Smoke 

from burnlng fluld IS also toxlc 

2 The f l u ~ d  IS flre resistant but will burn under the right clrcumstances (such 

as, soaked In hot pipe insulatlon) 

3 The fluld is an excellent solvent and dissolves most electrlcal insulatlon and 

seal material Only approved seals (Vlton) may be used Spills, especlally 

on electrlcal insulat~on, must be cleaned up promptly 

Cleanliness of the EHC fluld system IS very Important and the standards of 

cleanllness are even greater than that for the lube 011 system The chemlcal 

properties of the fluld as well as the level and size of particulate contamlnatlon IS 

Important In order t o  help malntaln the quallty of the fluld In the system all of the 

piping and components are of stainless steel 
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e 3 6 2 EHC Hydraul~c System Components, P~plng and Valves 

The heart of the EHC hydraullc system is the hydraulic pumping unlt (HPU) 

The HPU IS usually a skid mounted unit llke that shown In F~gure 3-57 wlth piping 

arranged as shown In F~gure 3-58 The HPU conslsts of a reservoir upon w h ~ c h  the 

hlgh pressure fluld pumps are mounted The reservolr, which IS fabricated from 

stainless steel, is equlpped wl th a level gauge and level swltches for hlgh and low 

level alarms 

For GE unlts, an enclosure around the outs~de of the reservolr has space 

heaters Installed that are controlled by thermostats that sense fluid temperature The 

thermostats usually have a setpolnt of about 80°F This lndlrect method of heatlng 

the hydraullc fluld is used because lmmerslon heaters have the potential for 

overheating the fluid which could result In degradation of the fluid - 
Westlnghouse also installs heaters In the HPU However, immersion heaters 

are usually used by Westlnghouse despite the potentlal for fluld degradatlon 

Contamination of the EHC fluid IS of concern because the EHC fluld pumps are 

posltive displacement and have very close clearances Also, other components In the 

system, lncludlng servo valves and hydraullc actuators have small fluld passages and 

close clearances Accordingly, the system is equipped wl th many features to  assure 

cleanl~ness One of these IS magnets Installed In the EHC fluld reservoir t o  capture 

magnetic particles 

Usually the HPU has two, 100% capaclty high pressure fluld pumps The hlgh 

pressure hydraullc fluid pumps take suction from the reservoir through fllters or 

stralners Where strainers are used, there is often a magnet Installed to  protect the 

pumps and other system components Suctlon strainers are often equlpped wl th 

differential pressure ~ndlcators t o  provide indication when the strainer IS d ~ r t y  

A pressure s w ~ t c h  that monltors high manlfold pressure to  provlde a slgnal to  

automatically start the backup pump In the event that the running pump discharge 

pressure falls below the autostart setpoint Other pressure sw~tches prov~de low 

system pressure alarm and trip functions 
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F~gure 3-58 Typ~cal GE HPU P~plng Schemattc 
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The high pressure pumps are positive displacement type, usually using pistons 

The use of positive displacement pumps is dictated by the high pressure at which the 

system operates The use of positrve displacement pumps creates a problem, 

however The f low required by the system varies considerably in operation When 

the turbine IS in normal operation at steady state there is little or no movement of the 

main steam valves and thus the fluid f low requirement IS very low The fluid f low 

requirement increases considerably dur~ng transients in turbine operation, however, 

which require the main steam valves t o  move, often through full stroke Since most 

positive displacement pumps deliver constant flow, some means must be employed 

to  accommodate the wide range of f low requirements 

GE EHC hydraulic systems usually use piston type pumps wi th  a variable 

stroke A pressure controller, called a pressure compensator, IS used t o  modulate the 

stroke of the pump to  control pump discharge pressure - 
Westinghouse uses fixed displacement pumps wi th loading and unloading 

valves The loading valves direct the pump discharge t o  the high pressure manlfold 

when the header pressure falls below a setpoint, usually about 1800  psig When the 

manifold pressure increases to  the high setpoint, usually about 21 5 0  psig, the loading 

valve closes and the unloading valve opens to  port the pump discharge to  the 

reservoir, bypassing the high pressure manlfold This system has the characteristic, 

therefore, that the pressure constantly fluctuates over a range of about 250  pslg 

Another design feature that helps address the problem of wlde variations in 

flow that IS common to  almost all EHC hydraul~c systems IS the use of accumulators 

Typically, an accumulator consists of a piston and cylinder Hlgh pressure fluld IS 

admitted to  one end of the cylinder The other end of the cylinder IS pressurized wi th 

nltrogen gas, usually to  1000  psig, before the fluld is admitted When the high 

pressure fluid is admitted to  the cylinder, the piston is free to move and compress the 

nitrogen gas to  the same pressure as the hydraulic fluid When system pressure falls 

due increased f low requirements the hydraulic system pressure decreases and the 

nitrogen expands, pushing the piston out again to  supply hlgh pressure fluid to 

supplement the f low from the pump 
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Some HPU use bladder type accumulators In the bladder accumulator, a 

flexible bladder IS inflated inside the accumulator shell wi th nitrogen, usually at 1000 

p s ~ g  H ~ g h  pressure f l u ~ d  is adm~tted t o  the accumulator to  compress the bladder 

When the system pressure falls the bladder expands, forcing h ~ g h  pressure f l u ~ d  out, 

like the piston type accumulator, to  supplement the pump f low 

The EHC fluid pumps usually have cartridge type filters at their discharge 

These filters commonly are rated at about 5 microns The discharge filters are usually 

equipped w ~ t h  differential pressure switches or indicators t o  alert the operators when 

they become dirty When excessive pressure differential indicates a dirty filter, the 

backup pump should be placed In service, the pump w ~ t h  the dirty f~ l ter  shut down, 

and the dirty filter replaced 

The HPU IS usually equipped wi th a bypass valve that dumps fluid from t h e  

high pressure manifold d~rectly to  the reservoir This bypass valve IS very important 

in operation because the bypass valve IS used t o  depressurize the system I t  IS 

necessary to  depressurize the system every time the high pressure pumps are shut 

down because after the accumulators are charged, the accumulator can keep the 

system pressurized, often for up to  an hour, after the pumps are shut down I t  is 

good operating practice, therefore, to  open the bypass valve as a matter of routlne 

every time the pumps are shut down The bypass valve IS then closed after the 

pumps are started t o  repressurize the system 

The h ~ g h  pressure manifold from the EHC hydraulic pumping skid is piped to 

each of the maln steam and bypass valve actuators EHC f l u ~ d  IS also p~ped to  the 

controls that are usually located in the front pedestal 

Hydraul~c fluid that drains from the main steam valve actuators and the controls 

is drained back to  the reservoir The fluid draining flows through a fluid cooler that 

IS mounted on the tank before entering the tank Itself There are usually two, 100% 

capacity coolers installed There are often relief valves at the cooler outlets that keep 

the dram line pressurlzed in operation The drain line IS pressur~zed so that ~f there 

IS a f l u~d  cooler leak, fluid leaks into the cooling water rather then water Into the f lu~d  

Severe damage the EHC hydraul~c system components can result from contamlnatlon 

w ~ t h  water 
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EHC HPUs are usually equipped wi th a bypass flltratlon or pollsh~ng system 

In some cases a small port~on of the fluid from the high pressure man~fold is p~ped to 

the bypass f~ l te r  which then d~scharges to  the reservoir In other cases, l ~ k e  that 

shown In Figure 3-59, a small filtering pump takes suction from the reservoir to  pump 

fluid through the filter and back to  the reservoir 

The bypass fllterlng system has specla1 f~lters that remove contaminants as well 

as part~cles from the fluid Thls 1s requlred because as the f l u ~ d  degrades, ac~ds and 

other chemicals are produced that can damage hydraul~c system components The 

material most often used to  remove these contaminants is Fuller's Earth Fuller's 

Earth IS a special filtering materral that helps remove moisture and chem~cal 

contaminants from the fluid A backup filter IS Installed downstream of the Fuller's 

Earth f~ l te r  t o  prevent Fuller's earth from escaping and contaminating the system 

Pressure gauges are installed to  allow monltorlng of the differential pressure across 

the f~l ters as an ind~cation of filter cleanl~ness 

Fuller's earth is actually the remains of tiny shell f ~ s h  called diatoms Recently 

a new synthetic filtering material called Selxsorb has been introduced as a 

replacement for Fuller's Earth 

The bypass filtering system is often equipped wi th provisions for sampling fluid 

from the reservoir and for filling and drainlng the reservoir In filling and draining 

operat~ons, care should be used not to  use hoses made of materials that are dissolved 

by the hydraul~c fluid A special hose of a safe material IS often supplied wl th the 

HPU for this purpose 

3 6 3 EHC Hydraulic System Operation 

The EHC hydraulic system must be placed In service before the turbine is 

started up and remalns in service until after the turblne IS shut down I t  is important 

to  assure that the EHC f l u ~ d  temperature IS above the manufacturer's minimum 

recommended operating temperature before starting the high pressure fluid pumps 

Fa~lure to  observe this precaution can result in collapse of the filters due the high 

viscos~ty of the fluid at low temperatures Severe contam~nation of the fluid system 

can result from collapsed filters 
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As explained earlier, the hydraul~c system can remain pressurized for a long as 

an hour after the h ~ g h  pressure pumps are shut down The system bypass valve 

should be opened every time that the hrgh pressure pumps are shut down The valve 

IS closed again when the system is started up, after a pump is started 

The operation of the HPU should be checked perrodically Suction strainers and 

d~scharge frlters w ~ t h  d~fferent~al pressure ~nd~ca t~ons  should be checked for ~ndrcat~on 

of clogging Similarly, the bypass filters should be checked for clogglng Another 

check that is commonly performed by maintenance personnel is the nitrogen charge 

pressure of the accumulators If this pressure IS too low, the backup hrgh pressure 

pump may start and/or the unit may trip due to  low hydraulic pressure during 

transients wrth high demand 

3 7 Turbrne Superv~sory lnstrumentation - 
The turbine IS provrded wi th a number of instruments that provide the 

operations personnel wi th indications and alarms associated wi th  critrcal turbrne 

operating parameters Figure 3-60 shows typical TSI instrument locations This 

instrumentation is referred to  collectively as the Turbine Supervisor Instruments (TSI) 

This Sectron descrrbes each of these instruments and the srgnifrcance of the 

~nformation that they provide 

Vibratron probes are usually mounted at all of the turbine bear~ngs There are 

also vrbratron probes that are mounted at the generator bearlngs and the exciter 

bearrng One common type of probe is the magnetic, non-contacting, proximrty type 

Each probe IS mounted close (about 0 040 rnch) to  the shaft adjacent to  the bearing 

being monitored The probe is connected t o  electronics that excite the probe and 

demodulate the signal from the probe to  display vrbration amplitude as a drsplacement 

(in mrls, one mrl IS 111 000th of an inch) through the DCS 
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Other units use shaft riding probes Shaft riding probes have a low frlction tip 

that rides on the shaft at the bearing A spring holds the tip in contact wi th the 

shaft The t ~ p  IS connected to  a moving magnet that moves inside a coil of wire 

When the shaft vibrates, the magnet moves In the coil of wire and produces a voltage 

proportional to  the magnitude of the vlbratlon 

The vibratlon phase angle IS associated with vibration amplitude The vibration 

phase angle 1s the angular location of the vibration "high spot" with respect to  a fixed 

reference point The reference point is a bolt or a small slot machined on the rotor 

in the governor pedestal A magnetic pickup generates a signal each time the belt or 

slot passes by as the shaft rotates The signal that is generated is called the key 

phasor The vibratlon phase angle IS useful in diagnosing the cause of vibration and 

In the event that there is imbalance, in balancing the turbine rotor 

I t  was explained earller that the governor pedestal sllde axially as the turbine 

casing temperature changes in operation I t  is important that the governor pedestal 

slide freely because otherwise serlous damage can result If the pedestal were to  

become stuck on one side, for Instance, there would be misalignment of the thrust 

bearing 

The caslng expansion detector is used to  monitor the positlon of the governor 

pedestal w i th  respect t o  the foundation plate An LVDT (linear variable differential 

transformer) or a rheostat is the Instrument used 

The turbine components experience thermal expansion and contraction as the 

turbine heats up from room temperature to  full load operation temperature Thermal 

expansion is also experienced as the turbine load is changed Generally the turbine 

rotor responds more quickly than the casing to  changes in temperature because the 

rotor is less massive than the shell The rotor is also exposed t o  steam all around its 

surface Thus, ~f there is a sudden increase in steam temperature, the rotor grows 

faster than the caslng If the difference in growth IS too great, the axial al~gnment of 
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e the rotor with respect to  the stationary turbine components, is upset and there IS axial 

rubbing This situation IS called a rotor long condition The same thlng can happen 

in reverse ~f there is a sudden drop in steam temperature Such a situation IS called 

a rotor short condition 

The different~al expansion detector is mounted in the turning gear pedestal 

outboard of the #2 bearing to  monitor d~fferential expansion I t  often consists of a 

non-contacting probe similar to  those used to  monitor vibration mounted in the axial 

direction t o  "look at" a collar mounted on the shaft 

3 7 4 Rotor P o s ~ t ~ o n  

The axial alignment of the rotor IS ma~ntalned by the thrust bearing, and so this 

parameter indicates the condition of the thrust bearing Excessive rotor movement 

is ind~catlve of excessive wear in the thrust bearing 

The rotor posltlon detector IS s~m~ la r  to  the d~fferent~al expansion detector The * rotor posltlon detector usually consists of a non-contacting probe mounted In the ax~al 

d~ rec t~on  to  look at a collar mounted on the turb~ne rotor The probe is mounted on 

the thrust bearing housing In the governor pedestal so that it prov~des an ~ndication 

of the movement of the rotor w ~ t h  respect to  the thrust bearing 

The turbine rotor is very heavy and made of steel which, while very strong, is 

also surprisingly flexible Thus, when the turblne rotor is supported by bearings at 

~ t s  ends, it sags in the mlddle In the same way, but to  a lesser degree, as a clothes 

l ~ n e  T h ~ s  sag also occurs at room temperature, and the magnitude of the sag 

becomes greater when the temperature of the turb~ne IS far above room temperature 

If the turbine rotor is allowed t o  remain at rest, the sag becomes greater than it is 

whlle the rotor IS turning, and a temporary bow develops in the rotor This bow 

disappears after the turbine rotor is turned for some time and this IS the principal 

reason that the turbine is equipped wi th a turning gear If the rotor has been at rest 

for a long time (more than about 30 m~nutes) it may take 4 t o  6 hours of turning gear 

operation before the temporary bow is entirely removed 
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When a temporary bow exlsts, the center of gravlty of the rotor is displaced 

from the center of rotatlon Thus, ~f the turblne IS started whlle the temporary bow 

exists, there will be hlgh vibratlon and possible damage to  the turbine due to  internal 

rubblng and/or damage t o  the bearings 

The amount of bow In the rotor can be measured by measuring the eccentrlclty 

(sometimes called the runout) of the turbine rotor The eccentricity Increases as the 

bow increases Turbine shaft eccentriclty IS measured by a non-contact~ng probe that 

monitors the gap between the probe and a ring mounted on the end of the turblne 

rotor In the governor pedestal Any change In the shaft straightness alternately 

increases and decreases the gap between the ring surface and the plckup, thus 

alternately Increasing and decreasing the electrical slgnal which IS sent to  the TSI 

electronics 

The eccentricity of the rotor has meanlng only when the turbine IS at low- 

speeds Once the turblne speed Increases, any eccentricity readlng would flrst be 

detected as bearlng vibratlon Accordingly, the TSI electronics automatically cut off  

the eccentriclty signal t o  the recorder either when the turning gear disengages or 

when the turblne speed reaches 600 rpm 

3 7 6 Speed 

Speed is usually sensed using a small PMG (Permanent Magnet Generator) non- 

contacting magnetic probe and a toothed wheel The toothed wheel resembles a 

gear The non-contacting probe IS mounted close t o  the toothed wheel As each 

tooth passes by the probe, a magnetlc signal IS generated The frequency of the 

slgnals is dlrectly proportional t o  speed TSI electronics count the rate of the slgnals 

and convert their frequency to  a speed signal The same arrangement that IS used 

for the TSI is also used for the zero speed lndlcation (used t o  start the turning gear 

automatically) and the EHC 

3 7 7 Turbine Temperatures 

Thermocouples are installed at many locations In the turblne casing, valves and 

piping These temperatures are Important in operation of the turbine because much 

of the turbine manufacturer's recommendat~ons regarding operation deal wl th limits 
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on temperature, temperature dlfferentlals and rates of temperature change The 

following IS a llstlng of the locations of those thermocouples 

Throttle valves #1 and #2 metal 

Flrst stage base and cover metal 

Flrst stage steam 

LP exhaust hood steam 

HP gland steam 

LP gland steam 

lnductlon port base and cover metal 

lnductlon Inlet valve steam 

lnductlon steam (cover) 

Caslng flange and bolt 

3 8 Turblne Startlng and Load~ng lnstructlons 

Turblne manufacturers provlde starting and loadlng lnstructlons (SALI) for thew 

turblnes The SALI commonly does not address the generator There IS considerable 

lnformatlon about the overall operatlon of the turblne covered In the SALI, however 

perhaps the most Important slngle area IS that IS covered IS operatlon t o  mlnlmlze 

thermal stress Thermal stress IS a concern In the operatlon of almost all large power 

plant components, however In the overall operation of the plant during startup, the 

turblne often IS the llmltlng factor In operation Thls sectlon IS a revlew of thermal 

stress In a turblne and then the speclflcs of a typlcal SALI 

3 8 1 Thermal Stress 

Thermal stress IS caused by a difference In temperature In a body Whenever 

a body, whether ~t IS a turblne rotor or a water glass, IS heated or cooled there IS 

some thermal stress generated because it IS lmposs~ble to  heat the body In such a 

way that all parts of ~t are at the same temperature Thls fact IS ~llustrated graphically 

by the behavlor of a plece of metal belng heated by a candle In F~gure 3-61 
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F~gure 3-61 Thermal Stress In Heated Metal P~pe 
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Appllcatlon of the heat on the bottom of the plece of metal results In the bottom 

expanding whlle the stdl cool top lags behlnd The result~ng dlfferentlal expansion 

causes the plece of metal to  bend upward If the stress from thls temperature 

dlfference IS too great, ~t causes the mater~al to  crack Clearly ~t 1s des~rable to  

reduce the stress below the polnt where the metal cracks The operator should 

always make an effort to  control and mlnlmlze thermal stress, w l t h ~ n  the other 

operational l~rn~tat lons of the plant The operator has three means of controlling 

thermal stress 

1 Reduce temuerature d~fferentlal The magnitude of the thermal stress 

depends upon the dlfference In temperature that the body sees For 

example, ~f In the start of a cold turblne, the temperature dlfference 

between the hot steam enterlng the turblne and the turblne metal IS 

reduced, the stress 1s reduced 

2 A ~ p l v  the heat unlformlv The temperature dlfference In a body can be 

reduced by un~form, rather than spot appllcatlon of heat In the turblne, 

thermal stress 1s reduced by using full arc admlss~on of steam (steam 

adm~tted t o  all parts of the nozzle at once) Instead of partlal arc admlss~on 

(steam admltted t o  only one or a few nozzles) on startup 

3 Control the rate of temperature chanae If, when heatlng a body, the rate 

of appllcatlon of heat IS reduced, the heat has a chance to  conduct through 

the body T h ~ s  reduces the temperature dlfference and the thermal stress 

The startlng and load~ng ~nstructlons are des~gned to  help the operator to  

mlnlmlze thermal stress There are other cons~derat~ons bes~des that of thermal 

stress, however The flrst of these conslderatlons 1s fat~gue 

3 8 2 Fat~gue and Cycllc Llfe Expend~ture 

Whenever metal 1s subjected t o  a cycle o f  stress whlch IS applled and then 

removed, ~t undergoes fatlgue After a large number of cycles of stress, the metal 

falls at stresses w h ~ c h  are far less than normal The number of cycles of stress that 

the metal can undergo untll a fallure IS l~kely 1s called the cyc l~c  l ~ f e  of the metal 

-- - - - pp 
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In add~t~on ,  ~f there IS a flaw In the metal such as a crack, the crack tends to 

grow a llttle each time the metal undergoes a cycle of stress It IS posslble to  predlct 

how qulckly the crack will grow, and thus determlne the polnt at whlch a fallure IS 

I~kely, ~f the amount of thermal stress IS known The amount of thermal stress IS 

determlned by how much the temperature changes and how qulckly ~t changes If 

the temperature change IS very large and ~t occurs over a short perlod of tlme, the 

thermal stress IS very hlgh If the same temperature change 1s made, but over a 

longer per~od of tlme, the thermal stress 1s lower 

These prlnclpals are consolidated In the concept of cycllc l ~ f e  expend~ture (CLE, 

a GE term, also called fatlgue Index by Westlnghouse) To illustrate the use of the 

CLE further, conslder the methods and practices used by turblne manufacturers In 

applylng the concept of cycllc llfe In thew SALl 

- 
When the stresses and cycllc llves of the varlous turblne components are 

analyzed, the h ~ g h  pressure rotor 1s usually the llmltlng factor when compared to  the 

other components such as the shells and valves I t  would be deslrable to  monltor the 

temperature of the rotor at ~ t s  hottest locatlon t o  determlne cycllc llfe expendlture 

Thls IS not done, however, due to  the dlfflculty of lnstalllng and readlng a 

thermocouple on a rotor The next best temperature lndlcatlon IS on the Inner shell 

at the flrst stage for the hlgh pressure rotor whlch IS very close to  the rotor 

temperature 

It IS posslble to  determlne the cycllc llfe expendlture of a turblne rotor for given 

Inner shell temperature changes over a per~od of time The cycllc llfe expendlture as 

a funct~on of rate of temperature change Turblne manufacturers provlde a 

nornographs In thelr SALl charts that allows the operator to  determlne the allowable 

rate of change of temperature the rotor for a selected cycllc llfe expendlture A 

typlcal nomograph 1s shown In Flgure 3-62 The temperature of the turblne rotor 

before and after the temperature change must be known The temperature before the 

temperature cycle can be determlned from the temperature recorders In the TSI The 

temperature after the temperature cycle must be estimated based upon operating 

experience w l th  the unlt The amount of CLE to  be used IS usually determlned by 

planners who determlne the maxlmum allowable CLE expend~ture posslble to  assure 

that turblne does not develop cracks prematurely durlng the llfe of the plant 
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So far In thls d~scuss~on ~t has been lmpllclt that thermal stress IS a concern 

when lncreaslng temperatures as would occur at the startup of a unlt That IS 

because, In general, the greatest Ilkellhood for excessive thermal stress and its 

damage IS durlng a startup It IS very ~mportant, however, that the operator be aware 

that thermal stress IS just as Important a conslderatlon In downward temperature 

ramps In fact, In the event that there IS a crack In the surface of the rotor, severe 

downward temperature ramps are particularly bad because when the surface of the 

rotor IS ch~lled, the crack IS opened up and grows deeper Into the rotor 

3 8 3 Fracture Appearance Trans~t~on Temperature 

Turblne manufacturer's SALl also Incorporate precautions associated wlth 

Fracture Appearance Transltlon Temperature (FATT) The FATT IS slgnlficant In 

operatlon because of the Importance of brittleness of turblne materials Materials - 
tend to be brlttle, l ~ k e  glass, at low temperatures, and become less brlttle as thew 

temperature Increases For the hlgh alloy steels used In turblne rotors, there IS a 

particular temperature called the Fracture Appearance Transltlon Temperature (FATT), 

below whlch the steel IS very br~ttle, and above whlch ~t becomes much less brlttle 

If there IS a crack In the rotor, and the rotor IS subjected to  stress below the FATT, 

the crack will tend to  grow very quickly and the posslblllty of the rotor burstlng IS 

greatly Increased If the same stress IS applled at a temperature above the transltlon 

temperature, the rate of growth of the crack IS much slower, and the steel IS much 

tougher, maklng the Ilkellhood of a rotor burst much less 

GE SALl calls for heatlng turblne rotors above 300°F to  avold operatlon below 

the FATT It IS lmpllclt In Westlnghouse SALl that operatlon above 250°F IS adequate 

to stay above the FATT Both manufacturers recommend that, before the turblne IS 

subjected to the centrifugal stress of full speed operatlon, the turblne speed should 

be held at what IS called a "heat soak speed" (around 2300 rprn) for a per~od of tlme 

to allow the turb~ne rotor to heat up before accelerat~ng to rated speed Furthermore, 

to  ensure that the ent~re rotor IS warmed through to the bore, overspeed tests must 

not be done u n t ~ l  the rotor bore IS heated above the FATT Recornmendatlons 

prov~ded by the turblne manufacturers to meet t h ~ s  requirement vary Typ~cally they 

call for the turblne to be operated at 10% to 25% load for from 4 to  6 hours 

-- 
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3 8 4 Typlcal Startlng and Load~ng lnstruct~ons 

The SALl provided by turblne manufacturers typically consists of written 

instructions and recommendat~ons and nomographs (or charts) This Sectlon 

describes a typlcal Westlnghouse SALl as an example 

Normal Startup Sequence 

The startup sequence beglns wlth the assumption that the turb~ne IS on turnlng 

gear, that the gland seal system IS In service and there IS a vacuum In the condenser 

The HRSG IS operated along wl th the HP and LP bypass t o  satisfy the requirements 

for startup as follows 

Mlnlmum throttle pressure 300 pslg 
* 

Minimum 100°F superheat 

Requirements for cold start per STARTUP STEAM CONDITIONS AT 

TURBINE THROTTLE satisfied ~f flrst stage metal temperature IS less than 

250°F 
0 Requ~rements for limiting molsture In LP turbine per MINIMUM THROTTLE 

TEMPERATURE TO LIMIT LP EXHAUST TEMPERATURE are satlsfled 

The condenser vacuum should be as low as posslble but In any event ~t must 

satisfy the requirements of the EXHAUST PRESSURE LIMITATIONS chart whlch 

allows operation up t o  600 rpm wl th  15 inches Hg abs pressure (about 15 Inches of 

vacuum) 

The turblne IS rolled off turnlng gear and accelerated to  rated speed In the 

event that the steam IS hotter than the turblne ~t is possible that there IS a heat soak 

hold at about 2300 rpm (for 10 mlnutes) and another at 3600 rpm (for another 10 

mlnutes) Following synchron~zat~on, there may be a mlnlmum load hold as well (of 

up to  60 mlnutes) In the event that the turblne is hot (as mlght occur in a restart 

lmmedlately after a trip from full load operation), there are no speed or load holds and 

the turbine IS brought to  rated speed In only 10 minutes 
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The turbine is rolled off turning gear TV control with the GVs opened fully 

This prov~des for even warming of the first stage during startup, this mode of 

operation is called full arc admission Control is changed from TV to GV control (from 

full arc to partial arc admission) at 3425 rpm 

Once the turbine reaches rated speed the generator is synchronized Following 

the minimum load hold (if required), the load is increased to the target load The rate 

of load increase is controlled to manage the fat~gue index (cyclic life) of the turbine 

using the LOAD CHANGING RECOMMENDATIONS chart This same chart should be 

used for all load changes after the startup has been completed 

Startup Steam Cond~t~ons at Turblne Throttle 

The first chart that would be used in planning and executing a startup is t h e  

STARTUP STEAM CONDITIONS AT TURBINE THROTTLE chart shown in Figure 3-63 

This chart has three curves on it, one showing the saturation curve, one showing the 

line for 100°F superheat and the last (at the top) showing the high temperature limit 

for cold start steam conditions A cold start is defined as one in whlch the first stage 

metal temperature is less than 250°F The cross hatched area between the high 

temperature l ~ m i t  and the 100°F superheat llne gives the range of acceptable steam 

conditions for a cold start The objective of this chart is to  provide the operator with 

a way to determine what pressure and temperature should be established for startup 

Mlnrmum Throttle Temperature t o  L lm~ t  LP Exhaust Temperature 

The next chart that IS used in planning and executing a startup is the MINIMUM 

THROTTLE TEMPERATURE TO LIMIT LP EXHAUST TEMPERATURE chart shown in 

F~gure 3-64 The concern here is that if the throttle steam temperature may be so 

low that moisture will form prematurely in the LP turbine This also results in more 

total moisture Excessive moisture can cause erosion The point at which moisture 

forms is dependent upon the throttle steam conditions and the exhaust pressure 

Accordingly the nomograph takes throttle pressure, temperature and condenser 

pressure into account 
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THROTTLE V A L V E  INLET PRESSURE, PSIG 

F~gure 3-63 Typlcal Westlnghouse Startup Throttle Steam Cond~tlon Chart 
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T H R O R L E  PRESSURE (PSIA) 

To use  t h t s  Chart, e n t e r  t he  horizontal  ax t s  w l th  t he  current  t h ro t t l e  
p re s su re  and extend a ver t ica l  l lne upward until tt i n t e r sec t s  t he  
current  exhaus t  p re s su re  From t h a t  point extend a horizontal l lne t o  
the  l e f t  untl l  i t  I n t e r s e c t s  the  ve r t i ca l  ax ls  Read the mlnlrnurn 
th ro t t l e  t empera tu re  Examole f o r  775 Dsla t h r o t t l e  oressure  and 2 0 
lnHgA back p r e s s u r e  t h e  rnln~rnum t h r o t t l e  tempera ture  is 825 degF 

F~gure 3-64 Typ~cal Westinghouse Chart for Mlnlrnurn Throttle Temperature e 
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The chart is used by enterlng the graph wl th the throttle pressure on the * horizontal axis and extending a vertical llne up to  the curve for the approprlate 

condenser pressure A horlzontal llne IS then extended from the polnt of intersection 

to the left and the mlnlmum allowable temperature IS read from the scale on the left, 

vertical axis 

Startup Recommendat~ons for Rolling and Mlnlmum Load 

The next chart that one would use in planning and executing the startup of the 

turblne IS the STARTUP RECOMMENDATIONS FOR ROLLING AND MINIMUM LOAD 

chart (Flgure 3-65) which has flve blocks or FIGURES The chart IS deslgned for the 

user t o  start In the block marked FIGURE 1 and then move t o  the block marked 

FIGURE 2, then to  the block marked FIGURE 3 and so on 

* 

The FIGURE 1 and FIGURE 2 blocks are used together t o  establish the 

temperature of the steam at the flrst stage of the turblne Recall from the d~scuss~orr 

earller In thls module on nozzle theory, the expansion of steam through the flrst stage 

nozzle results In cooling of the steam The user enters the FIGURE 1 block from the 

horlzontal axis wl th  the throttle steam pressure and extends a vert~cal line t o  the 

appropriate throttle steam temperature curve A horizontal llne IS then drawn from 

the point of ~ntersectlon to  the rlght Into the FIGURE 2 block A vertlcal llne IS drawn 

through the ~ntersectlon of the horlzontal llne from the FIGURE 1 block and curve in 

the FIGURE 2 block That vertical llne intersects the scale on the horlzontal axis of 

the FIGURE 2 block t o  show the first stage steam temperature 

The reader should note that In the FIGURE 1 block there is a shaded area 

beneath a curve marked "BELOW 100" SPHT " This means that ~f the steam 

conditions were t o  fall w ~ t h l n  thls shaded area the amount of superheat In the steam 

would be less than 100" Thls would be a violation of the West~nghouse 

recommendat~on that there be a minimum of 100°F superheat in the throttle steam 
before rol l~ng the turb~ne 

The vertlcal llne from the FIGURE 2 block is also extended upward Into the 

FIGURE 3 block to  determ~ne the ~ntersectlon of the vert~cal llne wl th the approprlate 

line for turblne flrst stage metal temperature 
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J/ M~krrrvM LUAU HULU TIME MINUTES 3 

HUNOREDS PSlG 
THROTTLE STEAM PRESSURE FIRST 

OEGREES 
STAGE STEAM 

F 
TEMPERATURE 

F~gure 3-65 Typlcal Westlnghouse Recommendat~ons for Rolling and Mlnlmum Load 

e 
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A horizontal line through this point of intersection extended to  the scale on the 

vertical axls of the FIGURE 3 block shows the temperature mismatch between the 

first stage steam and the first stage metal A positive mismatch indicates that the 

steam IS hotter than the metal while a negatlve mlsmatch (the crosshatched area) 

indicates that the steam IS colder than the metal temperature The "EXACT MATCH 

LINE" at zero indicates that the steam and metal temperatures are the same 

The horizontal line from the FIGURE 3 block is extended t o  the right Into the 

FIGURE 4 block in order to  determine the amount of time recommended for rolling the 

turblne to rated speed and synchronizing This time does not include speed holds for 

heat soak, speed hold times must be added to  the rol l~ng time t o  determine the total 

t lme t o  synchronization The "curve" in the FIGURE 4 block gives three different 

possible cases as follows 

- 
Tem~erature mlsmatch r 300°F - Total time to  synchronization IS about 3 6  

minutes plus a 15  minute heat soak hold at the heat soak speed (from the 

chart TURBINE SPEED HOLD RECOMMENDATIONS 2290 to  2340 rpm) and 

plus a 1 0  minute hold at 3600  rpm The total tlme t o  synchronizatlon IS 61 

minutes 

Tem~erature mismatch 2 200°F and < 300°F - Total time t o  synchronization 

IS 2 0  minutes plus a 1 0  minute hold at 3600  rpm The total time to  

synchronizatlon IS 30 minutes 

Tem~erature mismatch 5200°F - Total t lme to  synchronization IS 1 0  

minutes wi th  no speed holds 

Finally, the FIGURE 5 block IS used t o  determine the duration of the minimum 

load heat soak hold at 5% of rated load following synchronizatlon It IS assumed in 

the use of this block that the throttle steam temperature may Increase durlng the 

perlod of the load hold When thls IS the case, the duratlon of the minlmum load hold 

must be increased 
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In the event that the throttle steam temperature E expected t o  Increase, it IS 

necessary to  flrst determlne how much that Increase wlll be The FIGURE 1 and 2 

blocks are used once again for thrs purpose In the same manner as descr~bed above 

The horlzontal llne from the FIGURE 3 block IS then extended to  the left to  determlne 

the ~ntersectlon wl th the appropriate curve for the expected temperature rise 

In the event that there IS a negatlve temperature mlsmatch (steam colder than 

metal), the horlzontal llne from the FIGURE 3 block does not enter the FIGURE 5 block 

when extended to  the left That IS because when the steam IS colder than the metal 

temperature there IS no minlmum load hold 

ROLLING EXAMPLE - Assume that the lnltlal flrst stage metal temperature IS 

400°F and that the throttle steam condltlons are 600  pslg and 850°F Assume 

that the throttle steam condltlons will be 1000 pslg and 925" at the end of the 

mlnlmum load hold * 

From the FIGURE 1 block the p o ~ n t  representing steam temperature IS found 

and extended t o  the 5 %  LOAD In the FIGURE 2 block to  flnd the flrst stage 

steam temperature of about 670°F A vertlcal line extended upward to  the 

400°F dlagonal In the FIGURE 3 block gives a mlsmatch of 270°F When thls 

mlsmatch IS extended to  the rlght Into the FIGURE 4 block, a roll tlme of about 

2 0  minutes plus a 1 0  mlnute hold at 3600  rpm IS found 

MINIMUM LOAD EXAMPLE - Uslng the FIGURE 1 and FIGURE 2 blocks the 

expected flrst stage steam temperature for the expected 1000  pslg and 925" 

at the end of the mlnlmum load hold IS 720°F Slnce the lnltlal flrst stage 

steam temperature is 670°F, the temperature rlse IS !XI F Extending the 

horlzontal llne from the FIGURE 3 block In the ROLLING EXAMPLE to  the 50" 

RISE llne In the FIGURE 5 block, a hold tlme of about 2 8  mlnutes IS found for 

mlnlmum load 

Load Changlng Recommendat~ons 

Westinghouse provldes the chart in F~gure 3-66 to  ald the operator In 

controlling temperature ramp rates durlng load changes The methodology used IS 

slmllar to  that used In the STARTUP RECOMMENDATIONS FOR ROLLING AND 

MINIMUM LOAD start chart 
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Flgure 3-66 Typlcal Westlnghouse Recommendat~ons for Changlng Load 
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The nomograph In the FIGURE 1 and FIGURE 2 blocks 1s used t o  determlne what the 

flrst stage steam temperature will be at any load for any given throttle steam 

condltlons Thls makes ~t posslble to  determine the change In temperature that the 

flrst stage will experience In the load change Once again, ~t must be remembered 

that the steam temperature at the flrst stage 1s different from that at the TVs because 

~t IS cooled as ~t passes through the main steam valves 

The expected first stage temperature is determined from the FIGURE 1 and 2 

blocks The FIGURE 1 block IS entered knowlng the throttle steam pressure and 

temperature A horlzontal line IS then extended from the FIGURE 1 block Into the 

FIGURE 2 block to  the appropriate load curve The temperature change at the flrst 

stage can be determined by uslng the chart twice for the lnltlal and flnal load and 

steam conditions or, ~f one IS operating and knows the flrst stage temperature, the 

chart need only be used once to  predict the flnal first stage steam temperature since 

the "current" temperature IS known 

Once the flrst stage steam temperature IS known, the temperature change IS 

used In the FIGURE 3 block to  determlne the tlme over whlch the load change should 

be made The FIGURE 3 block uses the concept of fatlgue Index discussed earller 

Thls allows the operator t o  choose the amount of cyclic llfe of the turbine to  use In 

maklng load changes In practice, of course, this decision IS generally established by 

management as an Issue of pollcy The FIGURE 3 block IS used by enterlng on the 

vertlcal axls wl th the flrst stage temperature change and then extending a horlzontal 

llne t o  the selected fatlgue Index curve A vertlcal llne IS then extended from the 

lntersectlon of the horlzontal llne to  the FATIGUE INDEX curve In the FIGURE 3 block 

to  the horlzontal axls t o  determlne the tlme for the change 

Load Increase E x a m ~ l e  - Assume that the unlt starts at a load of 2 5 %  wlth 

throttle steam condltrons at 7 0 0  pslg and 775°F and Increases t o  100% load 

at 928  pslg at 934°F Use the 10,000 cycle FATIGUE INDEX curve 

From the FIGURE 1 and 2 blocks the flrst stage steam temperature for the 

startlng condition is found to  be about 575°F while at full load the first stage 

steam temperature IS about 885°F By subtraction this results In a temperature 

change of 3 10°F 
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The FIGURE 3 block IS then entered at 310°F on the vertlcal axls A horlzontal 

llne IS extended from 310°F to  the 10,000 cycle llne and then a vertlcal llne IS 

extended downward The vertlcal line hlts the horizontal axls at about 9 0  

mlnutes and thus the tlme t o  make thls load change should be controlled to  

that perlod By divlslon a 7 5 %  load change over 9 0  mlnutes IS a 1 5 %  per 

minute rate of change of load 

Load Decrease Example - Assume that the unlt IS to  be shut down I t  starts at 

a load of 100% wlth throttle steam condltlons at 928  pslg and 934°F and will 

be brought to  5% load at 928  pslg at 934°F. Use the 10,000 cycle fatlgue 

Index curve 

From the load Increase example the flrst stage steam temperature IS known t o  

be about 885°F From the FIGURE 1 and 2 blocks the flrst stage steam 

temperature for 5% load IS about 700°F By subtraction thls results In a 

temperature change of 185°F 

The FIGURE 3 block IS then entered at 185°F on the vertlcal axis A horlzontal 

llne IS extended from 185°F to  the 10,000 cycle l ~ n e  and then a vertlcal llne IS 

extended downward The vertlcal llne hlts the horlzontal axls at about 4 0  

mlnutes and thus the time t o  make thls load change should be controlled to  

that perlod By dlvlslon a 9 5 %  load change over 4 0  rnlnutes IS a 2 3 %  per 

rnlnute rate of change of load 

Cycl~c Index for Load~ng and Unload~ng at D~fferent Rates 

Westlnghouse determines the fatlgue Index of the turblne rotors by examining 

the full cycle that the turbine experiences In loadlng and then unloadlng I t  IS 

generally assumed that the same fatigue Index will be used for both load~ng and 

unloading T h ~ s  may not be the case however Westlnghouse has, therefore, 

prov~ded the nomograph In F~gure 3-67 t o  determine what IS called the "Equivalent 

Full Cycle Index" when the loadlng and unloadlng fatlgue Indices are different The 

chart is used by entering the vertlcal axls wl th loadlng rate fatlgue index used and 

extending a horlzontal llne to  the curve for the unloadlng fatigue Index used 

- - 
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CYCLIC INDEX FOR LOADING A N D  
UNLOADING AT DIFFERENT RATES 

CTZ3819 

Flgure 3-67 Typlcal Westlnghouse Chart for Determlnatlon of Cycl~c Index 
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A vertical line is then extended from the point of intersection to  the horizontal 

axis to determine the equivalent full cycle index If, for example, the load~ng fatigue 

index were 10,000 cycles and the unloading fatigue index were 2,000 cycles, the 

equivalent full cycle index would be about 3,800 cycles 

Coollng Curve 

The cooling curve in Flgure 3-68 is provided by Westinghouse to  predict the 

temperatures in the turbine following a shutdown This curve can be useful in 

planning for a startup For instance, if there IS a three day outage, one can determine 

from the turb~ne metal temperatures at the beg~nn~ng of the outage what the likely 

turbine shell temperatures will be at startup It could then be determined how long the 

restart would take 

- 
3 8 5 Westlnghouse General Operating Recommendat~ons 

Westinghouse has a number of operating recommendations which apply to all 

of their turbines The following is a summary of those general recommendations 

Rotor Eccentr~clty 

When on turning gear the eccentr~city of the rotor at any bearing oil ring, as 

measured w ~ t h  a "truth" dial indicator should not exceed 0 001 inch The TSI rotor 

eccentricity should not exceed 0 003 inch from turning gear to 600 rpm 

Westinghouse recommends that the turbine be placed on turning gear operation for 

3 to 4 hours following long periods off turnlng gear to assure that eccentricity returns 

to normal before rolling the turbine 

Vibration Llrnlts 

For 3600 rpm units, Westinghouse recommends the following vibration limits 

3 0 mils Satisfactory 

5 0 mils Alarm 

1 0  0 mils Trip 
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COOLDOWN TIME FOR A TYPICAL SMALL FOSSIL TURBINE 

NOTE IF THE UNIT IS TRIPPED WITH THE TEMPERATURE AT A 
DIFFERENT VALUE THAN THAT GIVEN FOR TIME ZERO, 
SHIFT THE TIME SCALE SO THAT T[ME ZERO STARTS 
AT THE TEMPERATURE WHEN TRIPPING OCCURRED 

TIME AFTER TRIP-HOURS 

F~gure 3-68 Typlcal Westlnghouse Coollng Curve 
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Bearlng Temperatures 

For 3600 rpm units, Westlnghouse recommends establlshlng the following 

l lm~ts wlth regard to bearlng metal temperatures 

Bear~ng Type Alarm Trip 

Journal 225°F 235°F 

Thrust 21 0°F 225°F 

011 Temperatures 

The minlmum temperature for operation of the lube 011 pumps 1s 50°F The 

mlnlmum temperature for turning gear operation IS 70°F The maximum temperature . 
for 011 drams from bearlngs 1s 160°F wlth an alarm at 1 70°F 

Turn~ng Gear Operation Follow~ng Shutdown 

West~nghouse recommends that the unlt remaln on turn~ng gear unt~ l  the 

turblne rotor has cooled to 300 to 400°F Cool~ng to thls point may take up to 3 days 

depending upon the manner In whlch the unlt was shut down The lube 011 header 

temperature dur~ng thls tlme should be 100°F - 1 1 0°F 

An Increase In steam temperatures can be expected to produce a rotor long 

condltlon and conversely a decrease In steam temperature w ~ l l  produce a rotor short 

condlt~on In the event that there 1s a rotor long condltlon, West~nghouse 

recommends that the ~ncrease/decrease In steam temperature should be held to allow 

the turb~ne shell to  "catch up" w ~ t h  the rotor 
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3 8 6 Operatlonal L lm~tat~ons 

There are t w o  types of operat~onal I ~ m ~ t s ,  trlpplng l ~ m ~ t a t ~ o n s  and non-trlpplng 

llmltat~ons If safe l ~ m ~ t s  of operatlon are exceeded for trlpplng I~m~tatlons, the turblne 

1s automatically t r~pped There are no trlps associated w ~ t h  non-tr~pp~ng l rm~tat~ons 

Overspeed - The nom~nal emergency overspeed governor t r ~ p  setpolnt 1s usually 

around 3960 rpm (1 10% of rated speed) 

Low Vacuum - Most u n ~ t s  have f ~ x e d  alarm and trlp setpo~nts, usually around 

5 ~ n c h  HG abs alarm and 7 5 Inch HG abs trlp The low vacuum trlp setpoint 

for some unlts varles depending on the status of the unit as shown 112 

F~gure 3-69 The vacuum trlp has a tlmed t r ~ p  feature that allows operation 

between the alarm p o ~ n t  and the trlp point 

Thrust Bear~na Wear - The thrust wear trip devlce IS usually set t o  alarm at 

about 0 0 3 5  Inch and trlp at about 0 0 4 0  Inch rotor movement 

Low Bearlnu Header - The low bearlng 011 pressure trlp is set at about 1 0  pslg 

less than normal operat~ng pressure 

Low EHC Hvdraul~c Pressure - The turb~ne 1s t r~pped on low EHC hydraul~c 

pressure w ~ t h  a setpolnt that 1s around 1100 p s ~ g  for a 1600  p s ~ g  system 

External T r~ps  - The turblne IS usually tripped through a trlp solenold by an 86 

relay whlch cross trlps the turblne In the event of a boller trlp and some other 

plant cond~t~ons  

Nontrlpplng Operatlonal L ~ m ~ t s  

As w ~ t h  the other units there are a number of operatlonal parameters for whlch 

there are no trlps The operator must regulate these parameters wlthin the l ~ m ~ t s  

provlded 
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(SINGLE FLOW REINFORCED MHI 28 5" END) 

* 

TRIP 

ALARM 

SPEED (RPM) 
LOAD (MW) 

Figure 3-69 Typlcal West~nghouse Vacuum Tr~p  Recommendat~ons 
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Steam Pressure and Tem~erature L~m~tat ions - The main steam pressure 

should not exceed 105% of the rated pressure cont~nuously Pressures up 

to  1 0 6 %  are permissible for brief per~ods Maximum allowable pressure 

swings are up to  130% of rated pressure, and the total t ime spent above 

rated pressure should not exceed 1 2  hours per year (0 1 4 %  of the year, 

one hour per month) 

The throttle steam temperature must not average more than the rated 

values of 940°F Temperature swrngs of up to  '1 5 F are allowable in 

maintaining this average The following additional limits apply 

hours per year 
- Temperatures over 25OF, less than 400  

or 15 minutes and not 
- Temperatures over 50°F, never longer than f 

more than 8 0  hours per year w 

- Westinghouse recommends that the unit should be tripped if, as a 

result of loss of fires in the boiler, the throttle pressure falls below 80% 

of rated or the throttle and reheat temperatures fall more than 150°F 

- Westinghouse recommends that the maximum rate of change of main 

steam temperature be limited to  300°F per hour 

- Throttle steam f low and exhaust steam f low are typically limited to  

avoid overload of turbine internals 

Casina Flanae and Bolt Temoerature difference - Westinghouse 

recommends that the difference In temperature between the turb~ne casing 

flange and adjacent bolt be limited to  198°F wi th the flange hotter or 50°F 

wi th  the flange colder 

Induction Steam Condition Limits - For turbines wi th an LP steam inlet, a 

maximum induction steam inlet pressure limit IS provided During startup 

the maximum difference between the ~nduction steam temperature and the 

turbine steam temperature at the induction port is usually limited to  75°F 

The allowable mis-match Increases to  1 50°F In normal operation 
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Minimum Load - The recommended minimum load is 5% 

Exhaust Temperatures - The maximum allowable temperature for 

continuous operation IS 1 75"F, and for brief per~ods is 256 F Note that 

modulating exhaust hood sprays are usually set to  open at 150 - 170°F 

The maximum allowable temperature for br~ef  periods (less than a few 

minutes) IS 250°F 

Sealina Steam - The minimum superheat temperature of steam supplied to  

any seal is 25°F The LP gland temperature must be maintained between 

250°F and 350°F 

Breakina Vacuum - Vacuum should not be broken until turbine speed has 

fallen t o  400 rpm - 

Critical S ~ e e d s  - Westinghouse provides a figure similar to  F~gure 3-70 

which illustrates speeds that should be avoided during startup 

Under-Freauencv O ~ e r a t ~ o n  - The following limitations are provided for 

guidance on the limitations for off-frequency operation These 

recommendations are designed t o  protect the long LP turblne blade from 

damage due t o  v~b ra t~on  

57 Hz t o  61 5 Hz indefinitely 

56 9 Hz t o  57 Hz for up t o  60 mlnutes 

56 7 Hz t o  56 9 Hz and 61 5 Hz to  61 7 Hz for up t o  10 minutes 

These limits are cumulat~ve over the life of the unit for instance, if one 

incident of under frequency operation for a unit were t o  be 3 minutes at 57 Hz 

(lirnltat~on of 60 minutes) then 5% of the life of the unit In thls speed range is 

"used up " 
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DO NOT HOW SPEED IN A RESONANT SPEED RANGE KIR AN EXIDIDED 
PERIOD IF A HOLD IS NECESSARY REDUCE SPEED BELOW THE REWNAhT 
RANGE BEFORE HOLDING THE LP IURBINE BLADING RESONANT !SEED 
RANGES 10 BE AVOIDED ARE SHOWN CROSS HATCHED BELOW 

L SUPP(VIS0RY 
INSfRUMEKT 
CHECK SPEED 

In 3600 2 RPM 

7- VAL.E J 
RUIDR WARMING TRANSF!3 
SOAK SPEED RANGE SPEED 

IF THE FIRST STAGE S E A M  MTTAL TEMPERATURE MISMATCHIS X)O DEGF 
OR GFZAm HOLD THE SPEED IN THE ROTOR WARMING SOAK SPEED 
RANGE ABOVE FOR THE WARMING PERIOD DETERMIMD FROM THE CHART 
'STARTUP RECOMMENDATIONS FOR ROLLBIG AND MIMMUM LOAD' 

(MHI 28.5" END) 

F~gure 3-70 Typ~cal West~nghouse Cr~t~cal Speed Chart 
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3 8 7 Water Induction Recommendations 

Water lnduct~on IS the introduction of water Into the turblne There are several 

ways that water lnductlon can occur Operators must be aware of these causes to 

be able t o  react to  and mlnlmlze water lnductlon lmmedlate actlon IS required upon 

the detection of water lnduction to  prevent damage Some causes of water lnductlon 

are 

Clogged or inadequate drains 

Carryover from the boller (HP and LP) 

Gland seal system problems 

Desuperheatlng spray problems 

Backup of water from feedwater heaters 

Water Induction Thermocouples 

Conventional monltorlng systems use thermocouples to  detect water ~nductlon 

The thermocouples are located in the turbine and maln and reheat steam lines 

Unfortunately, these detectors do not detect water until after ~t has entered the 

turblne However, corrective actions can often be taken before extenslve damage 

occurs For most unlts, the thermocouples are located In palrs, one In the upper 

caslng (or cover) and the other In the lower caslng (or base), at the flrst stage and the 

lnductlon port 

Normally both top and bottom thermocouples at an openlng In the turblne 

would read approximately the same temperature Westlnghouse's criterla for 

lndlcat~on of water lnduct~on IS when a temperature d~fferentlal of 75°F or more 

suddenly ( w ~ t h l n  a few mlnutes) develops between the upper and lower 

thermocouples, water lnductlon has probably taken place They provlde further 

gu~dance In that if the temperature difference Increases t o  100°F the turblne must be 

t r~pped 

- - - - - - 
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Water lnductlon Prevention and Response 

The best way to  prevent water inductlon IS t o  be aware of the most common 

causes of water induction and to  use caution to  avold creating problem situations 
Common causes of water induction are described below 

Cloaaed Drams - Drams are located in many places throughout the turblne 

(e g , valve seats, steam Ilnes, turblne shells, and steam seal plplng) The 

purpose of these drams IS to  remove any water that may collect If debrls 

were t o  clog these drams, water could accumulate and be carrled lnto the 

turbine These drains should be opened prlor to  startup and lmmedlately after 

the unlt is tripped Occas~onally these drains should be blown down to  ensure 

they are not clogged If clogged, they should be repalred as soon as posslble 

- 
Water Carrvover from the HRSG - If the water level In the HRSG drum IS 

allowed to  rise too hlgh, water can be carried from the HRSG lnto the turblne 

T h ~ s  type of water ~nductlon IS typically accompanied by a sudden drop in 

HRSG pressure resulting from a decrease In HRSG heat Input (perhaps due to 

a gas turbine t r ~ p )  or a sudden, large demand for steam f low The throttle 

pressure regulator of the turblne control system will close the turblne valves 

In response to  thls sudden drop In steam pressure ~f ~t is In service However, 

operators must regulate the water level In the HRSG so that ~t does not cause 

water inductlon 

The inductlon steam ~n le t  has t w o  spec~flc areas of concern The ISV and ICV 

do not open until the unit reaches 20% load It is posslble, therefore, for water 

to  accumulate behind these valves and cause water lnductlon at a polnt In the 

unlt startup for a conventional turblne where all drams would be closed 

Another posslble problem could occur after the inductlon steam valves open 

There could be a problem In the ICV such that the pressure were allowed to fall 

below the saturation pressure for the temperature of the steam, wet steam can 

be Introduced at the lnductlon port The amount of molsture depends upon 
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how far the lnduct~on steam pressure falls If water carryover IS suspected, 

another lndlcatron IS a sudden drop In steam lead temperatures often 

accompan~ed by rumbllng In the steam leads 

HP Desuperheatlna Sprav - The HP steam system IS equlpped wl th a 

desuperheatlng spray The block valve for thls spray should be closed when 

the unit IS not In operatlon I t  IS posslble for water leaklng from the spray to  

f low back Into the turblne after vacuum IS broken 

Response to Water Induction 

Operator response t o  water lnductlon must be evaluated for each occurrence 

on each unit It IS not poss~ble to  glve a set of "rules" that speclfles exactly what 

actlon should be taken In every Instance The guldellnes llsted below do, however, 

cover most of the llkely occurrences and the operator should be famlllar w l th  them* 

1 Take lmmedlate actlon ~f water lnductlon IS suspected 

2 lnvestlgate the source 

a If running below rated speed trip the turblne 

b If runnlng at rated speed contlnue t o  operate unless forced t o  shut 

down, due to  vlbratlon, dlfferentlal expansion, etc 

3 Isolate the source of water lnductlon 

4 If the unlt IS tr~pped, do not attempt a restart unless 

a The source of water IS Isolated and cause has been corrected 

b The water has been dralned 

c Shell temperature dlfferentlal IS less than 50°F 

d Eccentrlclty IS normal 

Westlnghouse has an addltlonal crlterla for the continued operatlon of the 

turbine following a water lnductlon ~ncident, the temperature difference between the 
horizontal joint and bottom centerl~ne thermocouples must be less than 100°F or else 

the unit should be trlpped 

A serlous water lnductlon lncldent can result In so much dlstort~on of the 

turblne caslng and rotor that the rotor will blnd and the turnlng gear will be unable to 

turn the rotor If thls occurs, the turblne should be allowed t o  cool and the turnlng 

Page 156 



Princrples of Combined Cycle Power Plants MODULE 3 

gear should be tried periodically (about once an hour) No other means (such as 

turning wlth a crane) should be attempted because of the posslblllty of internal 

damage to the turblne 

3 9 Turb~ne Controls 

The functlon of the turblne controls IS the posltlonlng of the turbine main steam 

valves The system is rather complicated as ~t must correctly posltlon a large number 

of valves (2 to 4 MSVsITVs, 4 to 8 CVsIGVs, 2 to 4 RSVs, and 2 to 4 IVs, LPSVs 

and LPCVs) for any of several normal and abnormal cond~tions Th~s  requirement 

results in a very complex system Regardless of how great that compl~cat~on 

becomes, however, the function of the turblne controls IS st111 the correct positioning 

of the turbine main steam valves 

Another source of compl~cat~on of the turbine control system IS the fact thaf  

for most normal operation, the system IS operated In one mode, the control of load 

or initial pressure by posltionlng of the turbine governor valves All of the other maln 

steam valves are fully opened In normal operatlon, except durlng startup, durlng low 

load operatlon, or durlng emergency condltlons The most important emergency 

condltlon for whlch the turbine controls are deslgned is overspeed The turbine speed 

Increases above rated speed any tlme there IS a load rejection Destructwe overspeed 

can occur ~f the turbine valves are not closed wlthin a fraction of a second of a load 

rejection Danger to llfe and property In the event of a destructwe overspeed IS 

serious and extenswe 

The turbine controls are also des~gned to make it posslble for the unit to 

operate In an electrlcal dlstributlon system wlth other units If the turblne controls 

are not deslgned and operated in a manner that IS consistent with the needs of 

system operatlon, the rellabil~ty of the entire electrlcal distribution system can be 

adversely affected 

All turbine control systems, regardless of manufacturer or turblne, share some 

common features A reheat turblne such as that shown In F~gure 3-71, must have 

the control system elements shown In F~gure 3-72 
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F~gure 3-71 Bas~c Reheat Turblne Control System 
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Figure 3-72 Bas~c Turb~ne Control Loop D~agram 
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The steam f low through the turblne IS as follows 

From the steam generator (boller) t o  the MSVslTVs 

From the throttle to  the CVslGVs 

From the CVslGVs t o  the HP turbine inlet 

From the HP turblne exhaust to  the steam generator reheater 

From the reheater to  the RSVs 

From the reheat stop valves to  the IVs 

From the IVs to  the IP turblne Inlet 

From the IP turblne exhaust to  the LP turblne Inlet 

From the LP turblne exhaust to  the condenser 

In the most s~mple and the most complex turblne control systems, the speed 

of the turblne must be sensed so that it can be used to  help posltlon the turblne 

valves The control system must, at a mlnlmum, have the baslc elements shown In 

F~gure 3-72 Thls baslc control dlagram shows a slmple control loop wl th just one 

Input, a speedtload demand slgnal w h ~ c h  IS the speed (or load) setpolnt entered by 

the operator That Input slgnal goes t o  a controls devlce called a summer (a summer 

adds t w o  or more s~gnals together) that subtracts (adds the Inverse of) the actual 

speed slgnal from the speed sensing devlce The slgnal from the summer represents 

the difference between the actual speed and the speed setpolnt, t h ~ s  slgnal IS 

sometlmes referred to  as the speed error slgnal 

The speed error slgnal IS multlpl~ed by the Inverse of a parameter called 

regulation Typically the magnitude of thls multlpller IS about 20 The ampllfled 

speed error slgnal, sometlmes referred to  as the valve posltlon demand slgnal, IS then 

sent t o  a pos~tronlng system (typ~cally hydraulic servomotors) that are used t o  

posltlon the maln steam valves 

The maln steam valves are posltloned In response to  the valve posltlon demand 

s~gnal The f low of steam t o  the turb~ne IS vaned In response to  that opening The 
more steam that flows t o  the turb~ne, the more energy that IS available t o  the turb~ne 
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As the steam f low Increases, the turblne may respond In one of t w o  ways, 

depending upon its mode of operation If the generator connected to  the turblne IS 

not synchronlzed t o  the electrlcal system, the turblne-generator speed Increases If 

the generator IS synchronlzed, the speed of the turb~ne-generator IS f ~ x e d  by the 

electrlcal d ~ s t r ~ b u t ~ o n  system frequency, and the load of the generator Increases 

The baslc elements of the control system that are ~llustrated In F~gure 3-72 may 

d~ f fe r  considerably from one turblne to  another The speed senslng devlce, for 

Instance, (one of the most Important elements of the system), may be 

A mechan~cal flyball governor whlch generates a speed slgnal In the form 

of the displacement of a plvot rod 

A devlce slmllar to  a centrifugal pump whlch generates a speed slgnal In 

the form of an 011 pressure - 
An electron~c dev~ce that generates a speed slgnal In the form of a DC 

voltage 

In the turblne Industry, control systems for turblnes are classlfled In many 

ways The hlghest level c lass~ f~ca t~on  IS whether or not the control system uses 

electron~c components or mechan~cal hydraullc components Those whlch use 

mechan~cal and hydraullc components are called mechan~cal hydraulic control systems 

(MHC) and those usrng electron~c and hydraullc components are called 

electrohydraul~c systems (EHC) EHC control systems may be further subdlvlded Into 

analog and dlgltal systems The flyball governor and pump are used as speed 

measuring dev~ces In MHC systems and the electron~c devlce IS used In EHC systems 

An Important aspect of turblne control systems IS that regardless of the nature 

of the control systems, MHC or EHC, analog or dlgltal, all must share certaln 

characterlstlcs These common characterlstlcs are most easlly illustrated using 

examples of slmpllfled MHC systems as shown In the following Sectlon 

3 9 1 Simple MHC Turblne Control Systems 

It m ~ g h t  be sald that the most Important dev~ce In a control system for a turblne 

IS the speed senslng devlce The speed senslng devlce IS a transducer that converts 

the parameter of speed to  another parameter The GE Lynn flyball governor has been a 
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0 used for most GE MHC turbines for over 3 0  years Westinghouse MHC systems 

make use of a device called an impeller as the speed transducer To illustrate the 

principles involved most of this section will use the flyball governor The governor 

011 ~mpeller 1s also examlned brlefly 

A S~mple Flyball Governor 

F~gure 3-73 shows a very simple turblne wi th a single governor valve and a 

flyball governor In this system, the flyball governor IS the speed transducer 

corresponding t o  the governor oil ~mpeller The turbine would, of course, also have 

a throttle valve upstream of the governor valve Assume that the throttle valve is 

open for the purposes of this discussion Assume also that the turblne-generator has 

not been synchron~zed to  the system Thls IS important because once the generator 

is synchronized, the speed of the turbine IS fixed by the electrical frequency of the 

system, ~f the electrical frequency of the system 1s 6 0  Hz, the turbine speed IS exactly 

3600  rpm for most turbines (some turbines produce 6 0  Hz power at 1800  rpm) The 

speed of the turbine is sensed by the flyball governor The fulcrum for the lever 

connecting the governor t o  the governor valve is fixed The governor IS driven by a 

worm gear at the end of the turbine shaft 

If the turbine speeds up, the weights of the governor move outward due to  

Increased centrifugal force This outward movement lifts the pivot rod up which, in 

turn, closes the governor valve slightly as shown In F~gure 3-73 (bl As the valve 

closes, the f low of steam to  the turbine is reduced, slowing down the turbine This 

causes the welghts on the governor to  move inward again, restoring the governor 

valve close to  its previous position, and the turbine close to  its or~ginal speed The 

opposite occurs if the turblne slows down The reason that the system does not 

restore the turbine t o  its exact, previous speed IS an Important issue that is explained 

later in this discuss~on 

The setpoint for the simple governor system shown in F~gure 3-73(a) IS fixed 

by the positron of the lever fulcrum If r t  is necessary t o  change the turbine speed 

setpoint, an adjusting screw must be used In place of the fixed fulcrum as shown in 

F~gure 3-74(a) This adjusting screw IS called the speed load changer 
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F~gure 3-73 S~mple Turb~ne Flyball Governor 
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F~gure 3-74 S~mple Turblne Flyball Governor w~ th  Add~t~on of Speed Load Changer 
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To speed the turblne up, the speed load changer IS adjusted upward, openlng 

the governor valve and speedlng up the turblne The governor welghts then move 

outward to  a new posltlon of equlllbrlum The opposlte IS done to  slow the turblne 

The speed load changer has mechanical stops called the h ~ g h  speed stop and the low 

speed stop t o  hmit ~ t s  travel to  the operating range of the governor 

Now assume that the generator IS synchron~zed to  the electrical system Thls 

essentially flxes the speed of the turbine-generator The posltlon of the governor 

valve at full speed, no load (FSNL) 1s just cracked opened slnce only about 2% of 

rated f low IS necessary t o  keep the turbrne-generator at FSNL Under these 

circumstances, the posltlon of the plvot rod from the fly ball governor IS fixed If it 

IS necessary t o  open the turblne valve In order to  Increase the steam f low and thus 

load, the speed load changer IS adjusted upward 

- 
Next, assume yet another sltuatlon In whlch the turb~ne-generator IS carrying 

electrical load, but ~t IS the only generator In the system The turblne valve IS 

posltloned to  ma~ntaln 50% load as shown In Flgure 3-74(al Assume now that the 

load Increases to  75%, but the governor valve posrtlon remains flxed at flrst The 

Increased load causes the turblne-generator t o  slow When thls happens, the flyball 

governor welghts move Inward, pushlng the pivot rod down and openlng the governor 

valve further Thls Increases the steam f low to  "prck up" the Increased load 

When the turb~ne-generator reaches a new polnt of equ~ l~br~um,  the load will 

have Increased to  7 5 %  and the speed of the turb~ne-generator will have slowed To 

return the turb~ne-generator t o  the speed ~t had before the load Increase, ~t IS 

necessary to  adjust the speed load changer upward to  open the governor valve more 

as shown In F~gure 3-74(b) 
d b w ? =  kGj"k4kn 

The amount that the turb~ne-generator slows depends on the posltlon of the 

speed load changer that acts as the fulcrum In the lever system The closer the 

speed load changer IS t o  the governor, the less the change In speed The term 

regulatlon (also sometimes called speed droop) IS used t o  descrlbe thls phenomenon 

Regulat~on may be deflned as the change In speed requlred t o  move the valves from 

full open to  fully closed Thus, ~f a turblne wlth a regulatlon of 5 %  were runnlng w ~ t h  

-- -- 
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valves wlde open, and the system frequency were to  Increase 5% from 60 Hz to  63 

Hz (forclng the turb~ne speed to  Increase from 3600 to  3780 rpm), the governor 

would d r~ve  the valves completely closed The graph In F~gure 3-75 lilustrates the 

concept of regulation 

Turblnes w ~ t h  a narrow (small) regulatlon require only a small change In speed 

In order to  laroduce a stgn~flcant change In va l vcpos~ t~on  w h ~ l e  the oppos~te IS true 

of turblnes wl th a wlde (large) regulat~on Regulatron has Important ~mpl~catrons when 

more than one turblne-generator 1s operated In an electr~cal system Thrs IS because 

In such a system there must be a means to  share changes In system load among the 

u n ~ t s  In the system If every unlt In the system has the same regulatlon, then when 

there IS a load change, all units plck up (or loose) load In proportion to  t he~ r  size 

There IS another Important lmpllcatlon of regulatron In the event of a turblnq 

overspeed, perhaps due to  loss of load, as soon as the speed Increases above the 

setpolnt, the governor valves will start t o  close Most overspeed lncldents, lncludlng 

those from loss of load, result In overspeed of more than 5 %  This means that the 

governor valves w ~ l l  close completely and thus help In l ~ m ~ t ~ n g  the magnitude of the 

overspeed 

The d~scuss~on so far has assumed that the output of the flyball governor 

would be connected drrectly to  the governor valve Thrs IS not practrcal for t w o  

reasons Flrst the force produced by the flyball governor IS very small--too small to  

move even one small governor valve Second, the dlstance that the governor moves 

IS very small--too small to  accommodate the stroke of the governor valves Another 

related problem IS the accuracy of the governor In converting the turbine speed If 

the governor has t o  do work by opening and closing a governor valve, then its 

accuracy IS reduced 

The Westinghouse turblne control systems use the governor 011 lmpeller as the 

speed transducer rather than the flyball governor The governor lmpeller 1s somewhat 

slmilar to  a centrrfugai pump and llke centrifugal pumps, changes ~ t s  discharge 

pressure as speed changes 
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Ftgure 3-75 Speed vs Valve Pos~t~on for 5% Regulat~on 
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The governor lmpeller dlscharge pressure IS, therefore, a pressure slgnal whlch 

can be ampllfled by other devlces t o  posltron the maln steam valves Flgure 3-76 

shows a srmplrfled system whlch uses a governor 011 lmpeller to posltlon the governor 

valve The governor lmpeller IS a centrlfugal pump mounted on the end of the turblne 

shaft The dlscharge from thls pump provldes hydraullc pressure t o  a sprlng open, 

slngle actlng, hydraullc servomotor As the hydraullc pressure from the governor 

lmpeller Increases, the plston In the servomotor IS pushed upward agalnst the sprlng 

The governor valve IS closed as the plston moves up Conversely as the hydraullc 

pressure falls, the plston moves downward, openlng the governor valve 

The governor lmpeller, illustrated In Flgure 3-77, takes the place of the flyball 

governor that was rllustrated In the earher slmpllfled systems To understand how 

thls dev~ce can act as a speed transducer, conslder Flgure 3-78 The lmpeller 

conslsts of a hollow cyllndrlcal body wl th radlal tubes connecting the chamber lnslde 

the lmpeller t o  the outside drameter of the lmpeller where they drscharge lnto the 

governor lmpeller dlscharge cavlty The impeller lnner chamber also has 011 dram 

passages The dlscharge cavrty IS an annular chamber whlch surrounds the governor 

lmpeller 

Hlgh pressure 011 from the main 011 pump dlscharge (note that the main 011 pump 

IS located adjacent to  the governor lmpeller on the same shaft) IS admltted to  the 

dlscharge cavlty through an adjustable orlflce whlch IS set to  provlde a constant f low 

The 011 f lows Into the cavlty, radlally Inward through the tubes t o  the lmpeller lnner 

chamber, and out of the lmpeller lnner chamber through the dram holes 

The arrangement of the governor lmpeller produces, In effect, a column of 011 

whlch extends from the lnslde ends of the radlal tubes to  the outslde drameter of the 

governor lmpeller dlscharge cavlty The f low of oil Into the dlscharge cavlty IS 

adjusted to  assure that the tubes are full of oil at all trmes wlthout exceedrng the dram 

capacity of the governor lmpeller chamber drams Thls condltlon assures that 

pressure on the column of or1 IS determined by the centrlfugal force on the oil alone 

and IS Independent of the pressure upstream of the adjustable orlfrce that admrts 011 

lnto the cavlty Slnce centrlfugal force varles wl th the square of the rotational speed 

of the lmpeller, the governor lmpeller discharge pressure varles dlrectly wl th the 

square of the turblne speed 
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IMPELLER 

F~gure 3-76 S~mpl~f~ed Governor Impeller Control System 
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Figure 3-77 Typical West~nghouse Maln 011 Pump and Governor Impeller 
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F~gure 3-78 Cross-Sect~on of Governor Impeller 
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To understand how the simple system in F~gure 3-76 works, consider the 

scenario in which the turbine IS in operation at 3600 rpm but not synchronized to  the 

electrical distribution system If the turbine speed falls, the governor 011 ~mpeller 

pressure falls as well This results in the servomotor openlng the governor valve to  

restore speed Conversely, if the speed were t o  increase, the governor impeller 

pressure would increase as well, thus causing the servomotor to  close the governor 

valve The s~mple system described here has several serious limitat~ons The "real" 

Westlnghouse MHC systems add many features and devices that are required to  make 

this system practical 

3 9 2 MHC Ampl~fiers 

The s~mple MHC systems described in the previous sect~on are not practical for 

large turbines I t  IS very di f f~cul t  t o  build a governor that both accurately sense% 

turblne speed and develops enough force to  open and close the turbine valves Many 

years ago, small units were bulk which had just such a system Some small turbines 

are still built w ~ t h  such a system The weights of the governor for these unlts are 

massive, and the turblne IS relatively small wi th relatively small valves It was not 

practical t o  build governors wl th  larger weights as the size of turb~ne-generators 

Increased The solution t o  thls problem was t o  develop the MHC amplifier like that 

shown In F~gure 3-79 Such an amplifier is often called a relay 

The MHC amplifier consists of a small valve, called the pilot valve, which can 

e~ther a d m ~ t  high pressure hydraulic fluid t o  a hydraulic cylinder, causing it t o  open, 

or drain fluid from the cylinder, causing it to  close The stems of the operating 

cyllnder and the pllot valve are connected by a lever in such a way as to  cause the 

movement of the hydraulic cylinder to  be "fed back" to  the pilot valve The amplif~er 

works as follows 
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e If the lever is moved down slightly at the pilot valve, the pilot valve admits high 

pressure fluid beneath the hydraulic cylinder causing it to  move upward against the 

closing force of the spring, opening the valve As the hydraul~c cylinder moves 

upward, the lever causes the pilot valve t o  move up, shutting off the f low of high 

pressure fluid to the cylinder and so stopping ~ t s  movement S~milarly, if the valve IS 

open and ~t is necessary t o  close the valve sl~ghtly, the pilot valve is raised slightly, 

dumping the high pressure fluid beneath the cyl~nder to  drain As the cylinder moves 

down, the lever makes the pilot valve move down and so shut off  the port t o  drain, 

stopping the movement of the cylinder Note that in each case the pilot valve is 

restored to  essentially the same pos~t ion when a new equillbrlum IS established In 

fact it acts as the fulcrum for the lever system 

The input to  the amplifier IS the movement at the left end of the lever and the 

output IS the movement of the hydraulic cylinder The amount of the output that 1% 

produced for a given input depends on the positlon of the pilot valve stem, the 

fulcrum, on the lever If the position of the pilot valve stem is such that ~t splits the 

lever equally (lengths "x" and "y" are equal) then the output is equal in magnitude to  

4D the input If the fulcrum is moved towards the Input end of the lever such that "x" 

is one half as large as "y," the output is twlce the input Thus the ratio of the input 

to the output IS equal to  the ratio of "y" t o  "x " This refers, of course to  the motion 

The force behind the movement wil l depend on the dlameter of the cylinder and the 

pressure of the hydraulic fluid 

The pilot valve can be designed so that a very small movement uncovers the 

ports to  the high pressure fluid source or the drain Also, the force required t o  move 

the pilot valve can be made very small This means that it is possible t o  amplify small 

movements wi th  low forces t o  large movements and forces 

The amplifier can be used together wi th the flyball governor t o  move the 

turbine valve as shown in F~gure 3-80 Using this system ~t IS possible t o  have a 

small, accurate flyball governor which can control large valves The hydraulic 

cylinder operated by the governor is commonly called the speed relay in this system 

In practice, for large steam turbines, the valves and the forces are so large that t w o  

ampl~f~ers  must be used In series 
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Another variation seen for large steam turbines is a special pilot valve which 

is used in conjunction wi th  the flyball governor It is called the rotating primary pilot 

valve and is shown in F~gure 3-81 The pilot valve itself is attached t o  the flyball 

governor so that it turns w ~ t h  the governor and moves downward as the speed of the 

governor Increases, causing the weights t o  move outward 

The fact that the pilot valve is spinning helps keep the valve clean and reduces 

the f r ic t~on between the valve and the speed bushlng, thus reducing the force 

required to  move the valve The speed bushing is free to  slide up and down over the 

pilot valve and inside the valve housing The ports in the houslng and speed bushing, 

and the lands on the pilot valve are arranged so that in normal operation the ports to  

the high pressure fluid and drain are just closed If the speed bushing remains in the 

same position, and the turbine slows, the weights on the governor move inward, 

raising the pilot valve and opening the port from the high pressure fluid source t o  the- 

operating cylinder This opens the steam valve more, speeding the turbine back up 

and restoring the pilot valve to  very nearly the same position as before the speed 

change, closing of f  the high pressure fluid to  the operating cyllnder 

The speed setpoint of the turbine may be changed by adjusting the position of 

the speed bush~ng If the bushing is moved down, a port in the bushing is uncovered, 

admitting high pressure fluid to  the operating cylinder, opening the turbine steam 

valve and so speeding the turbine up This causes the weights of the governor to  

move out and the pilot valve to  move down, covering up the port to  the h ~ g h  pressure 

fluid When the new equilibrium is reached, the relative position of the pilot valve and 

the speed bushing is the same, and both the pilot valve and bushing are slightly 

lower The turbine speed increases 

3 9 3 Control o f  MHC Turblne Steam Valves 

The control of the turbine speed and load is accomplished by controlling the 

f low of steam Into the turbine The steam f low is controlled by the posltion of the 

steam valve There is a problem in the control of f low with a valve, however The 
steam f low does not increase evenly as the valve is opened As Figure 3-82 shows, 
the steam f low may be 25% of maximum when the valve IS opened only 10% As 
the valve continues t o  open the f low may Increase from 75% to  90% when the valve 

opens from 5 0 %  t o  9 5 %  Such a situation is described as being non-linear 
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F~gure 3-81 Flyball Governor w ~ t h  Rotat~on Pllot Valve and Speed Bushlng * 
-- 
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F~gure 3-82 Character~st~c of Flow vs L ~ f t  for Steam Valve 
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The practical effect of thls non-hear situation 1s illustrated by conslderlng a 
speed load changer whlch has ten turns from full closed to  full open The steam f low 

will Increase to  30% when the speedlload changer IS opened one turn I t  mlght take 

t w o  more turns t o  Increase steam f low another 3 5 %  to  65%, and the remalnlng 

seven turns to  brlng steam f low t o  100% It would be much easler t o  control the 

turblne ~f the f low Increased 1 0 %  for each turn of the ten turn speed/load changer 

It is possible to correct this problem by using a cam and roller between 

the operating cyl~nder and the valve stem as shown In F~gure 3-83 The valve stem 

IS ra~sed as the cam turns The cam rotates to  fully open the valve as the speedlload 

changer IS adjusted from fully closed to fully open The amount that the valve opens 

for a glven amount of cam rotatlon depends on the shape of the cam The cam shape 

IS des~gned so that one turn of the ten turn speed/load changer produces a 10% 

change In steam f low regardless of whether ~t IS the f ~ r s t  or last turn of the speedlload - 
changer Such a s~tuatlon IS descr~bed as be~ng h e a r  

Once again, a very slmple system has been descr~bed In reallty turblnes are 

more compl~cated, and the turblnes generally have a number of CVsIGVs The most 

common arrangement for such turblnes IS t o  open the CVsIGVs sequentially That 

IS, (assum~ng that there are four valves numbered one through four), valve number 

one IS opened flrst whlle the other valves remain closed When the number one valve 

IS almost fully open, the number t w o  valve cracks open When the number t w o  valve 

IS nearly fully open, the number three valve cracks open, and so on u n t ~ l  all four 

valves are fully open In an MHC system, thls can be accomplished by using cams 

w h ~ c h  are orlented on the cam shaft to  open the valves In the proper sequence whlle 

at the same tlme, "llnear~zlng" the f low In each valve The result IS a curve of cam 

shaft rotatlon versus steam f low w h ~ c h  looks something l ~ k e  that shown In F~gure 3- 

84 The amount of cam shaft rotatlon corresponds to  a parameter commonly called 

total CVIGV posltlon 

3 9 4 A Nonreheat MHC System 

F~gure 3-85 shows a nonreheat MHC system w h ~ c h  has nearly all of the 

features that would be seen on a nonreheat large steam turblne Reheat turb~nes, 

w h ~ c h  are more compl~cated, are d~scussed later 
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F~gure 3-85 S~mplif~ed Nonreheat Turblne MHC Control System Diagram 
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The hydraulic f l u ~ d  IS lube 011 supplied from the main shaft oil pump In normal 

operation No t~ce  that the system employs a rotatlng pilot valve and t w o  hydraulic 

actuators (which act as amplif~ers) in serles The CVsIGVs are opened w ~ t h  cams as 

descr~bed earl~er There IS also a new element In the system called the load l im~t 

whlch consists of a load l ~ m ~ t  pilot valve and startlnglload l ~ m ~ t  handwheel t o  adjust 

the pilot valve 

The load l ~ r n ~ t  pllot valve IS placed between the source of h ~ g h  pressure 

hydraul~c fluid and the primary pllot valve In thls posltlon, the load l ~ m ~ t  pilot valve 

can limit the action of the primary prlot valve by cu t t~ng  off the high pressure 

hydraul~c f lu~d  to  the prlmary pllot valve The load l i m ~ t  pllot valve IS connected to the 

prlmary relay cyllnder by a lever whlch has the attachment of the startlnglload limit 

pilot valve as its fulcrum 

* 

The load l ~ m i t  device has t w o  funct~ons First, ~t prov~des a means to l ~ m ~ t  load 

When the load Iirn~t/start~ng handwheel IS adjusted fully downward, the load l ~m l t  pilot: 

valve adm~ts  full hydraul~c fluid pressure to  the prlmary pllot valve regardless of the 

posit~on of the primary relay cylinder and thus the steam valves If the load l ~ m i t  pllot 

valve moves upward, the supply of high pressure f lu~d  is cut off, and the prlmary pilot 

valve is ported t o  drain Thls causes the prlmary relay cyllnder t o  close until the 

positlon of the load l ~ m i t  pllot valve IS restored 

The effect of the load l i m ~ t  device is that it allows the prlmary pilot valve to  

control the steam valves as long as ~t does not try to  open them further than the 

setpo~nt of the load l i m ~ t  The load l ~ m ~ t  IS sometimes referred t o  as a celllng l ~ m ~ t e r  

for that reason It m ~ g h t  be used In order to  ensure that the unit load IS not 
I 

acc~dentally Increased beyond a set point due to  plant lim~tations For instance, ~f one 

boiler feed pump were out of service In a plant w ~ t h  t w o  bo~ler feed pumps, the load 

l ~ r n ~ t  m ~ g h t  be set at 50% t o  insure that unit load were not Increased beyond the 

capacity of the angle feed pump 
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Note that  whlle the load llmlt IS controlllng the turblne, changes In speed will 

not cause any movement In the steam valves unless the speed Increases so much 

that the prlmary p~ lo t  valve IS calling for a lower governor valve posltlon than the load 

llmlt Thus, the turblne will generally not partlclpate In load sharlng w ~ t h  the rest of 

the system when the load l i m ~ t  IS controlllng 

For some turbines, the load llmlt devlce is also used t o  start up the turblne 

Thls IS necessary because the flyball governor only functions In a narrow range of 

speed from about 9 0 %  to  11 0 %  of rated speed If the flyball governor and prlmary 

pllot valve were the only devlces used to  control the speed of the turblne at start up, 

the turblne speed would jump t o  about 90% as soon as the turblne IS reset (whlch 

opens the throttle valve(s)) even though the speedlload changer was on the low 

speed stop Thls IS called a "sllng shot start " In order t o  avold the sling shot start, 

the turblne controls are arranged so that the turblne cannot be reset unless the load 

I lm~tlstart lng handwheel IS at ~ t s  low l ~ m ~ t  stop Thus when the turblne IS reset, the 

governor valves remaln closed because the supply of h ~ g h  pressure f l u ~ d  to  the 

prlmary pllot valve has been cut off  by the load l l rn~t  pllot valve 

To start the turblne, the governor IS set at ~ t s  low stop and the load 

l~mltlstartlng handwheel IS slowly opened Thls slowly opens the governor valves and 

allows the operator t o  control speed durlng the startup below the operating range of 

the governor As the speed IS Increased t o  the lower l i m ~ t  of the operating range for 

the governor, the governor w ~ l l  "take over" from the load l i m ~ t  lncreaslng the load 

l ~ m ~ t  posltlon beyond thls polnt w ~ l l  have no further effect on turblne speed The load 

l ~ m i t  IS usually brought t o  ~ t s  h ~ g h  stop and turblne speed IS then adjusted w ~ t h  the 

speedlload changer It IS necessary to  adjust the speed of the turblne very precisely 

t o  match the electrical frequency of the generator t o  the frequency of the system 

before the generator can be synchron~zed Slnce thls flne speed adjustment IS done 

w ~ t h  the speedlload changer, ~t IS somet~mes called the synchronizing devlce 

After the unit has been started up and the load l ~ m ~ t  is at ~ t s  h ~ g h  stop, load IS 

controlled wl th  the speedlload changer There IS usually a spec~al motor connected 

t o  the speedlload changer to  adjust ~ t s  posltion The speedlload changer motor IS 

controlled by a control swltch whlch IS usually In the control room 

- - 
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3 9 5 Overspeed Protect~on for a Nonreheat MHC U n ~ t  

So far In the d~scuss~on of controls, normal operations have been d~scussed, 

such as rolling the turblne up to  rated speed, synchronlzlng, and changing load 
Another important function of the control system is to  protect the turblne-generator 

from overspeed The following d~scussion appl~es t o  nonreheat units Reheat unlts 

are d~scussed In the next section 

The control system IS deslgned t o  prevent the peak overspeed from ever 

exceed~ng 120% of rated speed T h ~ s  type of overspeed Incident IS most llkely to  

occur when the generator breaker t r~ps  open w h ~ l e  there IS a load on the unit 

Remember that only about 2% of rated steam f low IS requrred to  keep the unlt at 

FSNL If the breaker trips open when the u n ~ t  is at full load and there IS 100% of 

rated flow, the u n ~ t  w ~ l l  accelerate t o  destruct~ve overspeed In a matter of a few, 

seconds The rate of accelerat~on of the turb~ne depends on t w o  factors One IS the 

size of the unlt Small un~ ts  wl th relat~vely Ilght, small dlameter rotors will accelerate 

more qu~ckly than larger unlts w ~ t h  heavrer, larger d~ameter rotors 

The second factor determ~n~ng the rate of accelerat~on IS the u n ~ t  load The 

hlgher the load, the h~gher the pressure of the steam In the maln steam leads and 

turb~ne, downstream of the governor valves When the valves t r ~ p  closed, the steam 

trapped In the piping and turb~ne will continue to  expand through the turb~ne to  the 

condenser and so continue t o  d r~ve  the turblne above rated speed The rate of 

acceleratlon and the peak speed the turb~ne w ~ l l  ach~eve depends on the pressure of 

the trapped steam w h ~ c h  In turn depends on the load at w h ~ c h  the turb~ne t r ~ p s  

In order t o  prevent destruct~ve overspeed, the control system must close the 

turbine valves very qu~ck ly  (In less than a second) when an overspeed ~ n c ~ d e n t  

occurs Remember that there are t w o  sets of valves In serles t o  prov~de t w o  llnes of 

defense aga~nst destruct~ve overspeed There are also t w o  d~fferent means of clos~ng 

the valves In order t o  extend these t w o  l~nes of defense t o  the control system 

The flrst l ~ n e  of defense IS the turb~ne governor As soon as the governor 

senses an Increase In speed above rated, ~t beglns t o  close the governor valves 

Unfortunately, because of the small passages In the primary p ~ l o t  valve, ~t takes a 
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relatively long tlme (on the order of seconds) to  close the valves completely If the 

generator breaker opens at low load, the rate of acceleratlon may be slow enough for 

the governor to  "catch ~ t "  before the speed Increases t o  the danger polnt If the unit 

IS at or near full load, however, the rate of acceleratlon may be too great for the 

governor valves 

The second line of defense is the emergency overspeed governor Thls IS a 

devlce (shown In F~gure 3-86) whlch IS mounted on the end of the turbine rotor The 

emergency overspeed governor conslsts of a welght whlch IS held agalnst the shaft 

by a sprlng The sprlng IS adjusted so that at rated speed the force of the sprlng 

overcomes the centrlfugal force on the welght and so holds ~t against the shaft If 

the speed of the rotor Increases above an adjustable trlp polnt, the centrlfugal force 

on the we~gh t  overcomes the spring force and the welght snaps out, moving a small 

distance, usually about 1 /4 Inch - 
The emergency overspeed governor IS mounted close t o  a trlp flnger In the trlp 

system A typlcal trlp system for an MHC system IS shown In F~gure 3-87 When the 

we~ght  snaps out, the welght hlts the trlp flnger As soon as the trlp flnger IS tripped, 

a sprlng loaded trip valve IS opened which dumps the hlgh pressure fluld In the trip 

system to  dram All of the main steam valves are connected to  the trlp system, and 

the maln steam valves trlp closed In a fractlon of a second 

The trip polnt on the emergency overspeed governor IS usually between about 

106% and 11 2% of rated speed, depend~ng on the slze of the unlt In the event that 

an overspeed incident occurs, the governor will ~mmedlately start t o  close the 

governor valves If the governor can llmlt the peak overspeed t o  a polnt below the 

trlp polnt for the emergency overspeed governor, then there will not be a trip The 

unit will "settle out" at a speed sllghtly hlgher than rated, how much hlgher depends 

on the load the unit was carrying, the regulation, and system frequency prior to  the 

lncldent If the unlt had been at valves wlde open (VWO), the flnal speed would be 

about 107% of rated It would then be necessary to  resynchronlze the unit wi th the 

speed/load changer 
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F~gure 3-86 Typ~cal Emergency Overspeed Governor Cross-Sect~on 

Page 187 



Prmcples of Combined Cycle Power Plants MODULE 3 

F~gure 3-87 Typ~cal, S~mpl~f~ed MHC Tr~p System Arrangement 
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If, because the load on the unit is too high when the overspeed incident occurs, 

the governor cannot limit the peak overspeed below the emergency overspeed 

governor trlp polnt, ~t will trip all of the main steam valves closed The unlt will 

cont~nue to accelerate after the trip The emergency overspeed t r ~ p  polnt 1s 

calculated to lrmlt the peak speed to less than 120% of rated speed regardless of how 

hlgh the load on the unlt IS durlng an overspeed rncldent It  1s then necessary to reset 

the unlt In order to restart and synchronize ~t 

3 9 6 Reheat Unit MHC Controls 

D~scuss~ons of the turbrne control system have so far been devoted to 

nonreheat unlts Many steam turb~ne-generators are reheat unlts That IS, the steam 

exhausting from the hlgh pressure turblne is returned to the reheater section of the 

boller where it 1s reheated and then returned to the lntermed~ate pressure (IP) turblne 

As was explained earher, another set of valves IS requlred for a reheat unit in the hot 

reheat piping at the Inlet to the IP turbine These are the reheat stop and lnterceptor 

valves 

These valves are requlred for overspeed protection In addltlon to the throttle 

and governor valves, because In the reheat unit there is addltronal steam entrained 

In the cold reheat plplng, the reheater In the boller or HRSG, and the hot reheat 

piping Because of thls addltlonal steam, the turblne would be drlven to destructive 
overspeed even ~f the throttle and governor valves were to close Instantly upon an 

overspeed Incident Note that both the Interceptor and reheat stop valves are wlde 

open durlng normal operation The only tlme that they close 1s durlng abnormal 

sltuatlons, most often overspeed 

Figure 3-88 shows an MHC control system for a typlcal reheat unlt I t  has 

several devlces or features which were not In the d~agram for the nonreheat unit 

Perhaps the most Important of these IS the pre-emergency speed governor Thls IS 

a second flyball governor, called the pre-emergency governor, dedicated to the 

control of the Interceptor valves 
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F~gure 3-88 Simpl~f~ed Reheat Turblne Control System D~agram 
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The pre-emergency governor IS constructed exactly the same as the main 
governor wlth a flyball governor attached to a rotating pllot valve wlth a speed 

bushlng In normal operation, the speed bushlng for the pre-emergency governor IS 

left at a constant setpolnt The regulatlon and setpolnt for the pre-emergency 

governor are set up so that the Interceptor valves are fully open at about 10% load 

and will remain fully open untll the unlt beg~ns to overspeed The lnterceptor valves 

w ~ l l  be fully closed when the unit reaches about 103% to 105% of rated speed If 

the unlt does not trip, the lnterceptor valves w ~ l l  beg~n to reopen and "blow down" 

the reheater as the turbine speed returns to normal In the event that the unit 

exceeds the emergency overspeed governor trlp polnt, both the reheat stop and 

lnterceptor valves will be trlpped along w ~ t h  the throttle and governor valves 

The speed bushlng for the pre-emergency governor can be adjusted using the 

lnterceptor valve test handwheel When the unlt IS at rated speed, the only time t h e  

lnterceptor valves are closed IS when thls handwheel IS adjusted to close the valves 

as part of a test 

There are two other dev~ces on thls dlagram whlch have not yet been 

ment~oned The flrst of these IS the regulatlon adjuster Thls IS an adjustable fulcrum 

for the feedback lever from the prlmary relay cyllnder to the prlmary pllot valve It 

allows the regulatlon to be adjusted from about 2% to  7% As ment~oned earller, for 

all unlts In thls country, the regulatlon should be adjusted to 5% to  Insure proper load 

sharlng 

The second added devlce IS the lnltlal pressure regulator (IPR) The purpose 

of the IPR IS to protect the turblne from carryover of water from the steam generator 

In the event of an upset If pressure rapldly falls there may be carryover of water Into 

the turb~ne, whlch can result In severe damage to the turblne The IPR senses the 

steam generator pressure, and ~f ~t falls, starts to  close the governor valves Thls 

helps keep the steam generator pressure from falling so qulckly and mlnlmlzes the 

poss~blllty that water will be carr~ed over to  the turb~ne 

The IPR IS a mechanical hydraulic dev~ce wlth an Input from a plston and 

cyllnder connected to  the main steam prprng by a sensing llne The plston IS spring 

loaded and moves as the main steam pressure changes The movement from the 
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steam cylinder is input t o  an MHC amplifier The output from this amplifier is a connected to  the secondary operating cylinder pllot valve through a lever The other 

end of the lever IS connected to  the output from the primary operating cylinder This 

lever effectively sums the inputs from the primary relay cylinder and the IPR The 

arrangement of the system is such that the IPR will begin to  close the valves at an 

adjustable setpoint, usually 90% of rated steam pressure, and closes the governor 

valves t o  the FSNL position when the pressure falls to  8 0 %  of rated The governor 

valves are generally not allowed t o  close completely because it is necessary to  keep 

some steam flowlng through the turbine for cooling of turbine blades 

The ~nl t ia l  pressure regulator may be dlsabled by adjusting a turnbuckle in the 

link between the steam pressure sensing cylinder and the IPR pilot valve t o  the "out 

of action stop " Thls moves the IPR pilot valve to  a position which prevents it from 

ever producing an output that would close the valves The IPR must be removed 

from service when starting up a unit because the boiler will generally be at much less 

than rated pressure at startup Often rated pressure is not reached until the unit has 

reached 25% load, and sometimes higher 

The term IPR IS speclfic t o  GE MHC turblnes Westinghouse calls their devlce 

that performs the same funct~on the Throttle Pressure Regulator (TPR) Still another 

name IS sometimes used on some EHC systems, Main Steam Pressure Limlter (MSPL) 

3 9 7 Boller Follow~ng, Turb~ne Following, and Inlet Pressure Control 

The turbine control systems described t o  this p o ~ n t  In this Sectlon are typ~cal  

of what would be found in an older convent~onal, Rankine Cycle plant In the 

conventional Rankine cycle unit it is possible t o  separate the operation of the boiler 

and the steam turbine to  a much greater extent than IS possible in the combined cycle 

plant In comblned cycle plants, the modes of control offered by these older systems 
are not adequate because the gas turblne, HRSG and steam turblne must be operated 
together as an Integrated unit To understand the difference between the control 

sltuatlons, consider the fo l low~ng 
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In the older, convent~onal Ranklne cycle plant there IS no lntegratlon of the 

turblne and boller controls The turblne controls functlon as described In the previous 

sectlons The only "llnk" between the boller and the turblne IS the IPR and then only 

~f the IPR IS In servlce 

The boller controls In an older conventlonal Ranklne cycle plant are deslgned 

to control the boller pressure The three major components of the boller controls are 

the control of fuel, combustlon air and feedwater f low The feedwater f low IS 

modulated to  malntaln the level In the boller drum wlthln safe llmlts Most bollers 

utlllze a three element control system for drum level control that senses feedwater 

flow, steam f low and drum level All three slgnals must be used to  prevent excessive 

osc~l lat~on of the drum level In general the drum level control functions t o  Increase 

the feedwater f low as load Increases and reduce feedwater f low as load decreases 

whlle malntalnlng the drum level wlthln safe llmlts * 

Combustion air and fuel controls are generally controlled through the boller 

master The boller master modulates the fuel and combustlon air f lows t o  malntaln 

the boller pressure at the superheater outlet at a setpolnt Fuel and alr f low must be 

controlled together to  assure that a safe fuel air ratlo IS malntalned under all operating 

condltlons A safe fuel arr ratio IS one that does not have too much fuel (fuel "rich") 

If there IS too much fuel, ~t IS posslble t o  extlngulsh the flre In the boller It IS very 

dangerous to  lose flres In the boller because an explosion can result The potentlal 

for Improper fuel air ratlo occurs when there are changes In load In general a 

lncrease In demand results In an Increase In alrflow, followed by lncrease In fuel f low 

and a decrease in demand results In a decrease In fuel f low followed by a decrease 

In air f low Thls control scheme assures that there IS never a fuel rlch sltuatlon that 

could result In a loss of flre In the boller 

In most older, conventlonal plants the boiler and the turblne were operated 

together In a mode called "boiler following " In thls mode of operation the operators 

would respond t o  an lncrease In demand by opening the turblne valves using the 

turblne controls As soon as the turblne valves open, steam f low Increases and as 

a result load also Increases The Increased steam flow also results In a drop In boller 

pressure The boller master responds by Increasing fuel and air f low (often called the 

flrlng rate) The drum level controls respond by lncreaslng the feedwater f low 
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After a perlod of a few mlnutes (for a moderate lncrease In load), the boller 

pressure IS restored 

There can be problems wlth boller followlng operatlon Sudden, large Increases 

In demand can cause boller drum level osc~llat~ons and fuel and alrflow osc~llat~ons 

that are dlfflcult for the operator to  control These osc~llat~ons can result in the unlt 

trlpplng There IS another mode of operatlon of the turblne and boller together that 

eliminates thls problem That mode of operatlon IS called "turblne fol low~ng" 

operatlon 

In turblne followlng operatlon, the turblne GVslCVs are used to  control boller 

pressure Thls IS done by uslng a pressure slgnal In a control loop that posltlons the 

GVslCVs In the turblne following mode of operatlon, the operator Increases the 

boller flring rate to  lncrease unlt load As the flrlng rate 1s increased, the holler_ 

pressure tends to  Increase, but the turblne GVsICVs open to  maintain pressure at the 

setpoint The advantage of thls mode of operatlon IS that the boller drum level and 

fuel and alrflow remain nearly constant The disadvantage of the turblne fo l low~ng * mode is that the response to  changes In demand IS relatively slow 

The source of heat t o  the steam generator In the comblned cycle plant IS the 

gas turblne When the gas turblne load Increases, the heat Input t o  the HRSG 

increases The normal mode of operatlon for most comblned cycle plants IS turblne 

followlng The mode IS normally called lnltlal pressure control (IPC) In comblned cycle 

plants, however 

For combined cycle plants operating In IPC mode, changes In demand are sent 

to  the gas turblne flrst The lncrease in gas turbine load causes the HRSG pressure 

to  tend t o  Increase The steam turblne GVslCVs open to  malntaln the pressure at the 

setpolnt, however The response of the comblned cycle plant (considering both the 

gas turb~ne load and steam turblne load) is better than that for a conventional plant 
operating In turb~ne fo l low~ng because the gas turblne p~cks  up load ~mmed~ately 

Whlle the steam turblne IS operated In IPC In normal operatlon of a combined 

cycle plant, thls mode of operatlon cannot be used for the startup of the plant The 

turblne IS rolled f rom turning gear t o  synchronous speed uslng speed control 
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lmmedlately after synchron~zation, the steam turblne IS loaded uslng load 

control After the steam turbine IS loaded to  some minlmum load, the controls are 

swltched t o  IPC 

3 9 8 Electrohydraul~c Control Systems Overvlew 

The deta~ls of controls systems covered to  this point In this Section have been 

MHC controls Many older turbine that are In service make use of these MHC control 

systems EHC (Electrohydraul~c Control) controls for turb~nes were flrst Introduced 

In the 1960's By the mid 1980fs, very few new turblnes had MHC controls 

Further, In many other cases the MHC control system components of older turblnes 

became worn and replacement parts became e~ther unavailable or prohlbltlveiy 

expensive In those cases the turbines were retrofitted wl th  EHC controls Nearly 

all new turbines are equlpped wi th EHC controls as orlglnal equipment - 
Most EHC control systems may be subdivided into analog and digital systems 

Analog systems convert the various parameters used In controlling the turblne, such 

as speed and valve posltlon, into a DC voltage The analog portion of the analog EHC 

system 1s like an analog computer that computes valve posltlon given Inputs of speed 

and setpoint The analog system calculates valve posltlon uslng electronic 

components such as operational ampllflers and dlodes Most analog systems use a 

voltage range of zero to  flve or zero to  ten volts Thls low voltage is easy to  generate 

and use for control 

Analog EHC systems have Improved control compared to  MHC systems EHC 

systems are also much more flexlble than MHC systems and usually offer more 

features for Improved turblne control 

Analog systems have the disadvantage, however, that small induced voltages 

may be ampllfled and produce errors In valve positlon that result In sudden, erratic 

movement of the valves Thls problem accounts for the prohlbltlon against walkie 

talkle radlos In the room where the EHC control cablnet IS located The tiny voltages 

produced by transmlttlng w ~ t h  the radlo can be ampllfled In the EHC system to  

produce large, sudden valve movement Sometimes the voltages induced are referred 

to  collect~vely as electrical "no~se " 
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Another problem wi th  analog EHC systems IS "drift " Drift IS a term that 

describes the changing characteristics of the electronic components in the analog 

EHC system These changing characteristics result in errors in the calculation of 

valve position over time Correction of these errors required periodic maintenance 

and adjustment by trained technicians 

Analog systems were used in the first turbine EHC systems because the 

technology t o  build a digital system of reasonable size and cost did not exist when 

analog systems were f ~ r s t  developed In digital systems the various parameters used 

In control are converted to  numerical values Valve positlon IS calculated numer~cally 

using various algorithms 

Digital systems have several advantages over the analog systems that they 

replaced Flexibility IS much greater The dig~tal systems are generally immune t o  
* 

electrical nolse (within the controls themselves), and there IS no drift 

Significant advances in digital computer technology in the mid 1980's made 

digital control of all types of equipment, including steam turbines, cost-effective 

Programmable Logic Controllers (PLC's) were developed to  fill these equipment 

control needs A PLC IS a small, specialized digital computer developed especially for 

control of equipment of all sorts The same PLC hardware can be used to  control a 

turbine, a conveyor belt, or a process such as a water treatment system 

demineralizer For each of these applications, the computer program used by the PLC 

is different t o  meet the needs for control of the specific component 

Turbine vendors, especially GE, have adopted digital EHC for control of their 

entire l ~ n e  of turbines, both steam and gas The latest GE EHC system has the same 

computer hardware for the control of both steam and gas turb~nes Further, slnce the 

applications are so similar, many of the software features are common as well 

EHC systems differ considerably depending upon the vlntage and manufacturer 

of the system There are, none the less, many elements of the EHC system w h ~ c h  

are common This section examines some of those common elements and describes 

t w o  systems, one analog and the other digital, as examples of the technology 
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3 9 9 EHC Common Control Elements 

Component Arrangement 

The deta~ls of the number and nature of components In EHC systems vary 

cons~derably Most systems, however, have the fo l low~ng 

Control panelluser Interface - A ded~cated control panel (or panels) or a 
computer In the control room IS usually Installed In a central control room 

Older EHC systems have panels w ~ t h  pushbuttons, control sw~tches, 

potentlometers, lnd~ca t~ng  llghts Newer systems may have a ded~cated 

computer w ~ t h  a monltor or other dlsplay The most modern systems may 

Integrate the turbine controls In a Dlstr~buted Control System (DCS) and 

thus have no ded~cated controls 
* 

EHC Cablnet(s) - Most of the electron~cs for the EHC system are usually 

located In one or more cab~nets The EHC cablnet IS usually located In a 

room near the central control room wlth other control equipment Often 

mon~ to r~ng  ~nd~cat lons and provlslons for adjustments t o  the system are 

located In the EHC cab~net 

EHC Hydraul~c Pumplng System - Most EHC systems have a separate 

hydraul~c system A typ~cal  system IS descr~bed In Sect~on 3 6 Some EHC 

systems for smaller and/or older units use h ~ g h  pressure lube 011 In the 

same manner as MHC systems 

M a ~ n  Steam Valve Actuators - The maln steam valves are pos~tloned by 

hydraulic actuators (also called servo motors) The actuators are In turblne 

controlled using servo and solenold valves that are controlled by the EHC 

electron~cs 

Trlp System - The trip system closes all of the main steam valves t o  shut 

the turb~ne down when a potent~ally dangerous cond~t~on,  such as low 

vacuum or low EHC hydraul~c pressure, occurs The trip system IS usually 

a comblnatlon of electron~c and mechanical hydraul~c components 
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Speed Transducer 

The EHC system can use any of several d~fferent types of speed transducers 

The most common of these uses a toothed wheel, a magnetlc probe, and appropriate 

electron~c clrcultry The toothed wheel IS mounted on the rotor so that ~t rotates at 

the same speed as the turblne The magnetlc probe 1s mounted on a statlonary part 

of the turblne at a very small clearance wl th the circumference of the toothed wheel 

As the rotor splns, each time a tooth passes the probe, anmagnetlc b l~p "  IS 

produced The magnetlc probe 1s connected t o  electronlc clrcultry (often called 

Frequency to  Voltage, or FIV, Converters) that counts the number of magnetlc bllps 

that W r P l n a  given unlt of rlme The number of Ghps per unlt tlme IS called the 

frequency As an example, ~t IS common to  use an 8 0  tooth wheel for speed sensing 

A frequency of 4800  Hz IS produced by an 8 0  tooth wheel The frequency IS directly 

proport~onal t o  the speed of the turblne The electron~c clrcultry produces an output 

that IS proport~onal t o  the frequency If the clrcultry 1s in an analog EHC system, the 

output IS a voltage If the EHC system IS d~gital the output 1s dlgltal as well 

F~gure 3-89 shows a typ~cal  arrangement for the speed transducer In an EHC 

system Redundant speed transducers are often used, as shown In thls F~gure, 

because of the cr~tlcal nature of the speed slgnal In the turblne controls 

Servo Valve 

All EHC systems, regardless of whether they are analog or d~g~ ta l ,  require and 

Interface wl th  the hydraullc elements of the system, the maln steam valve hydraullc 

actuators The servo valve IS that Interface The servo valve IS Itself a control valve 

that 1s pos~ t~oned by an electron~c slgnal, usually a current s~gnal, from the EHC 

electronics F~gure 3-90 shows a cross sectlon of a typ~cal  servo valve It conslsts 

of a secondary spool that controls the opening of ports which control the flow of fluid 

In and out of the actuator When the spool moves to  the r~ght ,  fluid IS adm~tted t o  

the actuator, openlng the main steam valve When the spool moves t o  the left, f l u ~ d  

IS dralned from the actuator, closlng the maln steam valve The posltlon of the 

secondary spool IS determined by the flrst stage jet tube m 
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YOTE 30TT 3 LINE IS JSED ONLY N MM4RK 

F~gure 3-89 Typ~cal GE EHC Speed Control D~agram 
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F~gure 3-90 Typ~cal EHC Servo Valve 
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Signals from the EHC electronics go to  the torque motor If the torque motor 

bends the jet tube t o  the left, the pressure on the left end of the spool IS higher than 

the pressure on the right s~de, and so the spool moves t o  the right, opening the main 

steam valve When the torque motor bends the tube t o  the r~ght,  the spool moves 

to  the left, closing the main steam valve In the event that the signal to  the servo 

valve from the EHC electronics is lost, the fall safe bias spring will push the spool to 

the left, clos~ng the main steam valve In steady state, normal operation the spool 

1s pos~tloned t o  allow essent~ally no f l u ~ d  In or out of the actuator 

Most servo valves require a current s~gnal to  function Most EHC systems use 

an electronic circuit called a current amplif~er or servo amplifier t o  generate that 

current signal 

LVDT 

The EHC system requires a feedback s~gnal from the valves t o  determine thew 

position The most common device used for this purpose is an electron~c device 

called a Linear Variable Differential Transformer (LVDT) One part of the LVDT is a 

long coil of wire that is "excited" by applying an AC voltage t o  the coil The current 

that f lows through the coil depends upon the resistance of the coil t o  AC current, 

called the Impedance The impedance of the coil changes depending upon whether 

the core is hollow (an air core) or IS magnetic The second part of the LVDT is a rod 

that can slide into and out of the LVDT core The impedance of the coil changes as 

the core is moved in an out The amount of movement can be very accurately 

determined ( w ~ t h i n  0 001 inch) by measuring the impedance of the coil 

The LVDT core is usually mounted on the side of an actuator and is stationary 

The rod that moves in and out of the core IS attached to  a moving part of the valve 

Thus as the valve changes position, the impedance of the LVDT changes, and thus 

the positlon of the valve can be accurately determined 
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3 9 10 Example Analog EHC System 

There are many varlatlons among analog EHC systems Thls sectlon illustrates 

many of the features of a typ~cal  analog EHC system by examlnlng a GE EHC MK II 

system A s~mpl l f~ed schematic of thls system IS shown In F~gure 3-91 This system 

has three major subsystems, speed control, load control, and f low control Thew 

funct~ons are as follows 

Speed Control 

The speed control system has three Inputs The flrst lnput IS the speed slgnal 

whlch comes from a speed transducer l ~ k e  that described earher The other t w o  

Inputs are setpolnts that are setpoints from the operator, one for speed and the other 

for accelerat~on These controls are used only durlng startup 
* 

The operator selects the deslred speed for the system and an acceleratlon rate 

As soon as the speed setpolnt IS changed, a speed error s~gnal 1s generated that 

"tells" the turblne valves t o  open further The turblne IS smoothly accelerated t o  the 

new setpolnt where, since the speed and the setpolnt are the same, the speed error 

s~gnal IS essent~ally zero 

The speed setpolnt IS fixed at rated speed when the generator IS synchron~zed 

to  the electrical d ~ s t r ~ b u t ~ o n  system If the turbine speed IS exactly at rated speed, 

the speed error slgnal IS zero If there are any variations In system frequency, a 

speed error s~gnal 1s generated that tends to  open or close the turblne GVsICVs to  

restore the turblne speed to rated Thls IS the same proport~onal control that the MHC 

system uses w ~ t h  a flyball governor 

Load Control 

The load control unit has several Inputs, lncludlng the speed error s~gnal from 

the speed control unlt Those Inputs are comblned t o  calculate the valve posltlon for 

the maln steam valves Durlng startup, before the generator IS synchronized t o  the 

electrical d ~ s t r ~ b u t ~ o n  system, the only lnput that the load control unit uses IS the 

speed error slgnal from the speed control unit The load control unit s~mply  passes 

through the s~gnal from the speed control unit t o  posltlon the maln steam valves 
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SPEED FIRST-STAGE 
PRESSURE 

F~gure 3-91 Typ~cal GE EHC Block Diagram 
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After the turblne IS synchronlzed, the speed error slgnal IS near zero In normal 

operation After the turblne IS synchronlzed, the load setpolnt and the loadlng rate 

setpolnt are the prlnclpal Inputs to  the load control unit The operator changes the 

load reference to  Input the load setpolnt A loadlng rate setpolnt IS also selected 

The load control unlt then generates a slgnal t o  open the GVsICVs at the rate 

selected untll the load reaches the new setpolnt 

There often llmltlng features In the load control unlt One feature that IS very 

common IS the load llmlt The load llmlt for the EHC behaves In the same manner as 

that for the MHC system I t  IS a celllng llmlter that prevents the load setpolnt (and 

thus unlt load) from belng Increased above its setpolnt 

Another llmltlng feature common to  most unlts IS a main steam pressure llmlter 

(MSPL, also called lnltlal pressure regulator and throttle pressure regulator) The 
functlon of the MSPL IS the same as that described for the MHC IPR I t  modulates 

(closes) the GVsICVs In the event of a drop In steam generator pressure t o  help avoid 

water carryover from the steam generator 

Almost all newer turblnes have the capability to  operate In full arc admlsslon 

and partlal arc admlsslon (FAiPA) For most turblnes thls IS usually ~mplemented by 

uslng slgnals called blases to  open one set of valves fully whlle sendlng the valve 

posltlon slgnal to  control speed or load to  the other set of valves For Instance, In full 

arc adm~ss~on,  the GVICVs are sent a blas slgnal t o  open them fully whlle the 

controlllng slgnal IS dlrected to  the TViMSV whlch controls steam f low uslng the 

Internal bypass valve 

Transfer from full arc to  partial arc admlss~on IS done by removing the openlng 

blas slgnal from the GVsICVs untll they are closed t o  the polnt where they are 

controlllng turblne speed or load The openlng blas IS then applled t o  the TVSIMSVs 

t o  open them fully The transfer process can also go from partlal arc t o  full arc, 

however, thls transfer IS seldom done because there IS seldom an operational need 

Another feature that many EHC turblnes have IS flrst stage pressure feedback 

(GE nomenclature) or lmpulse pressure feedback (Westlnghouse nomenclature) In 

most unlts wl th  thls feature the operator can place Into or out of service depending 

- -- 
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upon operational needs The reason this feature is used IS t o  provrde the turbine 

controls with a signal that IS a good rndication of the turbine load The first stage (or 

impulse chamber) pressure is directly proportional to the load of the turbine Without 

stage pressure feedback, the turbrne load may be considerably different from the load 

setpoint since the turbrne controls only "know about" turbine speed and valve 

positlon Thus, for example, if main steam pressure were to  fall the turbrne load 

would also fall, and the turbrne controls would not respond 

Stage pressure feedback automat~cally generates a stage pressure setpoint that 

is the stage pressure that should occur for any given valve position, assuming that 

there is rated pressure at the TVSIMSV ~n le t  If there IS a deviation of actual stage 

pressure from that setpoint, an error s~gnal IS generated The stage pressure error 

signal is an input to  the load control unit that helps position the main steam valves 

If the main steam pressure falls whrle the stage pressure feedback IS In service, 

a stage pressure error signal IS generated to  open the main steam valves to  restore 

stage pressure and thus turbine load There are other situations that can cause 

turbine load t o  be different than the setpoint Among these are GVICV testing The 

GVsICVs are tested by applying a closing b ~ a s  s~gnal t o  the valve being tested The 

turbrne load falls as a result, unless stage pressure feedback is in servlce Stage 

pressure feedback IS desirable while testrng GVsICVs to  minimize the variation In load 

and thus the upset to  the operation of the plant (especially the borler or HRSG) and 

the electrical distribut~on system 

Flow Control 

The f low control unit is made up of indivrdual control loops for each of the 

controlling main steam valves The valve positioning signal from the load control unit 

is used in each control loop to  generate the current signal that goes to  the servo valve 

to  positlon the main steam valve F~gure 3-92 illustrates a typical valve positioning 

control loop that uses an LVDT, servo valve and maln steam valve hydraulic operator 

-- 
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F~gure 3-92 Typ~cal GE EHC Flow Control D~agram 
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The load control electronic circuit that compares the valve positioning signal 

from the load control unit wi th the actual valve position signal from the LVDT The 

electronic clrcuit that generates the valve posltion signal from the LVDT is called the 
filter and demodulator When there IS a change In the valve posltion signal from the 

load control unit, the difference between the load control position signal and the 

actual valve position signal from the LVDT produces an error signal that is amplif~ed 

and used to  produce a current signal that moves the valve to  the des~red posltlon 

The valve reaches the new posltlon, the load control posltlon slgnal and the actual 

position s~gnal from the LVDT are the same so the error signal goes t o  zero and the 

valve stops at the desired posit~on 

Prov~sions for testing the main steam valves are built into the f low control unit 

Main steam valves are tested by exercising them through their entire stroke by closing 

them When a main steam valve is tested, a closing bias signal is applied at thep 

valve's f low control loop to  overcome the normal posit~oning signal from the load 

control unit When the valve test is completed, the closing bias is removed and the 

valve returns t o  the position determined by the load control unit 

Standby Control 

GE EHC MK li systems have a feature that illustrates the flexibility of EHC The 

standby control unit can be used t o  generate valve position signals that are sent 

directly to  the f low control unit, bypassing the speed and load control units The 

signal from the standby control u n ~ t  is Input directly by the operator The purpose of 

the standby control unit is to  allow maintenance on the speed and load control units 

while the turb~ne 1s In service This feature can improve the overall reliability of the 

turbine since mlnor EHC problems that would otherwise require an outage for repair 

can be corrected on-line 

3 9 I I Example D ~ g ~ t a l  EHC System 

Digital EHC systems generally have the same functions and features that analog 

EHC systems have except that they are Implemented In software rather than 

electronic components l ~ k e  transistors and diodes The organization of the control 

system is, therefore, very similar t o  that of the analog EHC 
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There are three dlfferent approaches when designing dlgltal EHC systems The 

earllest approach was to  use "hard controls" conslrtlng of pushbuttons, switches, 

and lndlcatlng l~ghts  The turbine EHC In thls type of system are usually provlded on 

a single panel that is located In the control room on a bench board Thls 1s slmllar t o  

the analog EHC controls 

Newer digital EHC systems use a dedicated computer, located In the central 

control room, to monltor and control the turblne Functions such as changlng 

setpolnts and placlng various features such as stage pressure feedback In and out of 

service are done though a keyboard or computer polntlng dev~ce llke a mouse or 

trackball 

Some of the newest dlgital EHC systems have been Integrated Into the plant 

DCS One of the most common examples of thls arrangement 1s found In plants with, 

a Westlnghouse turblne and WDPF (Westlnghouse Dlstr~buted Processing Fam~ly) DCS 

systems The turblne EHC and DCS have common hardware and so the Integration 

of the systems IS relatively stra~ghtforward as compared to  plants where the turblne 

controls and the DCS are provlded by dlfferent vendors The followlng describes a * Westinghouse DEH (Digital Electrohydraulici control system as an example of such 

a system The system described has the followlng features 

The user Interface for the Westlnghouse DEH is a touch screen computer 

monltor 

The steam turblne 1s installed in a comblned cycle plant wl th a t w o  

pressure HRSG LP steam from the HRSG is admltted t o  the turblne 

through lnductlon valves 

There 1s a separate "hard panel" for crltlcal control functions In addltlon to  

the computer Interface 

The plant 1s equipped wl th both high pressure and low pressure turblne 

bypasses that allow hlgh pressure and low pressure steam from the HRSG 

t o  pass directly t o  the condenser 
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DEH Control and Indication 

The DEH system is controlled In general using the DCS touch screen The 

mechanics of the touch screen operation are basically the same as for any WDPF 

system There are a number of pre-programmed graph~e pages, each of which is 

generally dedicated to  a particular funct~on or area of control The following 1s a 

listing of the available pages 

UNIT OVERVIEW 

FEEDBACK STATUS DISPLAY 

CONTROL MODE 

VALVE MODE 

CONTROL SETPOINT 

SET LIMITER 

INDUCTIONIDESUPERHEAT MODE 

BYPASS SETPOINT 

VALVE TESTIDISPLAY 

HYDROGEN SYSTEM 

TSIIBRG METAL TEMPS 

CONTROL START TEMPS 

SEAL OIL SYSTEM 

REACTIVE CAPABILITY 

EXCITER TEMPS 

PRESTART CHECKLIST PG 1 

PRESTART CHECKLIST PG 2 

PRESYNCH CHECKLIST 

GENERATOR TEMPERATURES 

TURBINE ROLL 

WATER DETECT TEMP 

GENERATOR ANNUNCIATOR 
TRlP SYSTEM STATUS 
TRlP SYSTEM TEST 
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There IS also a "hard" control panels mounted In the control room The 

TURBINE MANUAL PANEL whlch IS illustrated In F~gure 3-93 It IS mounted In the 

control room the bench board and provldes the operator wl th both lndlcatlons and 

control The lndlcatlons show turblne speed or (after the maln generator breaker IS 

closed) load, and lndlcatlons such as whether the turblne IS latched The controls are 

pr~ncipally for operation of the DEH In the MANUAL mode In that there are increase 

and decrease pushbuttons for the GVs, TVS, HP bypass stop and control valves 

(called the MAlN BYPASS CONTROL VALVE, MBCV and MAlN BYPASS STOP 

VALVE, MBSV) and the LP bypass control valve (called the INDUCTION BYPASS 

CONTROL VALVE, IBCV) This panel also has a key control s w ~ t c h  for the OPC 

(Overspeed Protectlon Controller) wl th three posltlons 

OPC TEST - Energizes the OPC (Overspeed Protectlon Control, described 

In detall later in thls Sectlon) solenold valves t o  trlp the GVs closed If the_ 

ICV were open, thls valve would be trlpped closed as well, however the 

OPC test funct~on IS lnhlblted after the main generator breaker IS closed to  

prevent thls test from belng done on llne (whlch would probably trlp the 

holler) The ICV IS also Interlocked so that ~t does not open untll the unit 

IS at 20% of rated load 

NORMAL - Arms the OPC features to  operate normally 

OPC DISABLE - dlsables the OPC 

M a ~ n  Steam Valve Servo Motors 

The ~nterface between the DEH electronlcs and the maln steam valves IS the 

servo valve and the LVDT Each controlling maln steam valve has a servo valve that 

posltlons the servo motor and thus the maln steam valve(s) In response t o  a demand 

slgnal from the EHC electronics The LVDT prov~des a posltlon feedback slgnal to  the 

EHC electronlcs When the actual posltion of the valve IS the same as the des~red 

pos l t~on of the valve, the signal from the EHC electronlcs t o  the servo valve leave ~t 

In a "neutral pos~tron " 
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Flgure 3-93 Typlcal Westlnghouse DEH Panel 
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Governor and Throttle Valve Control 

The turblne can be operated In elther throttle valve control or governor valve 

control (full arc or partlal arc control) The turblne IS normally rolled off of turning 

gear w ~ t h  the governor valves wlde open and the throttle valves controlling steam 

flow uslng the Internal pllot valves When the turb~ne reaches rated speed control IS 

normally swltched to  governor valve control When thls transfer of control takes 

place, the governor valves are flrst closed untll they begln to throttle steam flow (thls 

reduces the pressure dlfferentlal across the throttle valves dlsks) and then the TVS 

are fully open The DEH system manages the transfer of control from the GVs to the 

TVS 

lnduct~on Steam Valve Control 

* 

The induction steam valves are closed during the inltlal startup They can be 

opened after the steam turblne reaches 20% of rated load The ISV IS then opened 

fully (provided that ~ t s  permlsslves are met) and the ICV opens to modulate induction 

steam flow The permlsslves to open the ISV are 

lnductlon control 1s in automatic 

The maln generator breaker is closed 

Turbine load 1s greater than 20% of rated 

The DEH IS not In manual control 

The unlt IS latched (reset) 

There IS no OPC actlon In progress 

Permlsslves for the opening of the ISV are as follows 

The ISV IS fully open 

The temperature dlfferentlal between the lnductlon steam In the turblne and 

the Inlet line are wlthln 150°F of one another (to l ~ m i t  thermal stress) 

The steam pressure in the turblne at the lnductlon steam port IS 5 p s ~ g  or 

more less than the lnductlon steam header pressure (to assure that there 

is not backflow Into the HRSG or disturbance of flow In the turbine steam 

path 
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The temperature d~fferent~al  between the rnduct~on steam In the turblne at 

the ~nduc t~on  steam port IS w ~ t h ~ n  75OF of the ~nduc t~on  Inlet header (to l ~ m ~ t  

thermal stress) 

Once the ICV IS open, the openrng permlsslves no longer apply The ICV IS 

modulated by the carryover steam pressure controller The carryover steam pressure 

controller malntalns the induct~on steam pressure so that the pressure IS always just 

above the saturation pressure for the induction steam temperature In order t o  avoid 

introductron of wet  steam Into the turb~ne 

The ICV may be closed automat~cally by any of the fo l low~ng cond~t~ons  

Flow through the turb~ne upstream of the ~ n d u c t ~ o n  steam port IS greater 

than mlnlmum allowable - 
Turb~ne load falls below 20% of rated 

An OPC ac t~on  occurs 

Bypass Valve Control 

The DEH system controls the HP and LP bypass systems as well as the turb~ne 

maln steam valves As w ~ t h  the main steam valves, the bypass valve servo motors 

are served by the EHC hydraul~c system and servo valves are used for modulat~on of 

the valves (except the HP bypass stop valve w h ~ c h  does not modulate) The servo 

motors for the bypass valves d~ f fe r  from the maln steam valve servo motors In that 

they are not connected to  the auto stop trlp header T h ~ s  IS because the valves should 

open on a turb~ne trlp 

The HP bypass also has a desuperheat~ng spray that IS used to  control the 

temperature of the steam f l ow~ng  Into the condenser The desuperheat~ng statlon IS 

controlled by the DEH system as well 

In normal startup of the plant, the HP bypass valves are closed untll a vacuum 

IS pulled In the condenser and mlnlmum HP steam pressure has been ach~eved In the 

HP drum There are t w o  HP bypass valves, a stop valve upstream and a control valve 

downstream The HP bypass stop valve IS closed whenever the condenser trips or 
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0 the HP bypass control valve has been closed for more than one minute I t  opens 

whenever the opening s~gnal to  the HP bypass control valve is greater than 1 % or 

there is a turbine trlp 

During startup the HP bypass control valve is then opened and modulated to  

maintain HP steam pressure according t o  a predetermined startup proflle When the 

minimum steam pressure for turbine latchup is reached, the turbine is reset and rolled 

using the main steam valves for control of turbine speed The HP bypass is 

modulated during the startup to  maintain a certain HP steam pressure at the TVS 

After the generator IS synchronized, the HP bypass pressure setpoint is increased to  

cause the HP bypass valve t o  close and makes steam available for the turbine At  

that point the turbine main steam valves are then used t o  modulate the HP steam 

pressure The steam pressure IS maintained just above the saturation pressure for the 

HP steam temperature in order t o  avoid introduction of wet  steam Into the turbine - 
In normal operation the HP bypass pressure setpoint remains set at a high value 

so that the HP bypass valves can act to reduce the HP pressure in the event of a high 

HP steam pressure transient (as would be caused by a sudden load reduction) In the 

event of a load rejection the HP bypass setpoint is returned t o  the appropriate value 

for full speed, no load operation and the main steam valves reverts t o  speed control 

As is mentioned above, there is a desuperheating spray for the HP bypass The 

spray water valve for this spray is also controlled by the DEH system, although the 

valve actuator is not an electrohydraulic operator like the main steam and bypass 

valves The DEH positions the spray valve in t w o  stages In the first stage, a 

calculation of the spray f low required to  maintain the desired temperature is done 

based on the expected HP bypass steam f low In the second stage, a temperature 

control loop modulates the valve to  maintain the steam temperature at the setpoint 

The discussion so far has applied t o  the HP bypass The operation of the LP 

bypass is the same as that for the HP bypass wi th the following exceptions 

There is no LP bypass stop valve 

There IS no desuperheating station 

The LP bypass controls LP steam pressure until the turbine reaches at least 

20% of rated load 
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The normal mode of operation for the HP and LP bypass valves IS In the 

automatic mode The operator can also control the HP and LP bypass control valves 

manually through the DEH manual panel 

The HP bypass stop and control and LP bypass control valves can be tested by 

movlng the valves through thelr strokes The valves must be closed to  initiate a test 

and are opened fully dur~ng the test 

DEH Manual Control 

As is mentioned earlier In this Section, the DEH may be operated In the 

MANUAL mode The operator controls the turblne from the DEH manual panel in t h ~ s  

mode The manual mode may be selected by the operator by depressing the 

MANUAL pushbutton on the panel or control may automatically be changed top 

MANUAL In the event of DEH some malfunctions 

While In the MANUAL mode, the positions of the main steam and bypass 

valves dlrectly from the DEH manual panel In thls mode of operation I t  may be 

thought of as an "open loop" control mode Each valve or set of valves (there IS only 

one pushbutton for the t w o  TVS and one for the four GVs) that can be modulated has 

a A (raise) and V (lower) pushbutton on the DEH manual panel The ISV and MBSV 

have pushbuttons for opening (ISV OPER and MBSV OPER) and closlng (ISV CLOSE 

and MBSV CLOSE) 

When the DEH is placed Into the MANUAL mode the main steam and bypass 

valves move as long as the operator holds down the A (raise) and V (lower) 

pushbutton at a rate that moves the valve through its full stroke In 20 minutes There 

IS a FAST ACTION pushbutton on the manual control panel wh~ch ,  when held 

depressed at the same trme that the valve A (raise) or V (lower) pushbutton 1s held 

down Increases the rate of valve movement so such that it moves the valve through 

its full stroke In 3 minutes F~nally, there IS a RAPID CLOSE pushbutton that functions 

only when held depressed wl th the V (lower) pushbuttons for the steam valves and 

moves the valve at a rate that would bring ~t from fully open t o  fully closed In 30 

seconds 
- 
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The MANUAL mode is Intended for emergency operatlon only When it IS 

necessary for the MANUAL mode to  be used great caution must be exercised since 

the normal safeguards that are built Into the DEH system are not functional The 

normal speed for opening and closlng of the valves, is intended for fine adjustment 

The FAST ACTION should be used wi th extra caution because with increased speed 

in opening and closing of valves severe transients can be produced that could trip the 

plant That cautlon obviously appl~es wi th  even greater strength for the RAPID 

CLOSE feature 

DEH Control Loops 

When the DEH system is In normal operation (OPER AUTO, AUTO SYNCH, ATC 

or REMOTE) the signals t o  the main steam valves are generated by comblnlng the 

slgnals from several control loops These Include the following - 
Speed control - This loop compares the actual speed wi th the speed 

setpoint and generates a signal to  correct any difference between the t w o  

The speed control loop is in service even when the generator IS 

synchronized This means that when there are changes in system 

frequency (which are reflected as small changes in speed) the DEH system 

responds by closlng when the system frequency to  restore speed 

Conversely when the system frequency falls the GVs are opened t o  restore 

speed This phenomenon IS called regulation and IS respons~ble for load 

sharing between different unlts operating In the same system 

Load control - This loop compares the actual load wi th  the load setpoint 

and generates a s~gnal t o  correct any difference between the t w o  

Impulse pressure (first stage pressure) feedback - The DEH system normally 

positions the main steam valves t o  produce a given load based upon a 

certain valve positlon wi th the assumption that there is a given pressure at 

the throttle valves In the event that there are problems or abnormal 

modes of operatlon such as valve tests the actual load may be different 

from that deslred 
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The actual pressure varles dlrectly as a functlon of load It IS poss~ble, 

therefore, to determine what the ~mpulse pressure should be for any glven 

load When the lmpulse pressure feed back IS In service the actual lmpulse 

pressure IS compared wlth the deslred pressure and the difference IS used 

to generate a signal that IS added to  the load control slgnal to properly 

posltlon the maln steam valves 

Throttle Pressure Llmlter (TPL) - The throttle pressure regulator protects the 

turblne from water carryover from the HRSG Typically boller upsets that 

result In water carryover to the turbine are accompanied by a drop In 

throttle pressure The throttle pressure regulator compares the actual 

throttle pressure wlth a llmlt and beglns to close the throttle valves in the 

event that the throttle pressure falls below that llmlt Closing the governor 

valves helps to maintain the boller pressure and thus reduces the likelihood 

that there IS water carryover 

The setpoint for the throttle pressure llmlter can be set elther by the 

operator, or the setpolnt can be set "remotely " "Remote" operation In thls 

context means that the setpoint is set by the balance of plant controls 

Thls is necessary In the slldlng pressure mode since the throttle pressure 

changes to  change load If there were a fixed setpoint In this mode of 

operation, the setpolnt would elther have to be set so hlgh that ~t would 

not be useful or so low that the setpoint would Interfere with the control 

of the unit 

I t  should be noted that the TPL 1s not descr~bed as a control loop as such 

by Westlnghouse, but rather a limit like the HLL or VPL The controls for 

the TPL in the DCS are on the same page (SET LIMITER) with the HLL, LLL 

and VPL (which are descr~bed below) In fact, the TPL dlffers from those 

limlting features because the TPL IS varlable and In fact the valve position 

is modulated, not fixed as with the other limltrng features 
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For both the speed and load control loops (all of these loops appear on the 

CONTROL SETPOINT page), the operator can enter targets and rates for the load and 

speed After the targets are entered, the operator selects GO and the DEH system 

generates a SETPOINT that changes at the rate entered by the operator Eventually 

the SETPOINT equals the TARGET 

DEH L ~ m ~ t s  

The DEH system three l lm~ts  

Valve Pos~ t~on  L l m ~ t  (VPL) - The valve posltlon llmlt Imposes an upper l~rnl t  

on the posltlon of the governor valve The l ~ m ~ t  IS expressed In terms of 

percent of full travel The VPL can be vaned by the operator from 0% to 

120% - 
H ~ g h  Load L~mi t  (HLL) - The h ~ g h  load llmlt Imposes a hlgh l ~ m l t  on u n ~ t  load 

Low Load L l m ~ t  (LLL) - The low load l i m ~ t  imposes a low lrmrt on unit load 

The turblne IS equ~pped w ~ t h  an automatic synchronlzlng dev~ce Thls 1s an 

electron~c devlce that IS separate from the DEH system When ~t 1s placed In servlce 

(after the turblne has reached rated speed) ~t varles the speed of the turblne k 50 rpm 

untll the cond~t~ons  for synchron~zat~on are satsfled When those condltlons are 

sat~sf~ed,  the maln generator breaker 1s closed automat~cally The turb~ne speed 1s 

vaned by the automatrc synchron~zer by p rov~d~ng  s~gnals t o  the speed control loop 

to  change the target speed 

Automat~c Turblne Control 

The Automat~c Turbine Control (ATC) provides the operator w ~ t h  the means t o  

completely automate the turblne startup The ATC IS essent~ally a computer program 

that, based upon the state of the plant, the turblne auxll~ary status, and the steam 

temperatures can act through the DEH to  roll the turblne off turnlng gear and load the 
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unit automatically The ATC will not roll the turbine until all required permissives are 

met Permissives are div~ded into critical and non-critical The operator can over-ride 

the non-critical parameters t o  allow the ATC to  start the turbine even though the non- 

c r ~ t ~ c a l  permlsslve IS not satisfled 

During acceleration of the unit parameters like eccentrlcity and v~bration are 

monitored In the event of high eccentrlcity (below 600 rpm) and or high vibration, 

the ATC may interrupt the acceleration of the un~t,  decrease turb~ne speed, or trip the 

unit 

The ATC calculates turbine stress and determines what acceleration, loading 

rates, speed and load holds are required and their duration In many cases, the length 

of these hold can be reduced as compared to  strict adherence t o  the SALI charts 

slnce no conservatlve assumptions (which are impl~ci t  In the SALI) need be made, 

Transfer from TV t o  GV control IS also initiated and completed by the ATC at the 

appropriate speed during startup Upon reaching rated speed the ATC can 

synchronize the unit using the automatic synchronizer 

After the unit has been started and loaded, the ATC can remain in service to  

make load changes Once again, it automatrcally calculates turblne stress and 

determines the appropriate rate of change of load based upon a f ~ x e d  valve of the 

fatigue index, 10,000 cycle life The operator can select HIGH LOAD RATE which 

has the effect of changing the fatlgue index to  4,500 cycle life 

The ATC IS also capable of operation In an "advisory mode " In this mode the 

same parameters regarding thermal stress are calculated, however there is no control 

action, the results are displayed by the operator as a guide t o  operations A 

particularly useful calculated parameter that can be displayed IS the expected 

different~al expansion 

The ATC also monitors various generator parameters such as hydrogen 

temperatures These parameters can cause the ATC to  hold a startup 
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3 9 12 Emergency Trip System 

The functlon of the emergency trip system IS to provlde alarms to  alert the 

operator to abnormal cond~tlons when they flrst develop and to  trlp the turblne ~f 

those condlt~ons exceed safe parameters Thls system conslsts of a number of 

different devlces In the event of a trip these devlces prov~de slgnals to  trip the marn 

steam valves closed The following parameters are monitored and can trlp the 

turbrne 

Overspeed 

Thrust bearlng wear 

Low bearing 011 pressure 

Low condenser vacuum 

Low EHC hydraulic fluid pressure 

Emergency T r ~ p  System Principles 

The emergency trip system, shown schematically In Figure 3-94, IS deslgned 

to protect the turblne from unsafe operating condlt~ons that would result In damage 

It IS also desrgned for reliabll~ty through testing and protection from false trlps due the 

fallure of a angle component 

All protectwe devlces degrade over tlme and so become less reliable One 

reason of thrs degradat~on IS lack of exercrse, a component that remarns In one state 

for long per~ods of tlme degrades faster than one that IS exerclsed periodically Thls 

IS a part~cular problem in turblnes des~gned for power generation because the turblne 

may remain In service for months at time Thus ~t is d ~ f f ~ c u l t  to  exercise a devlce 

whrch normally trrps the turblne wlthout takrng the unrt off the llne 

One way thls problem IS addressed In the emergency trlp system IS to  use two 

trlp channels The same trlpplng condlt~on must be seen by both trlp channels In 

order to trlp the turbrne The use of two  trlp channels also provldes for testabrlrty 

slnce In each case there are two senslng elements, one In each channel, and one can 

be tested w~thout  trlpplng the turblne 
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Figure 3-94 Typ~cal West~nghouse DEH Trip System D~agram 
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The trlp and test c~rcuitry IS arranged In such a way as t o  allow the channel 

that is being tested t o  be isolated from the other channel and from the trip bus Thls 

allows the senslng dev~ce and channel to  be tested without tripping the turbine 

Durlng the test, the channel not being tested st111 funct~ons normally This means that 

~f the parameter for the dev~ce being tested were to  change to  an unsafe value both 

channels would trip and the turbine would trip Thus here IS no loss of protection 

durlng the testing 

There are three trips whlch have a mechanical backup The trip devices for 

these mechanical trlps are Installed in a box at the side of the governor pedestal 

These trips are 

Low bearing 011 pressure 

Low vacuum 

Thrust wear 

Emergency Tr~p System Flow Paths 

There are three f low paths associated wi th the emergency trip system, t w o  in 

the EHC hydraulic system and one in the lube oil system An  diaphragm interface 

valve serves as the interface between the lube oil system and the EHC hydraulic 

system 

EHC Hydraul~c System OPC Header 

The EHC system has a feature called the Overspeed Protect~on Controller 

(OPC) This feature cons~sts of the sensing devices, electronic clrcultry and solenoid 

valves necessary t o  trip the GVs and ISV closed when there IS an overspeed event 

The dump valve pressure sensing llnes for the GV and ICV servo motors are 

connected t o  the OPC header Two  solenold valves are also connected to  the OPC 

header These solenoid valves are closed in normal operation and both open to  the 

pressurized drain, thus i f  either of them open the OPC header IS ported t o  drain The 

OPC circuitry opens these solenold valves, dumping the OPC header pressure to drain, 

in the event that the main generator breaker opens while the turbine IS carrying 

significant load Thls causes the dump valves for the GV and ICV servo motors to  
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open and trip the valves closed If the peak speed of the turbrne 1s below the 

mechanical overspeed trrp setpolnt, the OPC will close the solenold valves and the GV 

and ICV wrll reopen automatrcally Two OPC solenord valves are used to  Increase the 

rellablllty of the OPC functlon 

EHC Hydraul~c System Auto Stop Emergency T r ~ p  Header 

The dump valve pressure sensing lines for the TV and ISV servo motors are 

connected to  the auto stop emergency trip header There are also t w o  pairs of 

dlaphragm dump valves are also connected to  the OPC header, each parr IS In a trlp 

channel The valves are arranged so that one dump valve In the flrst channel 1s In 

serles wl th one dump valve In the second channel Thus, both valves, one In each 

channel, must open to  dump auto stop emergency trip header pressure to  dram Thls 

allows for testlng, one channel can be tested wlthout loslng trlp protection * 

The dump valves are posltloned by dlaphragm operators whlch use hydraulrc 

fluld whrch 1s adm~tted to  the dlaphragms t o  close the dump valves There are 

solenold valves connected at the hydraulrc flurd connections t o  the dlaphragms 

When the turblne IS reset, these solenold valves are closed When the turblne 1s 

trlpped, the solenold valves are opened and the pressure In the dump valve 

dlaphragms 1s ported to  dram, opening the dump valves and dumplng auto stop 

emergency trrp header pressure to  the pressurlzed drarn, this trlps the TVS and ISV 

closed 

The Interface draphragm valve IS also connected t o  the auto stop emergency 

trrp header It 1s held closed by lube 011 pressure from the lube 011 auto stop header 

When the turbine is tripped the lube oil auto stop header pressure IS dumped to  dram 

and the dlaphragm Interface valve opens Thls dumps the auto stop emergency trlp 

header pressure t o  drain and trlps the TVS and ISV closed 

Lube 011 System Auto Stop 011 Header 

The interface diaphragm valve's draphragm uses lube oil from the lube oil auto 

stop 011 header to  close the valve The lube oil auto stop oil header 1s pressurlzed by 

hlgh pressure 011 from the MOP or the SOBP at about 300 pslg through an orrflce 
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0 The overspeed trip valve is connected to  the lube 011 auto stop 011 header As 

long as the turblne IS reset (latched up), the header IS pressurized If the valve IS 

trlpped open, the header pressure IS dumped t o  dram Thls opens the diaphragm 

~nterface valve, depressurized the EHC auto stop emergency trlp header and thus trips 

the TVS and ISV closed 

Emergency Tr~p System Components 

There are a number of different elements of the trlp system Thls Sectlon 

addresses each of the various components 

Mechan~cal Overspeed Tr~p 

The mechanlcal overspeed trlp provldes a trlp slgnal to  close the maln steam 

valves In the event of a turblne overspeed lncldent The mechanlcal overspeed trip, 

shown schematically In F~gure 3-95, IS a bolt whlch slides Into a hole In the turblne 

rotor that IS perpendicular to  the axis of the turblne rotor (or secondary shaft for the 

secondary emergency overspeed governor) In normal operation the center of gravlty 

of the bolt IS displaced from the center of rotation of the shaft so that when the shaft 

IS spinnlng there IS a centrlfugal force on the bolt that tends to  make it f ly out of the 

hole In the shaft The bolt IS prevented from flylng out of the hole In normal operation 

by a sprlng that IS strong enough t o  overcome the centrlfugal force a speeds below 

the trlp speed 

As the turblne Increases speed, however, the centrlfugal force Increases 

When the turblne reaches the trip speed, the centrlfugal force overcomes the sprlng 

force and the bolt flles out of the hole untll stopped by a shoulder on the bolt The 

bolt hlts the flnger of a trlp valve when thls occurs, the actlon of the trlp valve 

(discussed In the next sectlon) trlps the main steam valves closed The tenslon of the 

sprlng that holds the bolt In the reset positlon IS adjustable and thus the trlp setpolnt 

for the governor can be adjusted The mechanlcal overspeed trlp IS mounted In the 

end of a stub shaft that IS bolted on the turblne end of the turbine rotor In the 

governor pedestal The mechanlcal overspeed trip IS adjusted t o  trlp at a nominal 

turblne speed of 3960 rpm (1 1 0 %  of rated speed) 
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RING 
SECTION A-A 

F~gure 3-95 Typical Emergency Overpseed Governor 
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Accuracy and rel~ablllty In the emergency trlp system are very Important to  the 

safe operatlon of the turblne, and no other devlce IS as important In that safe 

operatlon than the mechanlcal overspeed trip In order to  address these Issues, the 

mechanlcal overspeed trlp should be tested by exercising it regularly by trlpplng It 

IS not practical to  trip the mechanlcal overspeed trip by actual overspeed of the 

turblne since t h ~ s  would requlre that the unit be unloaded and the main generator 

breaker opened Accord~ngly, a feature has been deslgned into the system to  allow 

the mechanlcal overspeed trlp to be tested whlle the turblne IS at synchronous speed, 

thls feature IS called the 011 trlp 

The 011 trlp has t w o  elements The flrst element IS the overspeed bolt itself 

whlch flts tlghtly In it's hole in the shaft There IS an 011 passage that communicates 

wlth the area under the bolt When 011 pressure IS admltted to  t h ~ s  area, the hydraulic 

force produced, together with the centrifugal force that already exlsts, overcomes the- 

sprlng force on the overspeed bolt and trips the bolt The 011 passage t o  the area 

under the overspeed bolt comes out of the end of the turblne rotor In the center 

The second element In the 011 trlp IS a nozzle whlch 1s mounted In the front 

standard so that a jet of 011 can be dlrected Into the passage In the end of the turblne 

rotor A manually operated test valve at the governor pedestal can be opened to 

admlt 011 to  the nozzle and thus to  generate the oil jet The 011 jet enters the passage 

In the end of the turblne rotor and creates hydrostatlc force beneath the welghts of 

the overspeed protectlve devlces The hydrostatlc force provldes enough additional 

force, along wi th the centrifugal force, t o  overcome the sprlng force and t o  cause the 

welght to  snap out at rated speed When the test valve IS closed, the 011 leaks out 

and the hydraulic force disappears The sprlng tension In the overspeed trip IS then 

suff~clent t o  pull the overspeed bolt back Into the reset posltlon 

Normally, trlpplng the overspeed trip would result in trlpping of the turbine 

The emergency trlp system IS equlpped wi th a test valve In the overspeed trip relay 

to  make thls test poss~ble on-line w~ thou t  tripplng the turblne 

The overspeed trip valve trlps open In response to  signals from either of the 
mechanical overspeed trlp or a manual trip handle at the front standard The lube 011 

auto stop oil header pressure decreases and qulckly closes the main steam valves 
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It also prov~des the means for testlng the overspeed protection mechan~sms 

and protectlve devlce whlle the unit 1s in service w~thout trlpping the turblne 

The overspeed trlp valve 1s mounted beneath the mechan~cal overspeed trlp In 

the governor pedestal It consists of an overspeed trlp valve, a trip plston and a trlp 

latch The overspeed trip valve 1s pos~tioned by the t r ~ p  and reset lever whlch can be 

operated by either of the two overspeed trip mechanisms or the manual trip handle 
l~nkage 

The trlp p~ston controls the autostop orl pressure When ~t 1s pushed to the left 

In F~gure 3-96 the trlp plston seals a dram In the autostop 011 l~ne and allows autostop 

011 pressure to bulld up to ~ t s  normal value When the trlp plston moves to  the rlght, 

~t opens the autostop dram, releasing autostop 011 pressure and thus trlpping the main 

steam valves - 
The turblne 1s equ~pped wlth a lockout valve that works In conjunction w ~ t h  the 

trip valve to allow the mechan~cal overspeed trlp to be tested w ~ t h  the turblne in 

operation w~thout trlpplng the turblne The lockout valve allows the overspeed trlp 

valve to move to the tr~pped posltlon w~thout trlpplng the trlp plston The lockout 

valve 1s normally held In the open pos~tlon (to the r~ght) by a spring attached to the 

test valve handle that IS In turn connected to the lockout valve spool 

When the test handle IS pulled out agalnst the sprlng (moving the lockout valve 

spool to the left), the lube 011 auto stop 011 header remalns pressur~zed even though 

the trip valve IS tr~pped open Thls allows the mechan~cal overspeed trip to be tested 

w~thout tripping the turblne 

The tr~p-reset lever and test lever are at the governor pedestal as shown In 

F~gure 3-97 The test valve can only be operated locally at the front standard The 

reset mechan~sm can be operated remotely from the control room A slngle act~ng 

alr servo motor can be operated to push the trlp and reset lever Into the reset 

posltlon AI; 1s adm~tted to the servo motor through a solenold valve The solenold 

valve IS normally closed when de-energ~zed When the solenold valve IS energ~zed ~t 

opens and adm~ts air to the servo motor The servo motor then pushes the trip and 

reset lever to the reset posltlon 
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Flgure 3-97 Typlcal Westlnghouse Overspeed Trlp System Arrangement 

- -  
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The overspeed trip valve can be tripped manually at the governor pedestal by 

moving the trip and reset lever at the front standard t o  the TRIP position 

Electrical Overspeed Trlp 

The electrical overspeed trip IS provided as a backup t o  the mechanical 

overspeed trip I t  senses turbine speed electronically using the toothed wheel and 

magnetic probes discussed earlier In the Section on TSI I t  cannot be tested by 

operators I t  can be effectively dlsabled for actual testing of the mechanical 

overspeed trip This IS done by setting the electrical overspeed t r ~ p  setpoint far above 

its normal setpoint (to 11 5% of rated speed) temporarily for the mechanical 

overspeed trip test 

Overspeed Protection Controller - 

The overspeed protection controller (OPC) IS not, strictly speaking, part of the 

emergency trip system The function of the OPC is to  trip the controlling valves (the 

GVs and if open the ICV) closed in the event of an overspeed event The design of 

the OPC IS such that it closes these valves before the speed of the turbine actually 

reaches the mechanical overspeed or electrical overspeed trip setpoints The OPC 

reduces the peak overspeed of the turbine to  prevent the turbine from reaching these 

trip setpoints 

The "trip" of the controlling valves in an OPC action IS different from a "real 

trip" because the OPC trip does not "seal in " That IS, when the OPC senses 

conditions that will result in an overspeed, it energizes the OPC solenoid dump valves 

t o  trip the controlhng valves closed If the peak turbine overspeed is less than the 

mechanical and electrical overspeed trip setpoints, the OPC solenoid valves are closed 

automatically, allowing the controlling valves t o  reopen When e~ther the mechan~cal 

or electrical overspeed trips are trlpped, the trip is "sealed in," that is the operator 

must reset the turbine trip system before the turbine can be restarted The design of 

the OPC is such that a load rejection could occur without t r~pping the turbine and as 

a result the turbine would be ready to  resynchronize to  the system immediately 
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Condenser Low Vacuum T r ~ p  

The function of the condenser low vacuum trip is to  protect the turbine from 

operation under low vacuum conditions that would damage the turbine blades, 

particularly in the LP turbine It cons~sts of t w o  pressure switches that monltor 

condenser pressure The senslng lines from the condenser to  the pressure sw~tches 

have orlfices in them There are normally closed solenold operated test valves in the 

sensing lines to  each pressure swltch that port the pressure switches to  atmosphere 

when energ~zed t o  open Opening a test valve causes the pressure switch to  trip 

without affecting the condenser vacuum because of the or~f ice The test circuitry is 

arranged so that when the test solenoid valve for one channel IS energized for testing, 

that channel is d~sabled If low condenser vacuum occurs during the test, the turblne 

is tripped 

* 

Low Bearing 011 Pressure Trip 

The function of the low bearlng o ~ l  pressure trip 1s to  protect the turbine from 

operation with loss of lube 011 It consists of t w o  pressure switches that monitor lube 

oil header pressure The sensing llnes from the lube o ~ l  header t o  the pressure 

switches have orifices In them There are normally closed solenoid operated test 

valves in the sensing lines to  each pressure switch that port the pressure switches 

t o  drain when energized t o  open This causes the pressure switch t o  trlp without 

affecting the lube oil header pressure because of the or~f ice The test circuitry IS 

arranged so that when the test solenoid valve for one channel IS energized for testing, 

that channel is dlsabled If low lube oil header pressure occurs during the test, the 

turbine is trlpped 

Low EHC Hydraul~c Fluid Pressure Trip 

The funct~on of the low EHC fluid pressure trlp is to  protect the turbine from 

operation wi th  loss of EHC hydraulic system pressure It consists of t w o  pressure 

switches that monitor EHC hydraulic system high pressure header pressure The 

sensing lines from the EHC high pressure header t o  the pressure switches have 

orlfices in them There are normally closed solenoid operated test valves in the 

sensing lines to  each pressure switch that port the pressure switches t o  drain when 
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energized to  open Openlng a test valve causes the pressure s w ~ t c h  to  trip without 

affecting the EHC high pressure header pressure because of the orlflce The test 

clrcultry is arranged so that when the test solenold valve for one channel is energized 

for testlng, that channel IS disabled If low EHC hlgh pressure header pressure occurs 

during the test the turblne IS t r~pped 

Thrust Bearlng Wear Trip 

The thrust bearing wear trip utilizes the TSI rotor posltlon transducers as inputs 

f o t h e  t w o  trlp channels A known s~gnai that s m l a t e s  excesslve rotor movement 

(and thus excesslve thrust bearlng wear) IS injected into the circuitry for the channel 

being tested In order to  perform the test This causes the tested channel to  t r ~ p  The 

test clrcultry IS arranged so that when the rotor posltion for one channel IS being 

tested, that channel IS dlsabled If rotor positton changes excessively during the tes t  

the turbine IS tripped 

Electr~cal Overspeed T r ~ p  

The electrical overspeed trlp utlllzes a shaft speed pickup like that described in 

the Section on TSI The slngle plckup provldes Inputs to  the t w o  trip channels A 

known signal that simulates overspeed IS injected into the circuitry for the channel 

being tested In order to  perform the test Thls causes the tested channel to  trip The 

test circuitry is arranged so that when the electrical overspeed for one channel is 

being tested, that channel IS disabled If an actual overspeed occurs during the test 

the turbine IS tripped 

Remote Tr~p 

The turbine can be t r~pped remotely by a slgnal from the turblne trip pushbutton 
and from s~gnals from outs~de of the turblne such as cross trlps from lockout relays 

for e~ther the HRSG or the main generator breaker 
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Emeraencv Trig Svstem Controls 

Tests of the protective system may be carried out by the operator from the 

control room through the DCS The function and channel t o  be tested is selected on 

the DCS SELECT IS selected to  begin the following test sequence 

The selectton whlte blackl~ght comes on 

The operator selects the STARTIOPENITRIP pushbutton 

The selected item red blackl~ght comes on to  lndlcate that the funct~on IS 

being tested 

The trip condition IS s~mulated for the device being tested 

The channel belng test trips as ~ndicated by the CHAN NO 1 (or NO 2) 

TRIPPED llght coming on and by the appropriate dump valves openlng as 

~ndicated bv the Trir, Svstem Status g r a ~ h i c  on the DCS - 
The operator then clears the trip condition by depressing the 

STOP/CLOSE/RESET pushbutton 

In the event that depressing the STOPICLOSEIRESET pushbutton does not 

reset the dump valves the flrst time it may be necessary to  depress it 

again 

There IS also a manual test panel, shown in F~gure 3-98, installed on the control 

room benchboard This panel provides indication of the various trips and the t w o  trip 

channels It has a LAMP TEST pushbutton and t w o  controls The first control is the 

RESET TEST TRIPS whlch allows the operator to  manually reset any trip function 

belng tested The second control IS a key switch for the electrical overspeed trip w ~ t h  

t w o  positions 

IN SERVICE - In this positlon the electrical overspeed trip setpolnt is 

normal 

INHIBIT - In this position the electrical overspeed trlp is set high t o  11 5 %  

of rated speed t o  allow actual overspeed testing of the mechanical 

overspeed trip 
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Figure 3-98 Typ~cal West~nghouse DEH Manual Test Panel 
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Electrical Overspeed T r~p  

The electrical overspeed trlp ut~llzes a shaft speed plckup llke that described rn 

the Sect~on on TSI The slngle plckup provldes Inputs to the two trlp channels A 
known slgnal that simulates overspeed 1s injected Into the crrcultry for the channel 

belng tested In order to perform the test Th s causes the tested channel to trlp The 

test crrcultry IS arranged so that when the electr~cal overspeed for one channel IS belng 

tested, that channel IS dlsabled If an actual overspeed occurs durlng the test the 

turblne 1s trlpped 

Remote T r ~ p  

The turblne can be trlpped remotely by a signal from the turbine trip pushbutton 

and from slgnals from outslde of the turbine such as cross trlps from lockout relays 

for erther the HRSG or the maln generator breaker 

Emeraencv T~ID Svstem Controls 

Tests of the protectrve system may be carr~ed out by the operator from the 

control room through the DCS The functlon and channel to be tested IS selected on 
the DCS SELECT IS selected to begln the following test sequence 

The selection whlte blackllght comes on 

The operator selects the START/OPEN/TRIP pushbutton 
The selected rtem red blackllght comes on to  lndlcate that the functron IS 

belng tested 
The trlp cond~t~on IS stmulated for the dev~ce belng tested 

The channel belng test trlps as lndrcated by the CHAN NO 1 (or NO 2) 
TRIPPED llght comlng on and by the appropriate dump valves openlng as 

lndlcated by the T r ~ p  System Status graphlc on the DCS 
The operator then clears the trlp cond~t~on by depresslng the 
STOPICLOSEIRESET pushbutton 
In the event that depress~ng the STOPICLOSEIRESET pushbutton does not 
reset the dump valves the f~ rs t  time ~t may be necessary to depress it agatn 
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There IS also a manual test panel, shown In Figure 3-98, Installed on the control 

room benchboard This panel provldes lndicatron of the various trlps and the two trip 
channels It has a LAMP TEST pushbutton and two controls The flrst control IS the 
RESET TEST TRIPS which allows the operator to manually reset any trip functlon belng 

tested The second control IS a key swltch for the electrrcal overspeed trip with two 

positions 

IN SERVICE - In t h ~ s  posrtlon the electr~cal overspeed trlp setpolnt IS normal 

INHIBIT - In t h ~ s  posltlon the electrical overspeed trlp IS set high to  11 5% 
of rated speed to allow actual overspeed testlng of the mechanical 
overspeed trip 

3 10 Bas~c Electrlcal Theory, the Generator and Exciter 

The main generator IS the flnal step In the energy conversion process that 
occurs In the power plant The exciter IS a necessary supporting component for the 

generator This module reviews the electrlcal theory of the generator and describes 

the constructlon of generators and exclters 

3 10 1 Electr~cal Theory Rev~ew 

Plant personnel must have a good understanding of the theory of the generator 

and how ~t functions In order to  understand and operate and ma~ntain it effectively 

Thls sectlon revlews that theory 

Ohms Law, Electr~cal Power, and Electrlcal Heatlng L&CUPCK ouC / ;(A%ldGok 
Perhaps the greatest operational cons~deration for an electrlcal equtpment in Y( 

a power plant IS that of generation and dtsslpatlon of heat Plant personnel must 

understand how heat IS produced In electrlcal apparatus to understand the reasons for 

the equlpment deslgn and to operate and malntaln t t  properly Thls can be understood 

by considering Ohm's law, and the formulas for electrlcal power and heatlng 
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Ohms law IS a mathematical statement of the relat~onshlp between the three 

electrlcal parameters of voltage, current and resistance This IS usually wrrtten as 

Where - 
E = Voltage (volts) 

I = Current (amps) 

R = Resistance (ohms) 

Electr~cal power IS the product of the voltage and current In a ctrcult The 
formula IS 

Where - 
P = Electrical power (watts) 
E = Voltage (volts) 

I = Current (amps) 

Note that for a glven amount of electrlcal power, ~t 1s posslble to  malntaln that 
same power wlth a lower voltage ~f the current IS Increased Also, of course, ~t IS 

posslble to produce the same amount of power wlth lower current ~f the voltage IS 

~ncreased 

The formula for electr~cal heatlng can be derlved by comb~nlng Ohm's law w ~ t h  

the formula for electrlcal power That IS 

~ f P = E x l  and E = I x R  then P = 1 2 x R  

The amount of heat produced by electrlcal current flowlng through a conductor 

IS proporttonal t o  the square of the current Thls means that ~f one were to  double the 
current In a conductor, the amount of heat would Increase by a factor of four 

Therefore, ~f one had the cholce of produc~ng a glven amount of power at low voltage 
w ~ t h  hlgh current or hlgh voltage wlth low current, less heat would be produced wlth 

hlgh voltage and low current For Instance, i f  one were t o  double the voitage used to 
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roduce a given amount of power the current would be one half as much as before 

and the amount of heat generated would be one quarter as much 

So far In thls d~scuss~on only dlrect current (DC) electricity has been discussed 
Alternating current (AC) electrlclty IS more common in power plants AC electrrcity 

IS illustrated in Figure 3-99 The voltage In AC electricity IS constantly changing rn a 

pattern called a sine wave Slnce the voltage is continuously changlng in AC 

electrlclty, current flow also changes In the same way AC electrlclty 1s explored In 

more detall later In this chapter 

3 10 2 Magnetism and Electricity 

Magnetism 1s one the basic forces In the Unlverse Most people are famillat 

with magnetism as a force that 1s produced by a magnet This force IS exerted only 

on magnetlc materials, of course The strength of the magnetic fteld can be described 
In terms of a concept called llnes of flux One can thlnk of a magnetic field as lines 
of flux that run from the north to the south pole of a bar magnet as shown in 

Figure 3-100 Whlle lines of flux are lmaglnary they are useful as a concept and the 

best way to illustrate that concept 1s from the classlc elementary school science 

experiment This experiment is done by sprlnkllng Iron on a piece of paper held close 

to a magnet The strength of a magnetic fleld can be thought of in terms of the 

number of llnes of flux per unlt area That IS the more dense the lines of flux the 

stronger the magnetic fleld 

There IS a relationship between magnetism and electrlclty It is possible to 
produce magnettsm uslng electr~ctty This is posslble because a magnetic field IS 

produced around any conductor In which current is flowing The strength of the 

magnetic fleld can be Increased in several ways 

One way t o  Increase the strength of the magnetic fleld IS to wrap the conductor 

(wlre) Into a coil as shown In F~gure 3-101(a) so that the magnetic fleld In each loop 

reinforces that in the adjacent loops The strength of the magnetic field can be 
Increased st111 further in two ways for a given coil of wire First, the current In the 

wire can be Increased Increasing the current increases the strength of the magnetic 

field dlrectly since more electrons flowing through the wire Increases the magnetic 
fleld in each loop 
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FLJX 

LINES OF FLUX TRAVEL OUT 0' NORTI- POLE PASS IN A CURVED PATH AROUND T+E 
MAGNET TO THE SOJTH POLE AND THROUGH THE MAGNET TO THE NORTC POLE 

CT\CTC6003 

F~gure 3-100 Typ~cal Bar Magnet 

Page 233 Rev 0 - January 31,1995 



PSI ENERGY Comb~ned Cycle Fundamentals Course 
Wabash Rtver Repo wertng Project Module 3 

- MAGNET FIELD - 

SAME COIL 

- SAME CURRENTS - 

1300 ,INfS 
OF FORCE 

IRON 
CORE 

F~gure 3-101 Crea6ng Magnetic F~eld w ~ t h  Electr~c~ty 
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The second way to increase field strength is by placing an iron core inslde th 8 -  
loop as shown rn Flgure 3-101(b) This increases the strength of the magnetic field - 
because Iron has less resistance to the flow of lines of flux than air does There IS a 
relatlonshrp between the number of line of flux and a property called magnetic 
reluctance whlch is srmilar to the relationship between current and resistance 
Reluctance IS the resistance to the "flown of lines of flux Just as current flow 

(through a conductor) can be ~ncreased by decreasing its resistance, the number of 

l~nes of flux can be Increased by decreasing the magnetic reluctance by usrng the iron 

core What has been described IS, of course, the common electromagnet 

So far, the production of a magnetlc field using the flow of current through a 

conductor has been discussed It is possible to produce a voltage and thus Induce 
flow of current through a conductor using magnet~sm This is done by movlng a 

magnetic field past a conductor It is possible to induce a voltage and flow of current 

through a coil of wire by moving a magnet through the coil as shown in Flgure 3-102 
It turns out that the voltage and thus the current induced are proportional to the "rate 

of change of flux" that the wlre "sees " Thus the amount of voltage induced In the 

wire can be affected in two ways, both of which affect the rate of change of flux 

Either the magnet that is passed through the cod can be made stronger (so that r t  will 

have more lines of flux) or the same magnet can be passed through the cod faster@ 
Either situation causes the rate of change of flux "seen" by the wire to Increase 

3 10 3 AC Electr~c~ty and A Slrnple AC Generator 

Whlle it has not been stated expl~c~tly, the type of ~rectrlclty that has been 

addressed so far IS dtrect current (DC) electric~ty In the power utility fleld almost all 

power both generated and used is alternating current (AC) The sine wave 1s a 

representat~on of AC power The voltage and current In an AC clrcuit alternates In a 
fashron that can be represented as a sine wave tf voltage 1s plotted agalnst time 

Flgure 3-103 shows a simple AC generator that consists of a loop of wlre that 

turns In the statlonary magnetic field created by a permanent magnet Power IS 

carried from the slip rings to a light bulb Flgure 3-104 shows the flow of current as 

the loop of wire turns wlthin the stationary magnetic fleld The cod "sees" a change 

of flux because it "cuts lines of flux" from the magnet As the wire turns, it cuts llnes 

of flux In one dlrectron and a voltage 1s Induced caustng current to  flow in one 

dlrectlon As the wire loop passes through 1 80 degrees, it cuts the llnes of flux in the 
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F~gure 3-1 04 S~mpl~fied AC Generator Operat~on 

Page 238 Rev 0 - January 31,1995 



PSI ENERGY Combined Cycfe Fundamentals Course 
Wabash River Repo wering Project Module 3 

ROTATING LOOP 

\ MAGNETIC FIE-D 
, 

1 
I 

I 
BRUSHES CT\CT06005 

F~gure 3-103 Simpl~f~ed AC Generator 
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F~gure 3-105 AC Power - Voltage and Current Phase RelaQonsh~ps 
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opposite dlrectlon causlng voltage to  be Induced In the opposite dlrectlon causing 

current to  f low rn the opposrte drrectlon Note that In this generator, ~f necessary to 
Increase voltage, ~t IS necessary to lncrease the speed of the generator to  lncrease the 
rate of  change of flux seen by the cod There IS no way to Increase the strength of 
the magnetic fleld srnce the strength of the permanent magnet IS not easlly changed 

3 10 4 Power Factor, Apparent Power, and Reactwe Power 

In a prevrous sect~on the formula for computrng electrrcal power In a DC crrcult 

was glven as 

P = E x l  

Thls formula is also valld for computing power In AC circuits, as long as the 

voltage and current in a clrcult are In phase "In phase" means that when current IS 

at a maxlmum (peak) value, the voltage IS also at a maxlmum value F~gure 3-105(a) 
illustrates a sltuatlon when current and voltage are exactly In phase 

If  current and voltage are not exactly In phase, as shown In elther 

Flgure 3-105(b) or Flgure 3 - 1 0 5 1 ~ ) ~  then they are out of phase, and the power f o r m u l a  
above cannot be used dlrectly to  calculate clrcult power Thls IS Important for 

generator operation because ~t IS very seldom that current and voltage are In phase 

In an AC clrcult, when voltage IS multlplred by the c u r r ~ i t ,  the result 1s apparent 

power or volt-amperes The formula for apparent power IS thus 

Apparent Power = E x I 

If the voltage and current are exactly In phase, then apparent power equals true 

power Whenever voltage and current are not In phase, then apparent power must be 

multipl~ed by some factor t o  account for the phase difference in order to  get the true 
power in watts Thls factor IS called the power factor 

The formula for true power In an AC clrcult is therefore 

True Power (watts) = Volt-Amperes x Power Factor = E x I x Pf 
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In a DC clrcult, the frequency IS zero Under these condltlons the reactance of 

an Inductor IS zero, and the reactance of a capacitor IS lnflnlte, or equrvalent to an 

open clrcult As frequency Increases, the reactance of an inductor Increases, the 

reactance of a capacttor decreases 

Thus to flnd the total Impedance of the components In an AC circu~t, ~t IS 

necessary to know the resistance, the capacitance, and the inductance of the 

components and the frequency of the AC Once the Impedance of a system IS 

kfiovti?, the current f10wlng t h r ~ u g h  it can be determined using Ohm's law wlth 

impedance In place of reststance Most of the devlces In the electrical system 

connected to  a utlllty generator, such as the main transformer, act as ~nductors 

An Important consequence of thls concept IS that for a glven component, such 

as a transformer, the Impedance changes when the frequency changes, even ~f the 

transformer and voltage have not changed Slnce, for a glven voltage, the amount of 

current flowing through the transformer wlndlngs IS Inversely proportional to the 

~mpedance, the current Increases as the frequency decreases, even though the voltage 

remarns unchanged 

3 10 6 Three Phase Power 

The electrlclty used In most domestlc appllcatlons, such as In the home, is 
slngle phase alternating current If single phase current was generated in power 

plants, the generators used to produce the power would operate llke the slmple AC 
generator described In the prevlous section Most power IS generated as three phase 

power rather than single phase power, however, for the followrng reasons 

1 A three phase generator has 50 percent greater capacity than a single phase 

generator of the same phys~cal slze 

2 S~ngle phase power IS easlly available from a three phase system by merely 
tapping from any two of the power leads 

3 The cost of transmission IS less, for the same voltage and current, In a three 
phase system than for a angle phase system 
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If voltage and current are In phase, then the power factor IS equal to 1 0 
they are not In phase, the power factor has a value less than one Most ~t l l r ty 
generators have a nameplate power factor of 0 85 to 0 90 

It IS Important to understand that there IS another consequence of current and 
voltage belng out of phase, reactlve power IS also generated Thls type of power IS 

measured In un~ts called VARs (volt-amps reactwe) It IS very dlfflcult to explain In 

easlly understood terms what reactlve power IS and what ~t does One way to thlnk 

of reactwe power IS t h ~ s  Reactwe power 1s that power In devlces such as electrlc 

motors whlch creates the magnetlc fleld that makes the motor work The magnetlc 

fleld represents stored energy whlch, although ~t does no work ~tself, IS necessary for 

the electrlc motor to do work Thls concept can be extended to other devrces such 
as transformers whlch also use magnetlc flelds Electrlc motors, transformers and, 

under most circumstances, generators are all lnductlve devlces There IS another class 
of electrlcal equipment called capacltlve devlces whlch also store energy In an 

electrostatic fleld These devlces are not as common In power plants and electrlcal 
d~str~butlon systems and so have a lesser Impact on the operatlon of the system as 

will be discussed 

It IS Important to understand that whlle reactlve power produces no useful w o r d  
current must flow for reactlve power just as ~t does for apparent power Thls IS 

Important because thls means that the amount of heat produced In a devlce depends 

on the reactive as well as the apparent power 

3 10 5 Impedance 

The opposltlon to  current flow In DC clrcults IS called reslstance In an AC 

clrcult the opposltlon to current flow IS the total of reslstance, Inductance, and 

capacitance Thls total opposltlon IS called Impedance This concept IS Important In 

utlllty generator operatlon because the generator IS an AC devlce 

The opposltlon to flow by capacitors and Inductors IS glven a speclal name, 
reactance, to  dlfferentlate ~t from resistance lnductlve reactance IS the opposition to 

flow of AC through an Inductor Capacltlve reactance IS the opposition to the flow 

through a capacitor The value of the reactance for both IS not only a functlon of the 

electrical characterlstlcs of the component, but also IS determined by the frequency 

of the alternating current 
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(a) SINGLE Pd  ASE GENERATOR 

A 

(D) THREE-DHASE GENERATOR CT\CT06009 

F~gure 3-1 06 lllustrat~on of Three-Phase AC Power and Generator 
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To understand what three phase power IS and how it works, it IS necessary t 
examine the operation of the three phase generator 

The AC generator described earlier produced a single phase output that had a 

shape like that shown In Flgure 3-106(a) If the single coil In the generator was 

replaced by three identical colls, spaced 120 degrees apart, then three separate 

outputs of the same shape would be generated Each output would equal zero at a 

separate point and reach peaks at separate times These waveforms would be 

separated by 120 degrees, the same spacing as the coils in the generator Thls is 

shown in F~gure 3-106(b) 

The Wye Connect~on 

Rather than have six leads come out of the generator, one of the leads from 

each phase may be connected to form a common junction The stator IS then called 
wye (Y) or star connected The common lead may or may not be brought out of the 
machine If ~t IS brought out, it IS called the neutral A stmplifled dlagram of a wye- 
connected generator, with the common lead not brought out IS shown in 

F~gure 3-107(a) wlth each phase connected to some load, R 

Each load IS connected across two generator colls In series Thus RAB is 
connected across colls A and B, RAc IS connected across coils A and C, and RBc IS 

connected across phases B and C In series The voltage across each load, therefore, 

is larger than the voltage across a single cod or phase This is advantageous because 
~t means that the voltage In the conductors (wires) to the lead can be one half that 

which the load (such as a motor) requires 

In a wye-connected AC generator, the three start ends of each single phase 
windlng are connected together to a common neutral point and the opposite, or fin~sh, 

ends are connected to  the llne terminals A, B, and C These letters are always used 

to designate the three phases of a three phase system, or the three line wires to whlch 

the AC generator phases are connected 

For utlllty generators, loads between the phases are generally slightly 

unbalanced, a neutral IS added, as shown In Figure 3-107(b), between the common 

neutral and the loads The neutral wlre serves as a common return circult for all three 

phases and rnalntalns a voltage balance across the loads No current flows in the 
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neutral wire when the loads are balanced Thls type of system is referred to as a 
three phase, four wire system 

The Delta Connect~on 

A three phase generator may also be connected as shown In F~gure 3-108 Thls 

is called a delta connection because the colls are connected in the shape of a triangle 

or the Greek letter, delta In a delta-connected AC generator, the start end of one 

phase winding IS connected to the finish end of the third, the start of the third phase 

wlndlng is connected to  the frn~sh of the second phase wlndlng, and the start of the 

second phase wlnding is connected to the finish of the first phase wind~ng The three 

junction points are connected to the line wires leading to the load 

In the delta-connected generator, phase voltage IS equal to line voltage because 
the phases are connected directly across the llne wires Current flow through each 
phase is about 1 73 t~mes greater than ~t would be In an equivalently rated slngle 
phase generator phase 

Ut i l~ty generators are almost always wye-connected Thls IS due to the 
convenrence of grounding the neutral and the relatively low voltage requlred in the 

w~ndings t o  produce a given operating voltage 

Power Calculation for Three Phase Generators 

Because a three phase generator could be considered to  be three srngle phase 

generators operating as one, it might appear that three phase power could be 

calculated by determining the power in one phase from the phase voltage and current 

and mult~plying by three However, since the voltages and currents are out of phase 
w ~ t h  each other, the calculation is not quite so stra~ghtforward 

In order to  calculate three phase power, the algebraic sums of the power In the 
three phases must be computed The derlvat~on of the formula IS rather compllcated 
and w ~ l l  not be covered here Three phase power may be calculated, rf the loads are 
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Flgure 3- 107 Wye Connections for Three-Phase AC Generator 
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balanced, ~f the l~ne voltage and lrne current of one phase and the power factor are 

known The formula IS 

True Power = 1 73 x E ,,,, x I ,,,, x Power Factor 

Where 

1 73 1s a constant equal to the square root of 3 

El,,, IS the phase voltage 

lllne IS the phase current 

3 10 7 Three Phase Motors 

Three phase motors are w~dely used In the power plant for many of the same 

reasons that three phase generators are used It 1s Important to  understand how three 
phase motors operate, because under some circumstances, the generator may behave 
as a motor 

A three phase ~nductlon motor IS similar t o  a angle phase motor, except that 

there are three sets of wlndlngs In the stator Instead of just one When three phase 
power IS applled to these w~nd~ngs, a d~rectional rotatfng magnettc fleld IS set up, 

because the voltages will peak sequentially In each of the sets of wind~ngs The 
comblnat~on of the three ~nd~vldual magnetlc flelds w ~ l l  cause one composite f~eld that 

rotates at a rate depending on the frequency of the lncomlng current For 60 hertz 
power, the f~eld rotates at 3600 rpm Figure 3-109 shows the dlrectlon of the 

magnetic fleld rotation and the currents produced by a three phase motor 

The magnetlc f~e ld starts rotatlng as soon as voltage is applled As the fleld 

rotates past the conductors In the motor rotor, a voltage IS ~nduced In the conductors 
because of the relatlve motlon between the magnetlc f~e ld and the conductor Current 
begrns t o  flow In the conductors In the rotor 

The current flow tn the rotor creates another magnetlc f~e ld tn the rotor A force 
IS exerted on the rotor due to  the laws of magnetlc attraction and repuls~on The force 
exerted causes the rotor to  move In the same d~rectlon as the rotating magnetlc fleld 

In the stator In~tially, the rotor moves much slower than the rotatlng f~eid which 
results In the rap~d cutting of the rotor conductors by the l~nes of flux, greater current 
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F~gure 3-108 Delta Connect~on for Three-Phase AC Generator 
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flow, and greater force on the rotor As the rotor approaches the speed of the 
rotating fleld, the force decreases The rotor never qurte reaches the speed of the 
rotating fleld If ~t dld, the rotor and field would have no relatlve motlon between 
them, therefore, there would be no current induced, and no force exerted on the rotor 

The difference rn speed between the rotor and the fleld IS called slip When an 

lnductlon motor IS runnlng unloaded, the slip IS very small, usually less than 1 % of the 

rotating fleld speed As load IS Increased on the motor, the rotor slows down slightly 
An Increase In rotor voltage and current results The Increase In rotor current causes 
an lncrease In the force exerted on the rotor conductors and the output torque of the 
motor Increases A very small speed decrease wlll produce a considerable lncrease 
In torque At  full load, the slip of a typlcal lnductlon motor is about 6% 

Not all AC electrlc motors functlon as the induction motor described above It 

IS posslble to provlde an external source of DC voltage for the rotor windings Thls 
assures that there IS a magnetlc fleld In the rotor all of the tlme wlth no slip speed, the 
motor rotor turns at exactly the same speed as the system magnettc freld from the 

armature wlndings Accord~ngly, thls type of mcltor IS called a synchronous motor 

Llke the synchronous motor, In an AC utility generator the rotor and magnetlc 
flelds rotate at exactly the same speed, thus no currents are Induced In the rotor 
wrndlngs D C current from an external source called the exciter, flows through the 
generator rotor wlndlngs t o  create the rotor magnetlc fleld 

The generator behaves as an lnductlon motor ~f there IS no exclter current and 
there rs voltage st111 applled to the armature Thrs can result In severe damage 
because the generator IS not desrgned t o  act as an induction motor 

3 11 Generator Construct~on 

There are two main components In the generator, the rotor and the stator The 

generator must also have a source of DC current to  magnetize the rotor, usually called 
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F~gure 3-1 09 Three-Phase lnduct~on Motor Operat~on 
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The reason for these requirements IS d~ f f~cu l t  to understand because of the 

electrical t n m y  lnvolved To understand the frequency and phase angle 

requirements, ~t may be helpful to think of the electrical system as a column of 

march~ng soldiers, w ~ t h  each generator as one soldler As long as each sold~er 

marches at the same pace (frequency) and in step (in phase) the column marches 

along wlth no problems The column IS disrupted ~f one soldler tries to march at a 

different pace or out of step 

The third requ~rement that each generator must also satlsfy (voltage) does not 
f i t  into the analogy of the marching soldlers Each generator must supply power to 

the system at about the same voltage Minor variations are permitted, however, and 
Indeed are sometimes required The requirements for an Incoming generator are 

illustrated In F~gure 3-1 34 

The requ~rements of frequency and phase angle are satisfied automat~cally In 

normal operat~on after the matn and fleld breakers of a generator are closed The 
generator is sald to be synchron~zed or paralleled to  the system The electromagnetic 

forces created when the generator IS synchronlzed to  the system wlll "hold it In step " 

This IS true even if the steam valves supplying steam to the turb~ne drivlng the 

generator close The generator then will take power from the system and act as a 

synchronous motor, operating at 3600 rpm Note that this IS a different sltuatlon than 

that described In the previous section regardtng ~nduct~on motors In thls case, 

because the exciter current remalns, the rotor will continue t o  rotate at the same 

speed as the magnetic field In the armature, 3600 rpm 

The most crltical time of operation for the generator IS during startup when ~t 

IS synchronlzed to  the system Much of the rest of this section will explain In more 

detail how the requirements for synchron~zing are satisfied and how the unlt is 

synchron~zed 

Frequency and Phase Angle 

When a turb~ne-generator is f ~ r s t  started up, the main generator breaker and the 
field breaker are both open The fleld breaker is usually closed at about rated speed 
The f~e ld  breaker suppiles the DC current to  the generator rotor to magnetize ~t Once 
t h ~ s  happens, the generator w ~ l l  produce a voltage, but no current flows until the main 
breaker IS closed 
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Operat~on of the seal 011 system wlth the lube 011 backup as supply wlil resu w In contamlnatlon of the hydrogen In the generator due to the untreated 011 Once agaln 
the hydrogen In the generator will be contam~nated, maktng scavengrng necessary to 
prevent loss of hydrogen upon fallure of the emergency seal 011 pump It IS necessary 
to lrmlt generator load at reduced hydrogen pressure 

The seal 011 system IS ~nterconnected to the lube oil system In a properly 

Installed system, it is otten p o s s ~ ~ l e  ro operare the seal 011 system wtth the lube 011 

system shut down, however, it IS not recommended If there are some abnormal 

condit~ons, 011 can spill back to the lube 011 tank, slowly dralnlng the seal 011 system 

Eventually the seal oil tank w ~ l l  be drained, causrng the seal 011 pumps to lose suction 

3 12 Generator Operat~on 

The bastc prtnclples of both DC and AC electrlclty have been descr~bed as well 
as thew appllcatlon to  motors and generators The basic constructlon of the generator 
has been descr~bed Thls Sectlon describes the operat~on of the generator The f~ rs t  

operation descr~bed IS perhaps the most Important, synchronlz~ng the generator to the 

electr~cal dlstrlbutlon system 

3 12 1 Synchronrz~ng the Generator 

Many large AC generators operate In modern electr~cal systems, each feedlng 

power to  the system Each generator must satlsfy three condlt~ons In order to  operate 

In such a system 

Its operating frequency must be the same as that of the system 

It must be In phase w ~ t h  the system 

It must be at the same voltage as the system 

If any of these cond~tlons are not met, severe damage to  the generator may 

result The system may also be affected, but generally the power of the system IS 

much greater than that of any one generator and so the effect on the system IS usually 

sllght 
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The frequency of the system IS measured In Hertz, but the speed or "frequency" 

of the turblne-generator IS measured In revolutions per mlnute (rpm) For all 3600 rprn 

turblne-generators, the frequency of the generator may be determined by srmply 

dlvldrng the speed In rpm by 60, and for 1800 rpm turblne-generators by drvrdlng the 

speed In rpm by 30  

The turblne control system will hold the speed of the turblne-generator very 

close to the frequency of the system before synchron~z~ng, but usually there will be 
a small dlfference of perhaps 0 1 Hertz The turblne controls allow the operator to 

make the frne adjustments of turblne speed necessary to exactly match frequency 

Some unlts have automated controls whrch wtll match the frequency wlthout operator 

lnterventlon 

The operator uses a meter called a synchroscope (see F~gure 3-135) to match 

the generator and system frequencles The synchroscope resembles a clock with only 

one hand That hand rotates clockwtse when the generator frequency IS greater than 
system frequency and counterclockw~se when ~t IS less The speed at whlch the hand 

rotates IS the same as the dlfference In frequencies, converted to rpm Thus, ~f the 

turblne-generator were operatrng at 3601 rpm and the system frequency were at 

exactly 60  Hz (equivalent to 3600 rpm), the hand would move clockwise at 1 rprn 
When the frequencles are matched exactly, the hand would stop rotatlng 

The synchroscope also provldes another valuable ~ndlcatron, phase angle The 

generator may be at exactly the same frequency as the system and yet be "out of 
phase" with the system Referring back to the analogy of the marchlng sold~ers, one 

soldler may be march~ng at exactly the same cadence as the rest of the column, but 

may be putting h ~ s  left foot down whlle the rest of the column puts thew rlght foot 

down He IS "out of phase " Electrically, F~gure 3-1 36 illustrates the concept of phase 

angle whlch IS generally measured In degrees 

This Flgure shows two "s~ne waves " The voltage of any generator has such 
an output for each phase Thus, the Flgure shows the voltage change for one phase 
of the generator and the same phase of the system The two have exactly the same 
frequency, but because they are d~splaced hor~zontally from each other, they are not 
in phase The operator can get the two In phase by elther speedlng up or slowlng 
down the generator just long enough to  make the two curves overlap 
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Flgure 3-1 34 Requ~rements for Generator Synchronlzatlon 
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F~gure 3-1 35 Typ~cal Synchroscope 
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The operator may flnd r t  necessary to adjust the generator speed and then 

voltage several tlmes In order to synchronize Before synchron~zat~on, if the speed IS 

Increased, the voltage also Increases Conversely, the voltage decreases when speed 

decreases Thls IS because the voltage of the generator IS determined by how many 

llnes of magnetlc flux cut the conductor per second The generator voltage may be 

changed, before the breaker IS ciosed, by adjust~ng e~ther speed or the strength of the 

field 

The generator can be severely damaged ~f there IS a substantial mlsmatch of 

voltage wrth the system Thls can occur because there can be very hlgh currents 

Induced In the stator which cause damaglng heat 

After the generator breaker IS closed, varylng generator voltage controls the 

amount of reactive power or VARs that the generator supplles to  the system or uses 

from the system If the generator voltage IS Increased sllghtly above the system 
voltage, the generator will supply VARs to the system At  voltages below the system 
voltage, the generator will use VARs from the system, and when the voltages are 

exactly the same, the generator will nelther produce nor use VARs 

In most operat~ons, the generator will supply VARs to the system (higher 
voltage) and operatlon In thls mode 1s called lagglng or "buck" Occas~onally when 

system load IS low (usually nlghts or weekends), the system will not require VARs and 

the generator may be requlred to "use up" some of the excess VARs In the system 

When operated in thls mode, the generator IS sard to be leading, "boost" The system 

dispatcher usually dlrects each plant In the system to produce or use the proper 

amount of VARs slmllar to the way he dlrects the proper load In watts to be carrled 

3 12 2 Generator Voltage Controls 

In operatlon, the generator voltage IS affected by condltlons In the transmission 

system Thls requires that some controls be available to  adjust and maintain proper 

voltage The voltage of the generator IS controlled by varying the DC current flowlng 
through the generator rotor Thls current IS supplled by the exclter lncreaslng the DC 
current through the rotor Increases the rotor's magnetic fleld whlch In turn Increases 
generator armature voltage Decreasing the fleld current decreases the armature 
voltage 
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The posltlon of the hand of the synchroscope shows the phase angle betwee e 
the system and "incoming" generator When ~t IS pointed stra~ght up (1 2 o'clock), rt 

Indicates that the generator and the system are In phase, that IS, the phase angle IS 

zero When the posrtlon is straight down (6 o'clock) the phase angle difference is 180 

degrees, which IS the worst cond~tion 

The operator adjusts the speed of the turb~ne generator to obta~n a posltlon of 

the synchroscope hand of 12 o'clock, wtth the hand stopped, In order to close the 
main generator breaker Most unlts have a key type Interlock wh~ch requires the 

synchroscope to be In servlce as a permlsslve for clos~ng the marn generator breaker 

In practice, ~t IS desirable to have the speed of the turb~ne-generator sl~ghtly greater 

than system frequency, such that the synchroscope IS travelling slowly (about 112 
rpm) In the "fast" direct~on In thls case, the maln generator breaker IS closed "on the 

fly" just before the hand reaches 12 o'clock (at about 5 mlnutes before 12) Once the 

generator breaker is closed, the generator IS said to be synchronized or paralleled to 
the system 

The generator can be damaged severely ~f the maln breaker IS closed w ~ t h  the 

generator and system out of phase or w ~ t h  a large drfference In frequency Thls IS 

because very large currents w ~ l l  flow m the windings of the stator causing damagin@ 
heat, and tremendous forces will result as the system literally "pulls" the generator 

Into synchronrsm Often there IS protectlve relaylng whlch prevents the generator 

breaker from being closed unless phase angle and frequency d~fferences are very 

small The operator should not, however, rely upon thrs protection 

Generator Voltage and Reactwe Power 

There IS a third requirement for synchronlzlng the generator The voltage of the 

generator must be very close to that of the system Generator voltages are generally 

around 13 kV to 22 kV and are stepped up to 130 kV to 230 kV by a step-up 

transformer The main generator breaker is between the transformer and the bus 

The running system voltage is measured on the bus srde of the breaker The lncomlng 

voltage is measured on the hlgh s~de of the transformer or on the transformer s~de of 

the breaker The operator must match the generator voltage to the running voltage 

as well as matchlng system frequency and phase before closlng the marn generator 

breaker 
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Ftgure 3- 1 37 Stmplrfied Generator Voltage Control 
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The most simple voltage control IS a rheostat This IS a vartable resistance I. series with the generator field When the rheostat is adjusted manually by  the 
operator to  decrease the reststance in the rotor wtnding circutt, more current flows and 
the armature voltage IS increased The generator armature voltage IS reduced by 
adjusting the rheostat to  Increase the resistance Ftgure 3-137 shows a bastc AC 

generator wlth such a manual voltage control 

Most modern generators have a voltage regulator to  automatically malntaln 

armature voltage at a desired setpoint The regulator usually has t w o  modes, manual 

and automattc The manual mode actually regulates the DC voltage applied to  the 

field This will maintain constant generator armature voltage before the generator 

breaker IS closed, but will not after ~t IS closed because of changtng transmission 

system conditions 

The automattc mode is most often used In normal operation It actually 
controls the generator termlnal voltage The regulator can be transferred between 
manual and automatic in operatton It 1s necessary to  match the signals produced by 

the t w o  regulators before transferring from one regulator t o  the other This is because 

~f the stgnals were not matched, there would be a sudden change in armature voltage 

upon transferring A large change could cause generator damage A null meter. 
provided t o  match the stgnals before transferring 

It IS good operating practice t o  have the automattc voltage regulator In servtce 

at all times during normal operation It can respond t o  abnormal conditions In the 
system caused by problems such as short ctrcults outslr+ the plant and help t o  

prevent generator damage and reduce the "upset" to the system 

Most excitation control systems have some automatlc protective features The 
following IS a brief description of some of the more common features that are found 

in the excitation systems 

The maximum excitation hmit IS slmply a celllng llmlt which prevents the 

excttatlon current from exceeding safe llmits I f  the fleld current were to  exceed safe 
Ilmits, t t  would cause overheating In the field wlndings which could result In failure of 

the insulation and a short ctrcult 
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system with too llttle reactance between them Wlthout such a system, there would - 
be uneven shar~ng of the reactlve load between the generators 

Power System Stabrl~zer 

Under certa~n condit~ons, ~?stabiItty In the electrical dlstrrbution system can 

cause changes In system frequency, wh~ch translate into oscillations In the speed of 

the turb~ne-generator If the frequency of the oscrllat~ons happens to occur at the 
natural torsional frequency of the turbine-generator shaft system, th_e shaft may fall 

The power system Z b l l ~ z e r  senses shah speed and varres the generator field voltage 

to e m p e n  the oscillatrons 

3 12 3 Generator Reacttve Capab~i~ty Curves 

Earlrer ~t was explained that there are two d~fferent types of power generated 

by a three phase, AC generator, real and reactive Both types of power cause current 
to flow In the generator armature wlndrngs, and so r t  IS necessary to  mon~tor both 

Westlnghouse provrdes capab~l~ty curves to give l lm~ts on how much of each type of 

power may be generated for each of their generators 

The reactlve capabllity curve IS just what the name implres, r t  IS a plot of the 

load~ng l~m~ts ,  at d~fferent power factors and hydrogen pressures, that the generator 

IS capable of operating at without overheatrng F~gure 3-138 shows a typ~cal reactive 

capability curve The each capabllity curve for a given hydrogen pressure IS actually 
three curves In one The ~ndrvldual curves deprct 

1 Fleld windlng heatrng lirnlt (upper curve segments) 

2 Stator wlndlng heatlng llmit (right slde curve segments) 
3 Stator core end lron heatrng llmlt (lower curve segments) 

Megawatts (real or true power) are shown on the horizontal axrs whrle rnegavars 

(reactlve power) are shown on the vertical axls The overall capability curve IS 

composed of three separate curves because drfferent parts of the generator l im~ t  
overall operatron The l~mrtrng factor depends on the ioadrng condrt~on A t  h ~ g h  
reactrve loads, the f~e ld  w~ndrng overheats flrst At  low reactrve load, the core end 
lron IS the lrmrtlng factor At  high real load, the stator IS the lrmit~ng factor 
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Volts per Hertz Protectron 

It IS posslble to exceed safe llmrts for current In both the main generator and the 

maln transformer if the system frequency falls, even though the voltage remalns at 
what would normally be safe llmlts Thrs IS because the Impedance (remember that 

thls IS the AC equivalent of resistance) goes down as the system frequency goes 

down Thus, the current will Increase even ~f there is no Increase In voltage The 

volts per hertz circuitry "looks at" the system voltage and compares ~t to the system 

frequency It provldes a signal to the AC regulator to reduce voltage ~f the frequency 

falls such that the current mlght exceed safe llmlts It IS Important to understand that 

volts per hertz 1s mos en a problem when the freld is exclted, but before the 
Z - 

generator IS synchronized At thls point In start-up, current IS flowlng through the 

generator and main transformer wlndlngs even though the breaker has not been 

closed Generator speed can fall at thls point because ~t 1s not synchronrzed to the 
system 

Underexc~ted Reactlve Ampere Lrmrt (URAL) 

The generator voltage IS reduced by reducing the current flowlng through the 

generator fleld in normal operation If the DC current through the generator fleld fall) 
too far, the magnetic force which holds the generator In synchronism wlth the 

electrtcal power system becomes weak This could result In the generator "slipping 

a pole" which could result In very h g h  currents belng induced In the generator, - 
resulting In damage from overheating Thrs also causes very hlgh mechanical forces 

whlch can also cause damage 

lmpedance Cornpensabon 

lmpedance compensation can perform two functions The first IS to marntaln 

the voltage, at some polnt other than the generator terminals, at some constant 
C-- 

voltage Thls IS often necessary when there IS a substantla1 voltage drop In the - 
transmlsslon llnes - 

The second functron 1s to provide "voltage droop" In the regulator Voltage 

droop IS s~mllar to speed droop in the turbrne governor Thls provldes a means of - 
reactlve load WAR) sharing between generators whlch are operatrng In parallel In a 

A 
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The operator should check the curve before making changes In real or reactive 

load to avo~d exceeding the generator capability To use the curve the operator plots 

the load In watts on the horizontal axis and then extends a vert~cal arrow up (or down) 

by the length shown on the vertical axis for the amount of VARs be~ng generated or 

used If the potnt of the MVAR arrow IS ~ n s ~ d e  the curve, for the present gas pressure 
- - -  - - -  - 

then all is well as the generator will be operated wtth~n its capablltty 

Often In operation the operator w ~ l l  be asked by the dispatcher to Increase load 
and or reactlve power He should check the reactlve capability curve to determine tf 

it is poss~ble to satlsfy the dispatcher's request It is not uncommon to  ftnd that either 

real load or reactlve load requirements can be satisfled, but not both at the same time 

It IS Important to  note that the generator capabtltty can be exceeded even ~f the 

megawatts are less than the turblne rating, by producing or using too much reactlve 

power 

Operational l~mits for the generator are assoctated princtpally wtth temperatures 

The generator is equipped wlth a large number of RTD's (Res~stance Temperature 

Detectors) and TCs (thermocouples) to measure temperatures These RTDs monttor 

the follow~ng 

Cold gas temperature from each hydrogen cooler 
Hot gas temperature Into each hydrogen cooler 
Stator wlnding center zones (RTDs Imbedded between coils in selected 

slots) 
Stator wtnding end zones (TCs In selected slots) 

West~nghouse provides the following recommendattons regarding the 

temperatures The nameplate says calls for maximum hydrogen cooler water inlet 
temperature of 95'F ad that w ~ t h  cold gas temperature of 46OC cold gas temperature 
the temperature rise for both the stator and rotor w ~ l l  not exceed 64OF 

The temperature of the cold gas from the hydrogen coolers should be balanced 
such that all cold gas temperatures should be w~th in 2'C If the temperatures are not 

balanced, the manual cool~ng water valves on the "cold" coolers should be throttled 

t o  establish balanced temperatures 
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F~gure 3-1 38 Typ~cal Reactwe Capab~l~t-y Curve 
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Operat~on w ~ t h  Unbalanced Phase Currents 

In normal operation, the currents I? each phase of the generator are about the 

same and are sald to be balanced When the phase currents are balanced, a 
symmetric, rotat~ng magnetlc f~eld IS created In the stator w h ~ c h  rotates at the same 

speed as the generator rotor 

If an Imbalance of phase currents In the stator occurs, the stator's rotatlng 
magnetic field becomes d~storted and asymmetric Th~s means that as the generator 

rotor spins ~t "sees" a change of magnetrc flux once each revolut~on Any tlme a 

conductor experiences a change In magnetic flux, a voltage IS Induced and, ~f there 

is a complete clrcult, currents will flow That IS exactly what happens to the 

generator rotor The asymmetrlc magnetlc field from the stator tnduces a voltage and 
causes currents to  circulate on the surface of the generator rotor If the currents 

become great enough, there w ~ l l  be heat~ng of the rotor surface w h ~ c h  can be very 
harmful t o  the generator Unbalanced phase currents also cause current to flow In the 
neutral tle, where, ~f all phases are balanced, no current normally flows 

Generators are des~gned to w~thstand operatlon w ~ t h  some unbalanced current 

since in practlce the 3 phase currents w11l never be balanced exactly Most 

manufacturers generally guarantee that thew equipment can operate continuously w ~ t h  

from 5% to 10% negative phase sequence current The negatlve phase sequence 

current IS usually expressed as a percentage of rated armature current and ~t must be 

calculated If the negative phase current exceeds the maxlmum allowed, one of the 

fol low~ng steps should be taken 

1 Reduce the generator load 

2 Reduce voltage wlthout exceeding the underexc~ted reactlve capability 

3 Take the generator off llne 

Westinghouse simply says that the generator should be able to  w~thstand 
normal operation with unbalanced phase currents when operated In a system with 
approprlate protect~ve relaying 
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For the imbedded stator wrnd~ng temperature rndicatlons, the temperatu@ 

drfferences are srgnrficant If there IS a fallure In the stator wrndrngs it IS ger,erally 
locallzed and so the temperature rn the area of the fa~lure IS hrgher than the unaffected 

areas Accordrngly Westinghouse provrdes the follow~ng gu~dellnes on the maximum 

allowable temperature drfferentrals 

No 114 112 314 Full 
Zone Load Load Load Load Load 

Center 5°C 6°C 7°C 9°C 9 9°C 

End 5°C 6°C 7°C 9OC 9 9°C 

West~nghouse recommends that ~f the temperature differentral exceeds 1 0°C the 

generator should be trrpped immediately The temperature instruments should be 

monrtored closely durlng the coastdown following the trip If the temperature 
difference remalns as the generator cools, the difference IS lrkely caused by faulty 

instrumentation It is expected that all stator wlndrng temperatures should agree 
wrthrn about Z°C 

3 12 5 Abnormal Generator Operat~on 

It IS not uncommon for the sw,tchboard operator to  have to deal with generator 

operatronal problems The following is a summary of some of the more common 
problems that occur 

Operat~on with Reduced Cooling Capab~lity 

Each of the two hydrogen coolers has two independent sets of tubes wrth their 

own water boxes Th~s allows one half of a cooler to be removed from service for 

maintenance wh~le the other half remalns in service Westinghouse recommends that 

when t h ~ s  IS done the hydrogen pressure be reduced to  30 psig and the load reduced 

to 80% of the allowable load for that pressure as shown on the reactlve capability 

curve 
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per hertz IS srmply the voltage of the armature, expressed as a percentage of rated 

voltage, drvrded the actual speed expressed as a percentage of rated speed Thrs may 
also be expressed as shown below 

Actual VoltagelRated Voltage , 0096 
Actual SpeedIRated Speed 

The maxrmum volts per hertz allowable IS usually about 120% for a maximum 

duration of two seconds Automatrc volts per hertz relayrng IS often provrded to trlp 

the generator rf these l ~ m ~ t s  are exceeded 

Another phenomenon related to off frequency operatron 1s "magnetic drag" On 

older unrts r t  was common to leave the excitatron with hrgh currents on the freld after 

the unit was trrpped This created a "magnetrc drag" on the rotor and resulted In the 

unit coastlng down more qurckly It also results In heatrng of the generator core whrch 

can cause damage Thls problem IS made worse by thefact War as the rotor speeEt 
falls, gas c~rculatron is also reduced, resulting in less coolrng Exc~tation durrng coast 

down not exceed that requrred for rated armature voltage at rated speed and 

excrtatron should be removed when the unit reaches 50% of rated speed 
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Loss of Field 

Loss of field IS a term used to describe operation of the generator with the main 

generator breaker closed and without excltat~on, usually because the field breaker IS 

open When this situat~on occurs, currents are induced on the surface of the rotor 

This is because without excitation to keep the unit synchron~zed, the rotor does not 

turn at the same speed as the rotating magnetic field in the stator Since the rotor 

"sees" a changing magnetic flux, a voltage IS Induced and currents flow on the 

surface of the rotor These currents will cause heatlng of the rotor surface as with 
... negatlve phase sequence currents 

Usually utility generators are provided w ~ t h  loss of excitation relays These 

relays trip the maln breaker and f~eld breaker when the generator loses excitatron If 

the generator field IS lost and the loss of excitation relays do not open the main 

generator breaker immediately, trip the unlt Operating the generator with the main 
generator breaker closed, but without excitation, will cause overheating of the 
generator field It takes only a few seconds for the overheating to cause damage 

Operating w ~ t h  loss of field should not be confused with what is commonly 

called "motoring" When a generator is "motored" both the field breaker and m a l e  

breaker remaln closed, but instead of generating power, the generator uses power 

from the system and acts as a synchronous motor There IS no loss of field w ~ t h  
motoring Motoring IS not harmful to the generator provided that normal l im~tat~ons 

on voltage, current and temperature are observed Motorlng can, however, be harmful 
to the turbine as explained earlier 

Off Frequency Operation 

When generators are operated at less than normal speed or frequency, the 

resistance to AC current (impedance) is reduced Thls is because rlses wlth increased 

speed and falls with decreased speed If the frequency goes down and the armature 

voltage remains the same, the armature current w ~ l l  increase Because of this 
phenomenon, the generator load must be reduced as the frequency falls 

Operation at lower frequencies without reductton in generator voltage is made 

posslble by design to allow the unit to withstand fault condltlons A quantity called 

"volts per hertz" 1s used to deflne the limitations Imposed for such operation Volts 
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4 0 HEAT RECOVERY STEAM GENERATOR (HRSG) 

T h ~ s  module prov~des an understanding of the theory, pr~nc~ples of operatlon 

and malntenance, and general arrangement of Heat Recovery Steam Generators 

(HRSGs) The HRSG IS the Interface between the gas turblne and the steam cycle 

components Proper operatlon and malntenance of the HRSG ensures h ~ g h  ava~labll~ty 

and e f f~c~ency  of the comb~ned cycle plant 

4 1 Overview 

In the s~mple cycle mode of operatlon the temperature of the exhaust gas 

leavlng a gas turb~ne can be as h ~ g h  as 1 ,050°F, and f low rates can be as h ~ g h  as 3 

mllllon pounds per hour Thls h ~ g h  temperature gas represents a source of heat 

energy w h ~ c h  can be recovered ~f the means to  do so are ava~lable By recovering 

t h ~ s  waste heat, not only can the output of a power plant be ~ncreased, but ~ t s  overall 

e f f ~c~ency  w ~ l l  be greatly enhanced 

Although the exhaust gases leaving the turb~ne contain a large amount of heat, 

all of the heat cannot be pract~cally recovered rn a heat recovery system Thls IS 

partly due to  the fact that as the exhaust gas IS progress~vely cooled, vapor conta~ned 

In ~t beglns to  condense This condensate, when m ~ x e d  wi th  sulfur and other 

compounds In the gas, forms corrosive ac~ds whlch attack steel surfaces and 

components In the~r  path Secondly, to  recover all the heat conta~ned In the exhaust 

gases requlres that the heat be transferred to  a f l u ~ d  or body at a lower temperature 

In a power plant, there are pract~cal llmltatlons t o  the ava~lab~ll ty of low temperature 

f lu~ds t o  whlch low grade heat m ~ g h t  be transferred Consequently, only part of the 

heat conta~ned In the gas turb~ne exhaust IS recoverable In a heat recovery system 

The func t~on  of heat recovery steam generators IS t o  recover the waste heat 

ava~lable In the exhaust gases from a gas turb~ne and transfer ~t t o  the water and 

steam contained In Its tubes The heat recovered IS used t o  generate steam at h ~ g h  

pressures and temperatures, w h ~ c h  IS then used t o  generate add~t~onal  power In a 

steam turb~ne dr~ven generator 
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The heat recovery steam generator utlllzes the heat energy of the gas turblne 

exhaust gases t o  generate steam for the steam-turblne generator HRSGs may be 

unflred or have supplemental flrlng avallable In thelr ducts The unflred HRSGs accept 

the exhaust gas from the gas turblne and generate steam at a temperature sllghtly 

lower than the gas temperature Wlth supplemental flrlng, the maximum steam 

temperature from a HRSG can be controlled Independently of the exhaust gas 

temperature 

Heat recovery steam generators generatlng steam at multlple pressure levels 

are commonly used to  maxlmlze heat recovery from the gas turblne exhaust gas as 

shown In Flgure 4-1 By generatlng steam at several pressures, the HRSG allows 

steam t o  be used for different purposes, and thereby Increases the operational 

flexlblllty of the plant Depending on the anticipated use for the steam produced ~r, 

the HRSG, pressure levels can be optlmlzed based on avallable gas f low rates and 

temperatures The h ~ g h  pressure steam produced In the HRSG IS typically used to  

b r~ve  a steam turbine coupled to a generator, w h ~ l e  the ~ntermedlatellow pressure 

steam can supply process steam requirements or be Inducted Into the steam turblne 

at the approprlate polnt In the steam expansion process 

Heat recovery steam generators are deslgned based on an evaluation of a 

number of parameters For an unflred heat recovery system, the heat contalned In 

the gas turblne exhaust IS flxed, and the HRSG output IS determined based on the 

system's effectlveness Increased effectlveness In the HRSG requires an Increase In 

heat transfer area which Increases the cost of the HRSG However, the Increased 

cost can only be justlfled on the bass of Increased beneflts 

The effectlveness of an HRSG IS dependent on the heat transfer deslgn and the 

thermal energy suppl~ed In the exhaust gas from the gas turblne The effectlveness 

of an HRSG IS deflned as the ratlo of the heat recovered to  avallable heat In the gas 

turblne exhaust The losses In an HRSG are classlfled as follows 

Hot gases leav~ng the stack 

Leakage 

Radlatlon 
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F~gure 4-1 Unflred Heat Recovery Steam Generator w ~ t h  Mult~ple Pressure Levels 
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The effectiveness of a HRSG is dependent upon the gas turblne exhaust 

energy The gas turblne exhaust energy IS deflned for particular ambient cond~tions, 

a particular load of the gas turblne, and the amount of heat transfer surface available 

in the HRSG Therefore, the effectiveness of a HRSG vartes as the gas turbine 

operatton devlates from deslgn ambtent and load condlt~ons 

In ~ t s  s~mplest form, a typ~cal  HRSG consists of three heat exchanger sections - 
a superheater, an evaporator and an economizer The most s~mple HRSG may contaln 

only one sectlon, an evaporator producing saturated steam at one pressure More 

complex HRSGs contaln more than a dozen secttons - superheaters, evaporators, and 

economlzers - wl th steam production at three or four different pressures 

The parameters whlch have Influence over the HRSG deslgn and performance 

can be categorized as Input, deslgn, and output varlables Input vartables conslst of 

Gas Turblne Exhaust Flow 

Gas Turblne Exhaust Temperature 

Gas Turblne Exhaust Constituents 

Feed Water Temperature 

Stack Temperature 

Blowdown Rate 

Deslgn parameters whlch are elther assumed or calculated include - 
HRSG Geometry 

Heat Transfer Coefflclents 

Gas Leakage 

Thermal Losses 

Output varlables whlch ~nfluence the HRSG are 

Steam Pressure 

Steam Temperature 

Steam Qual~ty 

Var~atlon In Operating Polnts 
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Some of these parameters are discussed In detall below 

Gas Turbine Exhaust Flow 

Typically, the gas f low through the HRSG IS assumed t o  be the corrected flow 

for the slte condltlon at base load An accurate measurement of exhaust f low 1s very 

d~ff icult ,  an estlmate 1s made based on the combust~on turblne gas (CTG) exhaust 

veloclty or alr and fuel measurements In a typlcal gas turbine, exhaust velocity may 

vary from 0 %  t o  300% of the average veloclty across the cross-section An HRSG 

deslgned for the estimated gas f low may not perform as predlcted even ~f deslgn 

conditions are duplicated 

HRSG performance at other combust~on turblne gas operating condltlons will 

also dlffer from those predlcted F~gure 4-2 shows the effect of error In the gas flow. 

on steam f low and temperature As shown, the percent change In steam f low is the 

same as the percent change In gas f low The temperature of steam (for a HRSG 

producing superheated steam) changes by the same number of degrees as the 

percentage change In the gas flow, but In the opposlte dlrectlon, I e , a decrease In - 
combust~on turblne gas exhaust f low increases the steam superheat temperature - - 7 

Gas Turblne Exhaust Temoerature 

Combustion turblne gas exhaust temperature, llke exhaust f low 1s dlfflcult to  

measure, and the values used for HRSG deslgn are estimates Temperatures may 

vary by a margln of about 50°F across an HRSG cross-section due t o  Improper 

dlstrlbutlon of exhaust gas flow As shown in F~gure 4-3, both steam f h a n d  steam 

temperature change In the same dlrectlon as a change In combust~on turblne gas - 
ature About a 5°F change In combust~on turb~ne gas exhaust 

lCCI 

temperature changes steam f low by 1 % and steam temperature by about 2 O F  
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F~gure 4-2 Effect of Error In Gas Flow on Steam Temperature 
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F~gure 4-3 Effect of GT Exhaust Temperature 
on Steam Flow & Steam Temperature 
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Gas Turblne Exhaust Constituents 

Gas turblne exhaust constituents, particularly molsture content are an Important 

factor In the deslgn and performance of an HRSG Hlgher molsture content Increases 

the gas enthalpy, whlch results In more avarlable heat for the same temperature 

dlfference The heat transfer coefflclent IS higher for the gas wi th  hlgher molsture 

content The net result IS that more heat gets transferred from the gas to  the 

waterlsteam for the same surface area Therefore an accurate measurement of 

exhaust molsture IS necessary when deslgnlng the HRSG and predlctlng ~ t s  

performance, I e , steam f low and temperature Flgure 4-4 shows the steam output 

variations based on the change In gas molsture content The deslgn case IS based 

on 4% moisture content, which IS normal for a gas turblne using natural gas fuel For 

each 1 % Increase In molsture content, the steam flow lncreases by about 0 75%, and 

the steam temperature decreases by about one half degree 
a 

Feedwater Tem~erature 

Change In feedwater temperature has a mln~rnal Impact on steam output As 

shown In F~gure 4-5, every 1 0  degree change In feedwater temperature changes 

steam f low by about 0 1 % and steam temperature by about 0 1°F The reasons for 

the m~nlmal Impact on steam output are as follows 

Feedwater heatlng duty (heat transfer In Btus) IS a smaller portion of the 

total HRSG duty 

The change In feedwater temperature changes the economizer duty and log 

mean temperature dlfference (dlfference In feedwater temperature and 

combustion turblne gas exhaust temperature) The log mean temperature 

dlfference changes In a dlrectlon that compensates, to  a certain extent, the 

heat transfer area requirements of the HRSG For example, a 10°F 

decrease in feedwater temperature Increases the HRSG duty by about 4% 

The same decrease In feedwater temperature of 10°F also Increases the log 

mean temperature dlfference by about 3% The net result 1s about a 1 % 

deflclency In economrzer surface Slnce the economizer surface IS a smaller 

part of the total surface, the total surface deflclency IS much less, and the 

effect on steam output IS very mlnlmal 
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F~gure 4-4 Effect of Mo~sture Content on Steam Output 
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F~gure 4-5 Effect of Feedwater Temperature 
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Stack Tem~erature 7 
The effectiveness of an HRSG is highly dependent upon the stack temperature 

Thls IS true, since the amount of heat lost through the stack is considerably higher 

than from all the other losses combined Therefore, the emphasis is t o  lower the 

stack temperature as much as possible Lower~ng of stack temperature is achieved 

by the following 

Lowering the temperature difference between the exhaust gas and the 

feedwater 

Decreasing the operating pressure However, steam turblne or process 

steam needs may preclude this possibility 

Additional lower pressure levels in the HRSG or feedwater heating using 

stack gas This is a common approach since low pressure steam can be 

used in several components, such as deaerator heaters, feedwater heaters, 

etc 

Theoretically, it is possible t o  reduce the stack temperature to  within 20 t o  

25°F of the feedwater inlet temperature A more practical approach is t o  maintain 

stack temperature between 280 and 300°F Operating wi th  too low of a stack 

temperature may have the following detrimental consequences 

The HRSG may require excessive surface area t o  extract the last BTUs 

resulting in excessive capital cost 

If sulfur IS present in the exhaust gases, then sulfuric acid condensation 

may cause corrosion of cold end surfaces To avoid the possibility of 

corrosion, alloy materlal is needed for these surfaces, which further 

Increases the cost of the HRSG 

There is a possibility of water condensation This is especially true ~f the 

gas turbine exhaust contains a large amount of moisture as a result of 

water injection for NO, control 
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Excessive surface area In the HRSG Increases the gas pressure drop 

Addltlonally, colder exhaust gas could cause a loss of draft In the stack 

A loss of draft Increases the back pressure on the gas turblne 

HRSG Geometrv 

All HRSG systems use fln tubes to  Increase heat transfer area If the fuel belng 

burned 1s clean, high flns w ~ t h  h ~ g h  fln densit~es are used For natural gas, ~t IS 

normal to  use 6 flns per Inch, havlng a helght of 0 75 Inches For less clean fuels l ~ k e  

No 2 011, ~t IS necessary to  reduce the fln he~ght  and denslty to  reduce the posslblllty 

of soot buildup and excessive fouling Hlgher flns and fln densltles Increase the heat 

flux and tube wall temperatures Thls affects the selection of tube and fln material, 

and also the clrculatlon deslgn for natural clrculat~on evaporators Tube slze, tube 

pltch, and tube orlentatlon determlne the gas mass veloclty Hlgher mass velocltles 

Increase the heat transfer coefflclent and gas pressure drop, but also Increase the" 

poss~blllty of vibration 

An HRSG wlth a staggered tube arrangement IS normally preferred to  the ~n-line 

tube arrangement Thls IS true slnce the in-llne fln tubes allow gas streams to channel 

between the lanes and bypass the heat transfer surfaces Tube srze and number of 

passes also determlne the steam/water slde velocltles and pressure drops lnslde the 

tubes Generally, a water veloclty of 7 feet per second and a steam veloclty of 100 

feet per second IS considered optlmum 

Gas slde pressure drop IS cr~t lcal for optlmum gas turbine performance If the 

pressure drop through the HRSG IS hlgher than expected, gas turblne performance 

deterlorates Therefore, ~t is essential that gas slde pressure drops be calculated as 

reallstlcally as posslble The gas slde pressure drop calculation should Include the 

pressure drop through the duct work and stack as well as the pressure drop through 

the HRSG 

Heat Transfer Coeffrclent 

Predlctlng heat transfer coef f~c~ents  w ~ t h  a margin of 10 to  1 5  percent IS 

acceptable because of the large number of variables Involved The rnargln of error 

means that ~t IS posslble t o  have a discrepancy of 10 t o  1 5  percent between the 

actual and requlred heat transfer areas of an HRSG Providing more heat transfer 
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surface area In the des~gn t o  compensate for t h ~ s  d~screpancy may not solve the 

problem slnce, In a multl-sect~on HRSG, provldlng more area In one sectlon results In 

less heat ava~lable for the next section 

The relatlonshlps used may pred~ct good values for the heat transfer coeff~c~ent 

w ~ t h  design condltlons but may not be accurate for off-design cond~t~ons  F~gure 4-6 

shows the effect of heat transfer coe f f~c~ent  on steam f low A 10% change In 

predlctlng the heat transfer coefflclent results In about a 0 75% change In steam flow 

and about a 10°F change In steam temperature However, un l~ke the effect of other 

var~ables whlch result In h~gher steam temperatures for lower steam flow, the 

decrease In heat transfer coefflclent produces decreased steam f low at a reduced 

steam temperature The net result IS reduced overall heat transfer 

Leakaae * 

The p o s s ~ b ~ l ~ t y  exlsts that the combust~on turb~ne exhaust gases may leak out 

of the HRSG Instead of flowlng over the heat transfer surfaces and through the stack 

e Exhaust gas leakage generally occurs around lnspectlon doors and other openlngs 

W ~ t h  a bypass damper and stack, the leakage may become s lgn~f~cant  Thls leakage 

must be factored In dur~ng the HRSG des~gn phase The effect of gas leakage, as 

shown In F~gure 4-7, IS the same as that for decreased exhaust gas f low 

Radratlon and Other Losses 

All bo~lers lose heat by amb~ent heat transfer from the bo~ler surface to  the 

surround~ngs The HRSG generally loses more heat than conventional bollers Thls 

occurs due to  Increased exposure areas, part~cularly In the ducts As In the case of 

other des~gn var~ables, heat loss should be taken Into account when des~gn~ng the 

HRSG However, slnce the gas temperature at off-des~gn po~nts  may be d~fferent 

than at base load, the resultant heat loss w ~ l l  be d~fferent The effect of heat loss, 
as shown In F~gure 4-8, IS decreased steam output 
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F~gure 4-6 Effect of Heat Transfer Coefflc~ent of Steam Flow 
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Flgure 4-7 Effect of Gas Leakage on Steam Flow and Steam Temperature 
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F~gure 4-8 Effect of Heat Loss on Steam Output 
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Steam Pressure 

Steam pressure IS a more slgnlflcant varlable than the other output variables 

Durlng comblned cycle operatlon, steam f low and temperature are determined by the 

combust~on turblne gas Inputs and the effectlve available surface area Generally, the 

steam pressure can, and does vary, if steam IS supplled to  a steam turbine operating 

In the slidlng pressure mode Unless steam pressure changes are extreme, the steam 

f low and steam temperature changes are not signlflcant 

4 4 HRSG Flowpaths 

There are a vast number of HRSGs ava~lable for purchase on the commercial 

market This sectlon describes the flowpaths associated with a natural c~rculat~on, 

trlple pressure, unflred type HRSG deslgned to  recover waste heat from a combustion 

turb~ne The HRSG IS deslgned to  operate In the slldlng pressure mode, I e , steam 

flow to  the turbines IS unrestricted and steam pressure IS essentially a functlon of the 

gas turblne exhaust gas f low rate and temperature 

e 4 4 1 Low Pressure Steam Generator Sect~on 

Condensate IS supplled to  the low pressure (LP) steam generation sectlon from 

the Condensate System through level control valves The prlmary flow of condensate 

IS normally routed t o  the HRSG feedwater heater through motor-operated lsolatlon 

valves en route t o  the deaerator and steam drum Durlng low load operatlon, the 

condensate f low passes through a motor-operated bypass valve and IS routed dlrectly 

to  the deaerator, bypassing the feedwater heater lnslde the deaerator, the 

temperature of the water is further Increased and non-condens~ble gases are removed 

Once deaerated, the feedwater flows lnto the LP steam drum and 1s then routed 

to the bottom of the LP evaporators through the downcomers The boller feed pumps 

take suction on the LP drum from one of the downcomer headers The water flows 

upward through the evaporator tubes by natural clrculatlon and saturated steam IS 

formed in the tubes as energy from the combustion turblne exhaust IS absorbed The 

saturated, Iiqu~dlvapor mixture flows upward lnto the LP steam drum where the steam 

1s separated and routed t o  the deaerator to  heat the lncomlng condensate durlng the 

deareat~on process 
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4 4 2 lntermed~ate Pressure Steam Generator Sectlon 

Feedwater IS supplled to  the lntermedlate pressure (IP) steam generation 

sectlon from the Interstage takeoff of the boller feed pumps through level control 

valves From the level control valves, the IP feedwater IS divided Into two  flowpaths 

through motor-operated lsolatron valves as ~t enters the IP economlzer The flrst 

flowpath routes feedwater through the entire economizer which is only used when 

steam production typically increases above 25% of maximum continuous rating The 

second flowpath enters the midpoint of the economlzer, combining with the first 

flowpath, and is used during low load operation Once through the economlzer, the 

preheated feedwater enters the IP steam drum 

Downcomers route the cooler water from wlthin the IP steam drum to the 

bottom of the IP evaporators From the bottom of the IP evaporator, the water flows 

upward through the evaporator tubes by natural clrculatron Saturated steam IS 

formed In the tubes as energy from the combustion turblne exhaust IS absorbed The 

lntermedlate pressure, saturated, Ilqurd/vapor m~xture flows upward Into the IP steam 

drum and passes through a serles of steam separators The saturated water returns 

to the IP evaporator, whlle the steam vapor rises out of the drum and is routed to the 

IP superheater Steam exiting the IP superheater enters the IP steam system through 

a motor-operated stop check valve and a motor-operated steam supply llne lsolatlon 

valve 

4 4 3 Hlgh Pressure Steam Generation Sect~on , Id, * 

Feedwater 1s supplted to  the h ~ g h  press e (HP) steam generation section from /d' 
the d~scharge of the boiler feed pumps level control valves Typically, when 

steam production increases above continuous rating, feedwater IS 

routed to  the HP economizers through motor-operated isolation valves During load 

low operation, one HP economizer IS Isolated Once through the economizers, the 

:Vy>reheated feedwater enters the HP steam drum 

%a Similar to  the IP steam generation section, downcomers route the cooler water 

from within the HP steam drum to the bottom of the HP evaporators The high 

pressure, saturated I~quid/vapor mixture flows upward Into the HP steam drum and 
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passes through a series of steam separators Steam vapor rises out of the steam 

drum and IS routed t o  the low temperature, h ~ g h  pressure, superheater Once 

superheated, the HP steam normally flows through an attemperator where it is cooled '5 &. 
by the ~ntroduction of feedwater The steam IS then routed t o  the hlgh temperature, & &  
high pressure superheater where its temperature and superheat are further increased bCk 
Next, the superheated steam is routed to  the HP steam header In the maln steam 

system through a motor-operated stop check valve and a motor-operated steam line 

 sola at ion valve 

4 5 HRSG Major Components 

4 5 1 Low Pressure Steam Generation Section 

The LP steam generation section supplies preheated, deaerated feedwater to_ 

the boller feed pumps for use in the IP and HP steam sections The LP section takes 

advantage of the remalnlng thermal energy of the exhaust gas prior t o  entering the 

exhaust stack Each component of the LP steam generation section serves a specific 

function 

LP Feedwater Heater - Provides a heat transfer surface for the preheating 

of LP feedwater prior t o  entering the deaerator 

Deaerator - Utilizes steam t o  remove non-condensible gases from the 

feedwater prior t o  entering the LP steam drum 

LP Steam Drum - Provides a source of preheated, deaerated feedwater t o  

the bo~ler feed pump suction at a posltive head pressure and acts as a 

vapor separation point for LP steam 

LP Evaporators - Provides a heat transfer surface for the production of LP 

steam for use in the deaerator 

Descriptions of the low pressure steam generation section major components 

are provided in the paragraphs below 

- - - - 
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Low Pressure Feedwater Heater 

The LP feedwater heater IS located In the aftermost sectlon of the HRSG, and 

IS of the flnned tube constructlon For thls type of HRSG, the LP feedwater heater 

conslsts of t w o  banks of heat exchanger tubes In thls arrangement, each bank 

makes t w o  passes, down and then back up, through the combustion turbrne exhaust 

gas path 

Deaerator 

The deaerator for thls type of HRSG is mounted on top of the LP steam drum 

The major components of the deaerator are spray nozzles and deaeratlng trays The 

spray nozzles dlstrlbute the Incoming feedwater into the deaerator In a thln fllm spray 

allowlng steam t o  scrub the non-condenslble gases from the feedwater The 

scrubbed feedwater falls into the deaerating trays whlch Increase the surface area o f  

the water, provldlng for the efflclent release of non-condenslble gases 

The deaerator IS normally equipped wl th the following external connections 

LP Steam - Provides deaeratlng steam from the LP steam drum during 

normal operation 

Pegging Steam - Provldes supplemental deaerat~ng steam from a Process 

or Auxlllary Steam System 

Vacuum Breaker - Prevents a vacuum from occurring inslde the deaerator 

durlng a loss of pegglng steam 

Orlflce Vent - Provldes for continuous purging of non-condensible gases 

from the top of the deaerator 

Water Outlet - Prov~des dralnage of the deaerated water Into the LP steam 

drum 
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The LP evaporator IS located In the LP sectlon of the HRSG The LP evaporator 

IS typlcally of flnned tube constructlon and conslsts of heat exchanger tube rows 

Wlth thls arrangement, each tube row makes one pass upward through the 

combustlon turblne gas path 

LP Steam Drum 

The LP steam drum (Flgure 4-9), located on top of the LP sectlon of the HRSG, 

IS typlcally a horizontal welded vessel Each end of the drum IS equlpped wlth hlnged 

manhole covers for maintenance access The LP steam drum IS normally slzed to 

provlde the followlng 

* 

A mlnlmum capacity of 1 mlnute at base load, based on volume, between 

the Low Level Alarm and the Low-Low Level Trlp 

A surge volume adequate, wlth the drum at the Hlgh Level Alarm setpolnt, 

to  accommodate the swell resulting from a 25% Increase of combustlon 

turblne load In a per~od of 1 mlnute wlthout the level Increaslng to the Hlgh- 

Hlgh Level alarm setpolnt 

The LP steam drum IS normally equlpped wlth the followlng connections 

Two gauge glasses 

Level transmltters 

Safety valves 

Local pressure lndlcators 

Pressure transmltters 

Steam overpressure dump to condenser 

Steam rlsers from the LP evaporator 

Downcomers to the LP evaporator lower headers 

LP steam discharge to the deaerator 

Boller feed pump mlnlmum flow reclrculatlon llnes 

Process condensate return llnes 
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F~gure 4-9 Low Pressure Steam Drum Cross Section 
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Bo~ler feed pump reclrculat~on and condensate return water IS suppl~ed d~rectly 

t o  the drum through Internal d ~ s t r ~ b u t ~ o n  plpes Preheated, deaerated water IS 

suppl~ed to  the LP drum from the deaerator The cooler water 1s routed t o  the lower 

header of the LP evaporator through the downcomers The water f lows upward 

through the evaporator tubes where ~t IS heated by the hot exhaust gases As the 

water 1s heated, it expands, becomes less dense, rises, and f lows Into the LP drum 

The cooler, more dense, water from the downcomers and the lower headers flows In 

t o  take the place of the rlslng heated water creatlng natural c~rculation in the low 

pressure sectlon 

The waterhapor mlxture f l ow~ng  Into the LP drum from the evaporator rlser IS 

d~rected tns~de the drum by an ~nternal, clrcumferentlal g ~ r t h  baffle The waterlvapor 

mlxture passes through the steam separators w h ~ c h  causes the steam-free water to  

return t o  the bottom of the drum t o  mlx w ~ t h  the feedwater w h ~ l e  the steam IS 
* 

directed t o  the top of the drum and Into the deaerator 

LP Steam Generat~on Sect~on Operation 

Operat~on of the LP steam generation sectlon of the HRSG conslsts of the 

fo l low~ng 

Operat~on of the feedwater heater 

Malnta~n~ng proper drum level 

M a ~ n t a ~ n ~ n g  proper steam pressure 

Operat~on of the LP sectlon vents and drams 

O ~ e r a t ~ o n  of the LP Feedwater Heater 

Condensate f low t o  the low pressure feedwater heater IS controlled by the 

comb~ned operat~on of the following motor-operated valves (refer t o  F~gure 4-10) 

Feedwater Heater Inlet Valve 

Feedwater Heater Bypass Valve 

Feedwater Heater Outlet Valve 

Feedwater Heater Outlet Equallz~ng Valve 
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The feedwater heater motor operated valves are normally equlpped wl th three 

operatlng modes, AUTO, MANUAL, or TAGOUT When all of the valves are operated 

In AUTO, condensate f low through the heater can be designated as NORMAL or 

BYPASS In the BYPASS mode, the bypass valve automatlcally opens and the Inlet, 

outlet, and equallz~ng valves close In thls conflgurat~on, water f low IS dlverted 

around the LP feedwater heater and dlrectly lnto the deaerator The mode of 

operatlon IS used durlng startup of the HRSG to  prevent steaming of the LP feedwater 

heater Once the combustion turblne IS operatlng at approximately 50% load and the 

HRSG IS generating steam, the operatlon of the LP feedwater heater IS swltched to  

NORMAL 

In the NORMAL mode, water f low IS completely through the LP feedwater 

heater When NORMAL IS selected, the equallzlng valve opens, and after a preset 

time delay, the Inlet and outlet valves open The tlme delay allows for the pressure 

accumulated In the feedwater heater to  be released lnto the feedwater flowpath 

Once the Inlet and outlet valves are open, the bypass valve closes 

LP Drum Level 

Durlng low load and startup condltlons, the LP steam drum level IS controlled 

by slngle element control, drum level only When the feedwater f low Increases to  

greater than 25% of base load, drum level automat~cally transfers to  three element 

control, 1) drum level, 2) makeup feedwater flow, and 3) cumulative total f low of the 

bo~ler feed pump loads 

The drum level control loop recelves Input slgnals from the flow, level, and 

pressure transmltters and uses these slgnals t o  generate drum level alarms and t o  

control the posltlon of the LP drum level control values An excess~vely hlgh drum 

level submerges the steam separator screens lnhlb~tlng the f low of steam Into the 

deaerator An  excess~vely low drum level condltlon results In the loss of suct~on to  

the feedwater pumps, resulting In a boller feed pump and unit trip condlt~on 
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LP Section Steam Pressure Control 

The LP steam pressure 1s malntalned to  ensure proper removal on non- 

condenslble gases from the feedwater In the deaerator Excessive LP drum pressure 

IS compensated for by openlng an overpressure drum control valve Inadequate 

steam pressure IS compensated for by the admission of pegging steam to  the 

deaerator through a motor-operated valve 

LP Vent and Drain Valves 

The LP steam generation section of the HRSG is normally equipped wl th the 

following motor-operated vent and drain valves 

Feedwater Heater Vent Valve 

Feedwater Heater Dram Valve 

Deaerator Vent Valve 

LP Drum Vent Valve 

LP Evaporator Drain Valve 

The vent and dram motor-operated valves are normally operated from a remote 

locatron such as the control room A typlcal arrangement for the HRSG LP vent and 

drams are shown on F~gure 4-1 1 

The LP steam generation section of the HRSG is also normally equlpped wl th 

temperature elements installed at various locations The temperature elements 

provlde Input for monitoring purposes Dur~ng startup and shutdown, the temperature 

dlfference across each component is monitored to  ensure unlform heat transfer If 

an excessive temperature dlfference IS noted, changes In combustion turbine load 

should cease untll the temperature has equalized 
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F~gure 4-1 1 LP Steam Generat~on Sect~on Vents and Drams 
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4 5 2 Intermediate Pressure Steam Generation Sect~on 

The IP steam generation section supplies dry, superheated steam to  the steam 

turbine and to  the Process or Auxiliary Steam Systems Each component of the IP 

steam generation section serves a specific functlon 

IP Economizer - Provides a heat transfer surface for the preheating of IP 

feedwater prior t o  entering the steam drum 

IP Steam Drum - Serves as a reservoir for preheated IP feedwater and as 

a vapor separation point for the IP steam 

IP Evaporators - Provides a heat transfer surface for the production of IP 

steam 

IP Superheater - Prov~des a heat transfer surface for the superheat~ng of IP 

steam 
* 

Descriptions of the IP steam generatton section major components are provided 

in the paragraphs below 

I P Economizer 

The IP economizer is located in the IP section of the HRSG The IP economizer 

is typically of finned tube construction The IP economizer is made up of t w o  

sections, each at different locations within the HRSG The first section consists of 

four tube rows The second section consists of a single row of six tubes located 

further upstream In the exhaust gas path 

IP Evaporator 

The IP evaporator is located in the IP section of the HRSG The IP evaporator 

is typically of finned tube construction The IP evaporator consists of ten rows of 

tubes Each row makes a s~ngle pass upward through the combust~on turbine gas 

exhaust path 
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IP Steam Drum 

The IP steam drum (F~gure 4-12) 1s located on top of the IP sectron of the 

HRSG The IP steam drum 1s a horizontal vessel equipped wl th two, hlnged manhole 

covers The IP steam drum IS slzed to  provlde the followlng 

A mlnimum capaclty of 1 minute at base load, based on the volume of 

water between the Low Level Alarm and Low-Low Level T r ~ p  

A surge volume adequate, wl th the drum at the Hlgh Level Alarm setpolnt, 

t o  accommodate the swell resulting from a 25% Increase of combustion 

turbine load In a perlod of 1 minute or wl th a system pressure decrease of 

50 pslg wlthout carry-over or a level Increase to  the Hlgh-High Level Trlp 

setpolnt e 

The IP steam drum 1s normally equ~pped wl th the followlng connect~ons 

Two  gauge glasses 

Level transmltters 

Safety valves 

Local pressure lndlcators 

Pressure transm~tters 

IP steam discharge t o  the IP superheater 

Steam risers from IP evaporators 

Downcomers t o  the IP evaporator lower headers 

Feedwater Inlet pipe from the IP economizer 

Chemical addltlon line 

Steam sample llne 
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Preheated, deaerated water IS supplled to  the IP drum from the IP economizer 

An internal feed pipe distributes the feedwater across the length of the drum The 

incomlng feedwater mixes wl th the existrng boller water In the drum and IS directed 

by downcomers t o  the IP evaporator lower headers The water flows upward through 

the evaporator tubes where it IS heated to  a steam and water mlxture by the hot 

turblne exhaust gases, the percentage of steam increasing towards the IP steam 

drum As the steam and water mlxture IS heated, ~t expands, becomes less dense, 

rises, and f lows into the IP steam drum The cooler, more dense, water from the 

downcomers and the lower headers flows In t o  take the place of the rising heated 

water, creating natural circulation In the Intermediate pressure sect~on The lower and 

upper headers of the evaporator, as well as the respective tubes, are located directly 

In the exhaust gas flowpath R~ser tubes carry the steamlwater mlxture from the 

upper headers t o  the IP steam drum 

* 

The steam and water mixture flowlng into the IP drum from the evaporator 

risers IS d~rected Inside the drum by circumferential glrth baffles to  the steam 

separators located along the riser slde of the drum The steam and water mlxture 

passes through the steam separators w h ~ c h  causes the steam-free water t o  return to  

the bottom of the drum and mix wi th the feedwater The steam IS dlrected t o  the top 

of the drum t o  chevron driers The steam passes through the chevron drlers where 

any remaining molsture and impurities are removed Once through the drlers, the 

steam flows into the dry box located in the top of the drum The dry box routes the 

dry saturated steam to  the IP superheater 

IP Superheater 

The IP superheater IS typically of finned tube constructlon The IP superheater 

consists of a s~ngle row of heat exchanger tubes located In the IP sectlon of the 

HRSG The single row of tubes makes one pass upward through the combustion 
turb~ne gas exhaust path 
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Operation of the IP steam generation sectlon of the HRSG consists of the 

fo l low~ng 

Operation of the IP economizer 

Drum level control 

Monitoring IP Superheater outlet 

Operation of the IP vent and drain valves 

Operation of the IP Economizer 

Feedwater f low t o  the IP economizer is controlled by the operation of the 

motor-operated inlet and bypass valves (F~gure 4-13) The economizer inlet a n d  

bypass valves are normally designed w ~ t h  three modes of operation, AUTO, MANUAL, 

or TAGOUT When both valves are placed in the AUTO mode, feedwater f low 

through the economizer can be designated as NORMAL or BYPASS 

During startup of the HRSG, the economlzer inlet and bypass valves are placed 

in AUTO, and the economlzer IS operated in the BYPASS mode Once selected, the 

bypass valve automatically opens and the inlet valve automatically closes In this 

configuration, water f low is dlverted around the majority of the IP economizer tubes, 

passing only through the last segment of the economizer This flowpath prevents the 

economizer from steaming during HRSG startup 

When IP steam drum f low increases to  25% of rated steam flow, the 

economizer can be switched to  the NORMAL mode In the NORMAL mode, water 

flow is completely through the IP economizer, the inlet valve is open, and the bypass 

valve is closed 

During shutdown of the HRSG, the economizer is normally operated in the 

NORMAL mode as combust~on turblne load IS decreased Before IP steam drum f low 

decreases t o  20% of rated steam flow, the economlzer IS swltched to  the BYPASS 

mode 
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F~gure 4-1 3 IP Feedwater Valve Arrangement 
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Regardless of IP steam usage, a continuous f low of feedwater through the IP 

economlzer IS requlred to  maintain a mlnlmum IP feedwater temperature Because of 

the mlnlmum IP feedwater temperature requirement, a mlnlmum f low control valve IS 

provlded to  ensure a minlmum flow of feedwater through the economizer 

IP Drum Level 

Feedwater IS supplled to  the IP steam drum by the bo~ler feed pumps Dur~ng 

low load and startup condit~ons, drum level IS controlled uslng the angle element 

mode, drum level only When the steam f low from the drum Increases above 50% 

of rated flow, the economlzer minimum flow valve IS closed, and drum level IS 

maintamed uslng three element control, 1)  IP feedwater flow, 2) IP drum level, and 

3) IP steam f low 

Malntalnlng proper steam drum level IS a critlcal functlon and can not be 

overstressed An  excessrvely hlgh drum level can flood the moisture separators 

located wlthln the steam drum Thls can result In molsture carryover Into the IP 

superheater and posslbly a turblne trlp An excess~vely low drum level can result In 

decreased steam output, overheating of the economizer, evaporator, and superheater 

tubes and a combustion turbine trlp 

IP drum pressure is a result of drum level comblned wi th the generation of 

steam In the IP evaporators The IP drum pressure fluctuates wl th changes of load 

demands on the IP steam system During a sudden load Increase, drum pressure 

decreases Thls results In a false hlgh level condition known as "swell " Durlng a 

sudden decrease of steam demand, steam drum pressure Increases and results In a 

false low level condition known as "shrlnk" 

IP Superheater Outlet 

Steam from the IP superheater may be suppl~ed t o  the IP steam header for use 

as process steam and to  the Auxlllary Steam System The control of steam flow from 

the IP superheater outlet IS through a motor-operated stop check valve and a motor- 

operated steam stop valve 
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0 During startup of the HRSG, the motor operators for the stop check valve and 

the steam stop valve are placed in the OPEN posrtion before the IP steam drum begins 

to  develop steam pressure As the HRSG heats up, steam f lows through the stop 

check valve and begin to  warm the IP steam header During this period, the 

combustion turbine is marntained at minimum load 

If the steam header is already pressurrzed by an auxiliary boiler or another unit 

prior to  HRSG startup, the disk of the stop check valve remains seated due to  the 

already pressurized steam header Once the IP steam drum pressure Increases to  a 

pressure equal to  the IP steam header, the stop cheok valve slowly opens and steam 

flows from the steam drum through the IP superheater 

IP Drains and Vents 

0 

The IP steam generation section of the HRSG is normally equipped wi th the 

following motor operated vent, drain, and continuous blowdown valves (F~gure 4-14) 

IP Economizer Inlet Vent Valve 

IP Economizer Dram Valve 

IP Evaporator Drain Valve 

IP Continuous Blowdown Valve 

IP Drum Vent Valve 

IP Drum Outlet Vent Valve 

IP Superheater Outlet Drain Valve 

IP Superheater Vent Valve 

Each of the superheater and steam drum vent and drain valves are normally 

operated remotely through the distributed control system During startup, the drum 

vent valve is closed when IP steam drum pressure Increases to  approximately 30 psrg 

The superheater vent valve remains open to  maintain steam f low through the tubes 

to  prevent overheating The superheater vent valve is closed once the IP steam 

generation section is on-l~ne and providing suff~cient steam f low 

- -- -- - p- 
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F~gure 4-14 IP Steam Generat~on Sect~on Vents and Drams 
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4 5 3 H~gh Pressure Steam Generation Sect~on 

The HP steam generatlon section supplies dry, superheated, hlgh pressure 

steam to  the steam turblne Each component of the HP steam generation sectlon 

serves a specif~c function 

HP Economizers - Provide a heat transfer surface for the preheating of HP 

feedwater prior to  enterlng the HP steam drum 

HP Steam Drum - Serves as a reservoir for the HP feedwater and as a vapor 

separation point for the HP steam 
* HP Evaporators - Provides a heat transfer surface for the production of HP 

steam 

Low Temperature Superheater - Provldes a heat transfer surface for the 

preliminary superheatlng of HP steam 

HP Desuperheater - Provldes a means of controll~ng HP steam temperature 

exltlng the high temperature HP superheater 

Hlgh Temperature HP Superheater - Provides a heat transfer surface for the 

flnal stage of superheatlng the HP steam 

Descriptions of the high pressure steam generatlon sectlon major components 

are provided In the paragraphs below 

HP Economizers 

The typical HRSG presented is equ~pped wi th t w o  HP economizers The HP 

economizers are typically of flnned tube construction Both HP economizers conslst 

of heat exchanger tube rows located within the HP sectlon of the HRSG 

HP Evaporator 

The HP evaporator 1s located wlthln the HP section of the HRSG The HP 

evaporator 1s typically of the flnned tube construction The HP evaporator conslsts 

of rows of heat exchanger tubes Each row makes a single pass upward through the 

combustion turbine exhaust gas path 
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HP Steam Drum 

The HP steam drum (F~gure 4-1 5 )  is located atop the HP sectlon of the HRSG 

The HP steam drum IS a horlzontal vessel equlpped w ~ t h  two, hinged manhole covers 

The HP steam drum IS s~zed t o  provide the fo l low~ng 

A mlnlmum capacity of 1 minute at base load, based on the volume 

between Low Level Alarm and Low-Low Level Trip 

A surge volume adequate, with the drum at the High Level Alarm setpoint, 

to  accommodate the swell resulting from a 25% Increase of combustion 

turblne load In a perlod of 1 minute wi th a system pressure decrease of 50 

pslg wlthout carry-over or a level Increase to  the Hlgh-High Level Trip 

setpolnt 

The HP steam drum 1s normally equlpped wi th the following connections * 

Two  gauge glasses 

Level transm~tters 

Safety valves 

Local pressure lndlcators 

Pressure transmltters 

HP steam discharge to  the HP superheater 

Steam risers from HP evaporators 

Downcomers to  the HP evaporator lower headers 

Feedwater Inlet pipe from the HP economlzer 

Continuous Blowdown Llne 

Chemlcal addltlon llne 

Steam sample llne 

Preheated, deaerated water 1s supplled to the HP drum from the HP economlzer 

An Internal feed plpe dlstrlbutes the feedwater across the length of the drum The 

incomlng feedwater mixes wl th  the exlstlng boller water In the drum and IS directed 

by downcomers t o  the HP evaporator lower headers 

through the evaporator tubes w h e r e - e g  steam 

hot turblne exhaust gases, the percentage of steam Increasing towards the HP steam 

drum 
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As the steam and water mixture is heated, ~t expands, becomes less dense, 

rises, and f lows into the HP steam drum The cooler, more dense, water from the 

downcomers and the lower headers f lows in to  take the place of the r i s i n g k e a r e d h /  
&'I&& '(O" wat r creatlng natural c~rculation in the high pressure section The lower and upper 

headers of the evaporator, as well as the respective tubes, are located directly In the 

exhaust gas flowpath Riser tubes carry the steamlwater mlxture from the upper 

headers to  the HP steam drum 

The steam and water mixture flowing into the HP drum from the evaporator 

risers is directed inside the drum by circumferential g ~ r t h  baffles to  the steam 

separators located along the riser side of the drum The steam and water mixture 

passes through the steam separators which causes the steam-free water to  return to  

the bottom of the drum and mix with the feedwater The steam is directed to  the top 

of the drum t o  chevron driers The steam passes through the chevron driers where 

any remaining moisture and impurities are removed Once through the driers, the 

steam flows lnto the dry box located in the top of the drum The dry box routes the 

dry saturated steam to  the low temperature HP superheater 

Low Temperature HP Superheater 

The low temperature HP superheater IS typ~cally of finned tube construction 

The superheater consists of rows of heat exchanger tubes located within the high 

pressure steam generation section of the HRSG Each row makes one pass through 

the combustion turblne gas exhaust path Steam exits the low temperature high 

pressure superheater and f lows through the HP steam attemperator 

As steam passes through the attemperator, a f ~ n e  mist of feedwater IS sprayed 

lnto the steam flowpath As the water evaporates, it absorbs some of the heat from 

the steam, reducing the steam temperature The HP steam, at a reduced 

temperature, exits the attemperator and IS routed to  the high temperature HP 

superheater 
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Hlah Temperature HP Superheater 

The high temperature HP superheater IS of flnned tube construction The hlgh 

temperature HP superheater IS located in the HP steam generation section of the 

HRSG The superheater consists of rows of heat exchanger tubes Each row makes 

one pass through the combustion turblne exhaust gas path 

Hiah Pressure Steam Generation Section Operatlon 

Operatlon of the HP steam generation sectlon consists of the following 

Operatlon of the HP economizer 

Malntainlng proper drum level 

Malntalning HP superheat temperature 

Operatlon of the HP section vents and drains 

Operation of the HP Economizer 

Feedwater f low to  the HP economizer IS controlled by the position of the motor- 

operated Inlet valve and the motor-operated bypass valve The HP economlzer motor 

operated valves are each equlpped wi th three modes of operation, AUTO, MANUAL, 

or TAGOUT When both valves are placed In the AUTO mode, feedwater f low 

through the economizer can be In either the NORMAL mode or the BYPASS mode 

Durlng startup of the HRSG, the economizer inlet and bypass valve are placed 

~n the AUTO mode of operation, and the econornlzer IS placed in the BYPASS mode 

Once selected, the bypass valve automat~cally opens and the Inlet valve automatically 

closes In this configuration, water f low IS routed directly t o  HP economizer No 2, 
bypassing HP economlzer No 1 (F~gure 4-16) This flowpath prevents HP economizer 

No 1 from steamlng durlng HRSG startup The economizers are typically operated 

in this arrangement until steam f low from the HP steam drum IS greater than 25% 

When steam f low IS greater than 25% of rated steam flow, the economlzer Inlet 
valve is opened and the bypass valve is closed Dur~ng shutdown, the economlzer 
is operated In the NORMAL mode as combustion turbine load is decreased 
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A t  approximately 20% of rated steam f low from the HP steam drum, the 

economlzer is swltched to  the BYPASS mode When swltched to  the BYPASS mode, 

the bypass valve automatically opens and the Inlet valve closes 

Regardless of HP steam usage, a continuous f low of feedwater through the HP 

economlzer IS required t o  malntaln a mlnlmum HP feedwater temperature The HP 

economizer mlnlmum f low valve regulates f low through - the HP economizer to  

malntaln HP feedwater temperature at the mlnlmum value 

HP Drum Level 

Feedwater is supplled to  the HP steam drum by the boller feed pumps Dur~ng 

low load and startup cond~t~ons, drum level IS controlled uslng the slngle element 

mode, drum level only When the steam f low from the drum Increases above 50% 

of rated flow, the economizer mlnlmum flow valve IS closed, and drum level 1s 

malntalned uslng three element control, 1)  HP feedwater flow, 2) HP drum level, and 

3) HP steam f low 

Malntalning proper steam drum level 1s a crltlcal functlon and can not be 

overstressed An  excessively hlgh drum level can flood the molsture separators 

located within the steam drum Thls can result In molsture carryover into the HP 

superheater and posslbly a turblne trlp An excess~vely low drum level can result In 

decreased steam output, overheating of the economizer, evaporator, and superheater 

tubes and a combustion turblne trip 

HP drum pressure 1s a result of drum level comblned wl th the generation of 

steam In the HP evaporators The HP drum pressure will fluctuate w ~ t h  changes of 

load demands on the HP steam system Durlng a sudden load Increase, drum 

pressure will decrease Thls wil l result In a false hlgh level condlt~on known as 

"swell" Durlng a sudden decrease of steam demand, steam drum pressure will 

increase and result In a false low level condltlon known as "shrlnk" 
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HP Su~erheater and Attemperator 

Steam from the HP steam drum must be superheated t o  a controlled 

temperature before enterlng the steam turblne To accomplish thls, steam from the 

HP steam drum IS routed through the low temperature h ~ g h  pressure superheater 

where ~ t s  temperature IS Increased above the saturation point Thls lnltlal 

superheating of the steam establishes the correct condltlons for admlsslon of spray 

water In the desuperheater Spray water 1s admltted to  the attemperator based on 

the steam exlt temperature of the high temperature HP superheater 

The attemperator spray valve IS normally equlpped w ~ t h  an upstream motor- 

operated lsolatlon valve The controller normally recelves an Input slgnal based on 

combustlon turblne megawatt load, as well as high temperature HP superheater outlet 

temperature The combustlon turb~ne megawatt slgnal IS provlded slnce an Increase 

or decrease In turblne exhaust temperature affects the rate of heat transfer across the? 

superheater before an Increase or decrease In steam f low from the HP steam drum 

occurs 

An excess~vely hlgh superheater outlet temperature could cause damage to  the 

maln steam plplng or the steam turblne An excess~vely low temperature could result 

In posslble molsture carryover t o  the steam turblne 

Steam from the HP superheater IS supplled t o  the HP steam header for use by 

a process, auxiliary steam, or the steam turblne The control of steam f low from the 

HP superheater outlet IS through a motor operated stop check valve and a motor 

operated lsolatlon valve Durlng startup of the HRSG, the motor operators for the 

stop check valve and the steam stop valve are moved to  the OPEN posltlon before the 

HP steam drum beglns t o  develop pressure As the HRSG heats up, steam flows 

through the stop check valve and begln to  warm the Marn Steam System Durlng thls 

perlod of startup, the combustlon turbrne IS malntalned at mlnlmum load 

If the HP steam header IS already pressurlzed by an auxlllary source prlor to  

HRSG startup, the dlsk of the stop check valve remains seated due to  the already 

pressurlzed HP steam header Once the HP steam drum Increases to  a pressure equal 

t o  the HP steam header, the stop check valve slowly opens, and steam beglns to  

f low 
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HP Drains and Vents 

Typically, the HP steam generation section of the HRSG normally is equipped 

wi th the fo l low~ng vent, drain, and continuous blowdown motor operated valves 

(Figure 4-1 7 )  

HP Economizer No 1 Drain Valve 

HP Economizer No 2 Drain Valve 

HP Evaporator Drain Valve 

HP Economizer Vent Valve 

HP Economizer Hlgh Point Vent Valve 

HP Continuous Blowdown Valve 

HP Drum Vent Valve 

HP Drum Outlet Vent Valve 

Low Temperature HP Superheater Drain Valve 

High Temperature HP Superheater Dram Valve 

High Temperature HP Superheater Inlet Drain Valve 

Low Temperature HP Superheater Vent Valve 

High Temperature HP Superheater Vent Valve 

IP Superheater Vent Valve 

Each of the superheater and steam drum vent and drain valves are normally 

operated remotely through the distributed control system During startup, the drum 

vent valve is closed when HP steam drum pressure Increases t o  approximately 30 

psig The superheater vent valve remains open to  maintain steam f low through the 

tubes t o  prevent overheat~ng The superheater vent valve is closed once the HP 
steam generation section is on-l~ne and prov~dlng sufflclent steam f low 
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Figure 4-1 7 High Pressure Vents and Drains 
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4 6 HRSG lnspect~ons 

Since the HRSG is baslcaily a statlonary devlce, ~t falls under a different 

philosophy of maintenance than does a gas turblne The inspections for a HRSG can 

be classified as standby, running, and major 

Standbv lnsoect~ons 

The standby lnspectlon pertalns particularly t o  gas turblne and heat recoveries 

steam generators used In ~ntermlttent servlce, such as peaking applications In these 

cases, startlng rellablilty 1s of prime concern, since a delay In starting usually means 

that the peak demand perlod has passed This lnspectlon usually Includes the items 

listed 

1 All rotatlng equlpment such as 

a Dampers - free t o  rotate and electrlcal servlce In order 

b Pumps - proper 011 level, free rotation, and electrlcal service In order 

c Safety valves - ungagged and lift freely 

2 Water level In steam drums 

3 Electrical power, cooling water, and Instrument air ava~lable 

The inspections can be performed In off-peak hours wlthout Interrupting the 

availability of the equlpment The final standby Inspection IS a weekly test run to  

verlfy operat~on of controls and equipment availability 

The running lnspectlon conslsts of observations made while a unlt 1s In servlce 

All equlpment should be observed on every shlft or at a mlnimum once dally 

Operating data should be recorded to permit an evaluat~on of equipment performance 

and maintenance requlrements 
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On a running ~nspectlon, a heat recovery steam generator should be observed 

and data recorded on the followlng Items 

Steam productlon vs water f low 

Exhaust temperature from gas turbine vs steam production 

Superheater pressure and temperature 

Drum pressure 

Total sollds In drum water 

Saturated steam sollds 

For heat recovery steam generators wlth supplemental fuel flrlng, the followlng 

addltlonal Items should be observed 

0 

Fuel gas f low vs steam productlon 

Manlfold gas pressure 

Regulated gas pressure 

Tube temperature 

The data should be compared against previously collected data to  determ~ne 

trends A hlgh rate in water f low can lndlcate a valve leak, a change In blowdown 

rate, or tube fallure A steady Increase In drum pressure at a given steam f low and 

header pressure may lndlcate a fouled superheater Hlgh steam productlon and fuel 

f low could lndlcate overflrlng of the burner ~f all other deslgn condltlons are belng 

met Steam productlon at the deslgn polnt and excessive fuel f low may be an 

lndlcatlon of heat transfer surface foullng or excessive leakage In the bypass damper 

or ductwork 

A loss of steam productlon from foulrng or leaks requires a shutdown of the 

system, except In the case when foullng IS due t o  soot belng produced by a gas 

turblne that IS belng flred on llquld fuel In thls case, soot blowers are used as 

necessary to  keep steam productton at the deslgn level If steam side foul~ng IS 

detected In the superheater, the heat recovery unlt should be shut down and sampllng 

of the affected tubes should be performed If the materlal IS found to  be water 

- 
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a soluble, a hot water wash may be performed to  remove tube s ~ d e  depos~ts If the 

mater~al IS not water soluble, then chemlcal cleanlng will be requ~red t o  remove 

accumulated depos~ts If the need to  clean the HRSG IS frequent, the cause of the 

foullng (feedwater c o n d ~ t ~ o n  or carryover due to  poor separator performance) should 

be determined and corrected 

The fuel system should be observed and checked for leaks weekly Changes 

In fuel pressure can lndlcate plugging of fuel passages or that metering elements are 

damaged or out of cal~brat~on 

Hot Gas Path l n s ~ e c t ~ o n  

A minor lnspectlon should generally be made once or twice a year Thls 

~nspectlon should be of the external parts whlle the unlt IS In service The lnspectlon 

should Include all areas where gaskets are used and where leakage can occur, 

lncludlng joints In the ductwork system All electr~cal connect~ons should be 

Inspected for deter~orat~on of lnsulat~on and for loose connect~ons 

7- 

Major I n s ~ e c t ~ o n s  

All heat recovery steam generators should be given at least one major 

lnspectlon a year, as requlred Thls lnspectlon should conslst of both the external and 

Internal surfaces of the unlt A serles of suggested steps IS outllned below 

The unlt must be taken out of servlce, properly cooled and dralned 

All manholes and handholes should be opened 

A thorough examlnatlon should be made for depos~ts, scale, and pitting on 

all pressure parts 

All plplng connected to  the HRSG should be Inspected to  see that ~t IS clean 
and all valves are In good work~ng c o n d ~ t ~ o n  

Careful examlnatlon of all weld jo~nts to  the unlt should be made for cracks, 

plt t~ng, corrosion, eroslon, and scale 

The external surfaces of tubes and flns should be examlned for scale, 

depos~ts, and loss of f ln mater~al 

- - -  
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After the inspection of all equipment is complete, a hydrostatrc test of 1 5 

times operating pressure should be applred A record of each inspection should be 

kept in a uniform manner so that any change of condition can be noted and 

compared, especially in reference to  corrosion, erosion, cracks, pitting, thickness of 

scale, and other unusual conditions 

Dampers 

Any damper, particularly a large one, will leak if the frame becomes tw~s ted  

The most rluery cuuse of d~stort ion IS uneven heating After the unit has been 

operated, if some distortron takes place due to  heating, one method of correcting the 

distortion is to  hammer the angle iron sealing strip to  fit the dlsc on both the upstream 

and downstream sealing surfaces 

Ductwork Svstem 0 

A weekly inspection should be made of the ductwork and its joints for signs 

of leakage during operation During ductwork system inspections, the stack, the 

upper transition, and the top of the economizer should be inspected for corrosion due 

to condensation of corrosive elements contained in the exhaust gas 

Expansion Joints 

Expansion jolnts are furnished In the ductwork system for both fired and unfired 

heat recovery steam generators These expansion joints will allow the duct system 

to  move as the duct is heated and cooled A weekly inspection during operation 

should be made of the expansion joint and its connections t o  the ductwork for 

leakage Any detected leakage should be corrected as soon as possible 

Burner Svstems 

On heat recovery steam generators equipped wi th supplemental fuel f ~ r ~ n g ,  an 

inspection should be made at least once per month on all joints and equipment 

installed in the gas line Flame scanners should be inspected monthly for cleanliness 

The degree of fou l~ng of the scanner depends on the type of fuel used and the plant 

operat~ng characteristics Also during this time, the fuel shut-off valves should be 

inspected t o  verify proper operatian 
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5 0 PLANT CONFIGURATION AND HEATIMASS BALANCES 

5 1 lntroduct~on 

This study examines the technical and economlc feasibility in convertlng the 

statlon slmple cycle combustion turbine Unlts 5, 6, 7 and 8 to  a combined cycle plant 

Heat and mass balances for the upgraded plants will also be discussed These 
combustion turbine unlts are Model 501 B5 units, each with a nom~nal site rating of 

70 MW In convertlng to combined cycle, waste bollers, otherwise known as heat 

recovery steam generators (HRSG's), would be Installed to recelve the hot combustion 

turblne exhaust gases normally released to the atmosphere, thus making steam The 
steam produced by the HRSGrs is utilized In a steam turbine generator to produce 

addit~onal power 

- 

From Power Company (PC) Annual Budget Capaclty Factor Reports and 

historical daily system load profiles, a number of observations were made 

a Daily start/stop cycles will be required, except on weekends, throughout 
most of the year 

The number of combustion turblnes required In the combined cycle 
configuration will vary depending on time of year, availability of baseload 

resources, and the availability and price of purchased power 

Summertime operations may require daily operation of all four 

combustion turbine units including one or more round the clock 

o Frequent use of one or more combust~on turbine unlts in simple cycle 
mode is ind~cated 
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5 1 2 Existing Combustion Turblne Upgrade 

A number of modificat~ons have been rdentifred whrch will produce 
approximately 2 5 M W  more power from each unit and lower the heat rate at least 5 0  
Btu/kWh The cost for these modifications has been stated t o  be $2 mrllron per unit 
by  the manufacturer (total $8 million), but may be linked to  the supply of steam 

turbines The estimated value of the improved performance is approxrmately $1 0 
millron This upgrade IS not essential t o  the project and could be made after 

conversron t o  combrned cycle 

Frve possible combined cycle configurations were considered These included 

one steam turbine per boiler, one steam turbine for the four borlers, one steam turbine 
per two boilers and combinations of the above The evaluatron process produced two  

candidate configurations one steam turbine per boiler and one steam turbine per two 

boilers Even preliminary cost comparisons, however, showed the one steam turbine 
per two  boiler configuration to be s~gnificantly less costly than the four steam turbine 

case Thus, the balance of the study was based on adding steam turbine Units 9 and 

10, each rated approxrmately 9 0  M W  

5 1 4 Physlcal Arrangement 

The two  steam turbrnes have been located in an rn-line arrangement west of the 
existing combustion turbine Units 5, 6,  7 and 8 Their axis IS at 45 degrees to  the 
combustion turbines so as to be parallel to the new cooling towers located adjacent 

and to  the northwest Thrs wrll provrde a better circulating water piping arrangement 
The turbine pedestal IS enclosed to  form a turbrne building The control building IS 

actually part of  the turblne burlding and also has three levels operatrng level at which 
the control room is located, mezzanine containing the cable spread room and 

electronics room and grade level containing showers, lockers, k~tchen and lunchroom 
A block wall enclosure wlth removable hatches provides protection for the steam 

turbines and a gantry crane services both units 
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5 1 5 Schedule 

A project schedule has been developed which assumes a target date release for 

detail design engineering, including purchasing Engineering is closely linked with 

receipt of certif~ed vendor drawings which follows order placement by periods ranging 

from 4-6 weeks to  12-16 weeks, thus the importance of timely order placement 

Erection has been made part of the purchasing plan for the steam turbines, HRSGs, 

condensers and cooling towers Packaging of more than one piece of equipment such 

as the condenser with the steam turbine or having the foundation supplied with the 

equipment has not been planned because of the many additional interfaces and 

layered interfaces which impact schedule and because of the additional cost of double 

markups Commercial operation of Unit 9 is planned for three or four years later 

5 1 6 Estimated Cost 

A cost estimate was prepared for both Units 9 and 1 0  which totaled 

$79,156 000 with an accuracy of +I- 10  percent, and is in 1987 dollars This 

equates to obtaining somewhat over 180 MW of additional capacity at approximately 

$440/kW The combined cycle plant is characterized by excellent efficiency, 

approximately 46 percent and the flexibility of operating in increments of simple cycle 

or combined as the load and durat~on dictates 

5 2 Design Cr~terla 

5 2 1 Plant Operat~ng Character~stics 

A definition of plant operating characteristics IS necessary so that the requisite 
degree of operating flex~bility and controllab~l~ty are properly considered in the 
comb~ned cycle system configurat~on and In the select~on of system components 
where related component character~stics permit a dlscr~mination to be made The key 
operating characteristics that are helpful to  this purpose are defined by a typ~cal  or a 
range of typical startup and shutdown cycles, including rates of load increase and 

decrease and time spent at maxlmum load 
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1 Data Sources 

Two principal sources of ~nformatron that def~ne the load factor and load prof~le 
character~st~cs expected for the combrned cycle plant were prov~ded by the Power 
Company (PC) 

a The Annual Budget Capacity Factor Reports, wh~ch  present the results 

of a computer rnodell~ng of the PC System loads and resources uslng the 

PROMOD software package and prov~de annual and monthly capac~ty 

factor data for each resource PC provided data for years 1990 through 

2005, ~nclus~ve The comb~ned cycle plants were modeled In PROMOD 

as a palr of ident~cal unlts each hav~ng a peak summer capac~ty of 210 
MW 

b H~stor~cal dally system load prof~les, wh~ch  prov~de a more deta~led 
~ n s ~ g h t  Into the manner In wh~ch  the comb~ned cycle resource w ~ l l  

probably be deployed to meet typ~cal dally load changes at various times 
of the year PC prov~ded a set of typ~cal dally load prof~les for weekdays 

and weekends for each month of 1985 

2 Data Analys~s 

The forecasted monthly and annual capac~ty factor data result~ng from the 
PROMOD computer modell~ng for each of the combined cycle un~ts  are shown 

graph~cally in F~gures 5-1 and 5-2 respect~vely It is apparent that although the 
monthly capac~ty factors are expected to fluctuate widely, the annual capac~ty factors 

are qu~te stable and prov~de a v~sual conf~rmat~on of the deployment of the new 
coal-fired base load plants In later years The annual capacity factor data clearly show 

that the comb~ned cycle unlts are expected to have extensive use over the per~od 

Evaluat~on of the data shows that although monthly load factors fluctuate between 
10% and 80%, they rarely drop below 20 percent and that overall load factor exceeds 
40 percent Th~s  ~nformat~on, wh~le of v~ ta l  interest In the assessment of resource 
use, shed l~t t le  l~ght  on the frequency and magn~tude of plant operat~ng cycles or the 
ways rn whrch those operating cycles w ~ l l  change as overall PC system load profiles 

change throughout the year To obta~n such ~ n s ~ g h t  rt IS necessary to evaluate the 

typ~cal dally PC system load prof~les and to cons~der how 
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the combined cycle plant is intended to  be integrated lnto the total system resource 

scenario t o  provide the real-time generation of sufficient capacity to  meet system 

energy requirements The following assumptions were made in the PROMOD model 

wi th  respect t o  the dispatch of the combined cycle units and must be considered 

when evaluating the dally system load profiles 

a Dispatch of the combined cycle is made on a strictly economic basis, after 

dispatch of  all available coal-fired base load and economically preferable 

purchased power resources 

b Using historical data, nominal assumptions are made for the availablllty and 

price o f  purchased power which can either displaced some coal-fired base load 

plant and comblned cycle plant operations that mlght otherwise be required or 

replace losses of coal-fired base load resources 

3 Evaluation of Tvpical Dailv Load Profiles 

Daily load proflle forecasts can be done statistically, requiring analysis o f  many 

daily load profiles and regression of the data lnto a typical or a set of typical daily load 

profiles Thls approach can be quickly and effectively applied only i f  the system load 

forecast and resource data and the economic data used in the PROMOD system model 

are available as well as a data tape of historical system daily load proflles However, 

the statistical method tends t o  soften or blur the reality of actual dally load profiles 

due to  the "averaging" effects In examining the PC typical dally load profiles for 

1985, it was concluded that the profiles are strongly related t o  amblent temperature 

conditions Given the generally predictable weather conditions, it was concluded that  

the effects of the assumptions made In the PROMOD modelling on expected combined 

cycle operations could be readily seen by examining t w o  examples o f  typical but  not  
extreme weekday load prof~les on the PC system 

F~gure 5-3 1s for a typical w~n te r  dad wi th morning and afternoon peak loads 
PC has coal-f~red base load resources which total 831 MW ~f ~t IS assumed that  all of 

these resources are available, or that purchased power exactly replaces any outages 
among these resources it is evident that very little utilization of  the plant would be 

needed t o  cover the morning peak excess of  45  MW or the afternoon peak excess of 
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TYPICAL WINTER WEEKDAY 

F~gure 5-3 System Load Curve 
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25 MW Such short duration and low peak loads would probably be handled by 

running one combustion turbine unit in simple cycle or peaker mode, since neither 

peak is of sufficient magnitude or duration to warrant using the steam cycle 

However, if less than 100% of the coal-fired base load resources are available, the 

peak loads and peak durations expand correspondingly Even wlth 90% availability 

of the coal-fired base load resources, the combined cycle would be required to supply 

as much as 128 MW during the morning peak and 108 MW during the afternoon 

peak, w ~ t h  durations in each case in excess of 4 hours Each peak would, probably 

warrant starting one combustion turbine and a steam turbine-generator in combined 

cycle model greater losses of the coal-flred base load resource would result in raptd 

expansion of combined cycle plant usage Flgure 5-4 presents a transformation of 
Figure 5-3 that indicates the amount of generation that the combined cycle (or some 

more economic resource) would be required to make up, assuming several net 

availabil~ties of coal-fired base load resources (reduced by or amended by the purchase 

of economically available power) Comparing Figure 5-4 with the expected winter 

monthly capacity factors in Figure 5-1, which are frequently in the 50 to 70% range, 

Indicates that the average availability of base load resource expected In winter IS low, 

perhaps as low as 60% Th~s  is cons~stent with the planned outage schedules of 

these base load resources which occur during the winter months Consider further 

that the sample load profile IS for year X and that substantial peak load 

expansion is expected in the period after year X without any addition to coal-fired 

base load resources It is evident that on typical winter weekdays the combined cycle 

plants can expect to see daily duty and that the duty will depend critically upon the 

combined availability or the coal-fired base load and purchased power resources 

Figure 5-5 is for a typical summer day and is characterized by a single peak 

with an extremely rapid ramp-up of load from the morning low to near the daily peak 
In a period of less than elght hours Even with 100% availability of the coal-flred base 

load resources, there would be need for additional capacity to meet the system load 

at all times, and the full capacity of the combined cycle would be required for as much 

as 13 hours dally If the ava~lability of the coal-fired base load resources is less than 
100%, this would expand the required duration of operation of all of the comblned 

cycle units at full load correspondingly, and could requlre operation of one or perhaps 

more of the combustion turblne units round the clock F~gure 5-6 shows the required 
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@ comblned cycle operatlng load proflle on a typical summer day, wl th several arbitrary 

assumptions as t o  the loss of availability of base load resources It should also be 

considered that In later years the PC system peak loads are expected t o  have risen t o  

approximately 1830  M W  or about 200 M W  more than thls current proflle represents, 

and that no additions t o  the coal-flred base load resource will occur Under adverse 

load and resource conditions it IS not  improbable that the No I comblned cycle unlt 

would be requlred t o  operate at full load for between 16 and 18 hours In later year 

peak load days 

4 Evaluat~on of Other Load Proflle Data and Weekend O ~ e r a t ~ o n s  

The t w o  load proflles evaluated above correspond t o  typical winter and typlcal 

summer dally load proflles 

Between these examples Ile a wlde range o f  operatlng possib~lltles for the 

combined-cycle plant There IS also the possiblllty of no combined cycle operation 

whatsoever during certain mlld sprlngtlme and fall cllmatlc conditions 

Current weekend system loads are typically between 5 0  and 100  M W  lower 

than weekday loads wl th generally slmllar load proflles However, the avallabll~ty of 

purchased power a t  econom~cally advantageous rates on weekends makes it unl~kely 

that  the combined-cycle plant would be used on weekends It IS not antlclpated that 

thls weekend si tuat~on would change In the future 

In summary, the typlcal dally operatlng crlterla for the comblned cycle plant can 

be characterized as follows 

a Dally startlstop cycles except on weekends throughout most months o f  the 

year 

b Maximum daily capaclty corresponding t o  0, I, 2, 3 or 4 combustion turbines 
In operation In the comblned cycle mode, depending on the tlme of year, the 
aval lab~l~ty of base load resources and the avallabil~ty and price of purchased 
power 
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c Summertime operations requlrlng dally operation of all four units In comblned 

cycle mode, w ~ t h  one or more units operating round the clock depending on 

varlatlons of system load and base load resources 

d Frequent use of one or more combustion turblne units In the peaker (slmple 

cycle) mode 

5 2 2 Mod~f~cat~onsIUpgrades t o  Ex~stlng Gas Turblnes 

1 General 

Modrf~cations or upgrades to  the existing gas turblnes can Improve the 

performance of the comblned cycle by 

a lncreaslng the combustion turblne generator set output 

b lncreaslng the thermal energy In the combustion turblne exhaust, thereby 

lncreaslng the energy recelved by the HRSG and, In turn, the power 

output of the steam turblne generator set and the efflclency of the 

combined cycle operation at full load 

c lmprovlng the thermal efflclency of the comb~ned cycle operation ~t part 

loads 

2 Uparade Of Flrlna Tem~erature 

Items a and b of the above can be ach~eved by lncreaslng the flrtng temperature 

of the combustlon turblnes Such an upgrade IS commonly available to  combustlon- 

turblnes that have been In service for several years due In some measure to  advances 

In materials, but more commonly to  the application of more effectlve coollng 

technrques to  hot, sectlon parts Due to the powerful effect that flrlng temperature 

has on net power output, relatively mlnor Increases ~n flring temperature can give 

worthwhile Increases In power output wlthout the need t o  change the orlglnal 

equrpment geometr~es and the relatively large cost Increases that such changes would 

entall 
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The proposed upgrade will Increase f l r~ng temperature to produce approxlmately 

2 5 M W  more output from each combust~on turblne generator set and Increase the 

exhaust temperature by approx~mately 25OF 

3 U ~ a r a d e  Of Part Load Eff~clency 

Another change that IS particularly important to  the conversion of slmple cycle 

combust~on turb~nes t o  comb~ned cycle use IS the a b ~ l ~ t y  t o  control combust~on turblne 

exhaust temperature at part load through the use of Inlet gurde vanes (IGV's) on the 

compressor W~thout  IGV control, exhaust temperature IS a strong functlon of 

combust~on turb~ne load In a comb~ned cycle appllcatlon wlthout IGV control load 

reduct~on of the combust~on turblne unit would result In a decrease of steam 

superheat temperature In the HRSG and an overall deterloratlon of steam cycle 

eff lc~ency With IGV control, combust~on turb~ne exhaust temperature and steam 

superheat can be held essentially constant over a substantlal range (up to  35 percent) 

of full load and the deter~orat~on of steam cycle eff~clency IS less than that whlch 

would occur wlthout IGV control 

The proposed upgrade w ~ l l  modlfy the compressor assembly to  assure that IGV 

control can bet used In the comblned cycle plant 

Upgrades to  performance are frequently I ~ m ~ t e d  by the capabll~ty of the exlstlng 

equipment to  operate at h~gher power levels The manufacturer lnd~cated that the 

proposed upgrade IS sl~ghtly lower (200 kw) than the maxlmum upgrade available for 

the exlstlng combust~on turb~nes, slnce the generator IS a l ~ m ~ t ~ n g  factor at the' 

exlst~ng 0 9 power factor Thls generator shortcoming could be rectified In e~ther or 

comblnatlon of t w o  ways 

a Operate the combustion turb~ne generator sl~ghtly above 0 9 power 

factor 

b Obta~n the steam turb~ne generator w ~ t h  a power factor lower than 0 9 
so as to  be able to make up any VAR deflclency from operating the gas 

turb~ne(s) at greater than 0 9 power factor 
I 
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The cost of combust~on turblne upgrades has to be measured agalnst the 

economlc value of the performance improvements reallzed ~f they are Implemented 
T h ~ s  evaluat~on is best performed after the optlmum system configuration has been 
deflned Uslng the prellmlnary heat balances developed herein for the exlstlng and 

upgraded combust~on turb~ne unlts, the prelrmlnary evaluat~on tnd~cates a small but 

posltlve overall value in performing the upgrades 

The proposed upgrade package conslsts of 9 Items as shown In F~gure 5-7 
whlch also describes the result obtalned from the upgrade The performance of the 

upgraded machlnes ( w h ~ c h  would then become 501 66 un~ts)  would be ~ncreased by 

2 5 MW each at the hlgher ambrent temperature end and the exhaust temperature 

would be Increased by approx~mately 25OF Heat rate would be unchanged, and the 

fuel f low would therefore be Increased slightly In proportion to  the Increased power 

output There would be no appreciable Increase rn the exhaust f low The generator 

would st111 llmlt the maximum power that could be obtalned from the unit at low 

amblent temperature levels The manufacturer provlded a prrce of $2 mllllon per 

combust~on turblne unit for the upgrade package 

D~scusslon of the upgrade package (See Figure 5-7) concluded that 

a All upgrades except 4, 5 and 6 (Row No 2 compressor diaphragm and 

compressor coatlng) are requlred for the performance (flrlng temperature) 

Increase The h~gher f l r~ng temperature IS made posslble by advances In 

blade cool~ng des~gn 

b The second stage compressor dlaphragm upgrade 1s requlred due to  the 

antlclpated use of the IGV's on cold days t o  malntaln exhaust 

temperature at a level that will malntaln steam superheat temperature In 

the HRSG 



CMlFIGURATIMI SELECTIOn CRITERIA 

Cr l  t e r l a  
Ilnportance Factor 10 6 5 10 3 2 

1 2. 3 4 5 6 
Number o f  Cap1 t a l  Sf ng l  e 

Conf lguratlon Steam Cost Operabl 1 I ty & Loss Spare Parts 
No Turbines Factor Aval lab! 11 t y  Ma ln ta lnab l l l  t y  Crf t e r i a  Management Land Use TOTAL 

FIGURATION OPTIONS 

1 (2) 70 MW STEAM TURBINES 
2 (4) 35 MH STEAH TURBINES 
3 (1 140 MW STEAM 'TURBINE 
4 (1) 70 MW & (2) 35 MW STEAM TURBINES 
5 (1) 105 MH & (1) 35 MW STEAM TURBINE 
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c The increased fuel use may present some difficulty to PC due to  the 

present permit limitations on fuel consumption 

d The upgrade package is essentially identical to  that installed at a another 

location in the country 

e Changing the first stage turb~ne nozzle to a single vane design (Upgrade 

No 1 ) from the existing three-vane cluster design improves maintenance 

aspects of the units With this modification, first stage nozzles can be 

replaced through the combustor The old design necessitated lifting of 

the turbine cover for this type of maintenance 

f No change In the gas turbine geometry was proposed Pressure ratio 

would increase slightly No modification to the generator cooling system 

was proposed The governor would remain as IS 

5 3 Plant Configuration Screentng 

5 3 I lntroductton 

The purpose of this screening IS t o  reduce the number of possible configurations 

to  the best two  or three for a more detailed study 

2 Methodoloav And Rationale 

The methodology and rationale that was used to  arrive at this conclusion are 

as follows 

The original five configurations selected for the initial screening are based on 

the fixed number of four combustron turbine generators (CTG's) at the station and the 

resulting steam generation from each of the four proposed heat recovery steam 

generators (HRSG's) The minimum sized steam turbine generator (STG) is based on 

the output of one CTGI HRSG train The maximum sized STG IS based on the output 

of all four CTGIHRSG trains S~milarly, the two medium size steam turbines are based 
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@ on two  CTGtHRSG trains One other stze steam turbine is possible based on a three 

CTGtHRSG train From these four sizes of steam turbines, five configurations were 

developed based on all of the possible combinations of these four STG ratings For 

the purpose of this screening, nominal STG ratings of 35 MW, 7 0  MW, 105 M W  and 

140 M W  were used 

Each of the five configurations were rated relative to several criteria (e g cost, 

availability, etc ) to  determ~ne the best configuration options The following selection 

criteria was utilized 

a Capital Cost Factor 

b Availability 

c Operability & Matntainability 

d Slngle Loss Criteria 

- 

e Spare Parts Management 

f Land Use 

The configurations were rated for each of the criteria on a points from I t o  10 
In addition, each of the criteria was rated on a scale of 1 to  10, with 1 0  being the 

most ~mportant, t o  properly weight the criteria Total points for each of the 

configuration options were determined by adding the product of the points for each 

criteria times the criteria importance factor 

Efficiency IS not one of the criteria used even though it was initially felt that 
efficiency would be better for those configurations which consisted of the smaller (35 
MW) STG units, since at total plant part loads, the smaller STG's will operate at full 
load, whereas the larger STGrs will operate at less eff~cient part loads However, on 
further analysis, ~t was decided that although the smaller turbines will operate at their 
peak efficiencies, this peak efficiency will be less than the peak efficiency of the larger 

more efficient turbines In any event, the difference is very small between the 

a efficiencies for the size turbines (35 - 140 MW) being considered for this project 
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Also, the projected daily load profiles for the Power Company indicate that the 

combined cycle plants will be operated at partial loads very infrequently, thus further 

reducing the importance of evaluating efficiency as a screening criteria Therefore, 
efficiency was not included In the criteria at this point but w ~ l l  be considered when the 

number of configuration options IS reduced from five to  two 

Table 5-1 represents the results of the initial plant configuration screening 

required for the Station Combined Cycle Conversion Project The Table indicates that 

Configuration 1 (2-70 MW Steam Turbines) and Configuration 2 (4-35 MW Steam 

Turbines) are sign~ficantly better options than Configurations 3, 4 and 5, and 

therefore, warrant further study before a final selection is made See Table 5-1 for 

definition of configurations 

1 C a ~ ~ t a l  Cost Factor 

The capital cost factor represents the magnitude of the capital costs for the 

various configurations A higher rating 1s received for those options which have the 

lower capital costs 

To arrive at capital cost estimates for the five configuration options only costs 

for those items which are dependent on the number of STG's were considered For 

example, the cost of the HRSG's or the Cooling Tower will be the same for each of 

the five options Aside from the cost of the STGIcondenser and associated auxiliar~es, 

items which will be affected by the number of STG's include the following 

a Electrical Equ~pment 

b Instrumentation & Controls 

d Foundations 
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Table 5-1 

CAPITAL COST FACTORS 

A CAPITAL COST FOR EACH TURBINE RATING ($ MILLIONS) 

STEAM TURBINE CONDFNSER 1 OTAL 

B CAPITAL COST FOR EACH CONFIGURATION ($ MILLIONS) 

CONFIGURATION 
1 2 3 4 5 

Steam Turblne 1 4 0  2 0 0  110 1 7 0  140 

Condenser 1.6 2 0 1 4  1 8  1 6  

TOTAL 15 6 22 0 12 4 18 8 15 6 

Configuratlon Rating 7 1 10 4 7 
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These Items represent a relat~vely small percentage of the STG costs and 

therefore w ~ l l  have little Impact on d~f ferent~at~ng the costs of the flve conf~gurat~on 

opt~ons Also, these costs, to  a degree, will approximate a f~xed  percentage of the 
STG costs, thus further lower~ng the Importance of thelr ~nc lus~on at thls stage of the 

study For the purpose of t h ~ s  analys~s, est~mated costs for the STG/condenser and 
aux~l~aries (~nclud~ng ~nstallation) w ~ l l  be compared to determine the relat~ve rank~ng 

of the f ~ v e  opt~ons In the cost factor category 

Table 5-2 provides cost estimates for the frve conf~gurat~ons The costs were 

prov~ded by vendor quotes obta~ned from STG and condenser manufacturers Based 

on the ~nformat~on In t h ~ s  table, Conflguration No 3 (one STG) IS the least expenslve 

opt~on, so thls conf~gurat~on IS ranked 10 In the cost category On the other hand, 

Conf~gurat~on No 2 (four STG'S) IS the most expensive optlon, so t h ~ s  conf~gurat~on 

IS ranked I In the cost category 

The ratings of the other opt~ons are based on thew respectlve cap~tal costs 

relat~ve to  the h~ghest and lowest conf~gurat~ons 

The overall avallabll~ty of a system IS dependent on 1) the ava~labil~ty factor of 

lndividual components and 2) the conf~gurat~on or schemat~c arrangement of the 

components In the case of the five conf~gurat~ons be~ng cons~dered, the one w ~ t h  the 

h~ghest est~mated ava~labll~ty wlll be glven a ratlng of 10 and the lowest a rating of 

1 Those In between w ~ l l  recelve a rat~ng reflect~ng the~r  ava~ lab~ l~ ty  relatlve 

t o  the h~ghest and lowest conf~gurat~ons 
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Table 5-2 

PACKAGE PROPOSED BY WESTINGHOUSE 
TO UPGRADE NEVADA POWER 50185 UNITS TO 50186 UNITS 

Item Description of Item Result or Reason for Item 

1 Change 1st stage turbine Increased firing temperature, 
nozzles from the three-vane easier ma1 ntenance 
cluster design t o  single vane 
design 

2 Change 1st stage turbine Increased fl ri ng temperature 
blade ring 

3 Full rotor inspection (Class 110) Rotor avai lab1 1 i ty for checkup 

4 Stronger Row 2 Compressor Needed to wl ths tand Increased 
Diaphragm aerodynamic loads due to I G V  

operations at part load or cold 
day condl tions 

5 Coat Compressor Blades Return compressor performance to 
as-new rating 

6 Coat Compressor Diaphragms Return compressor performance to 
as-new rating 

7 Replace Trans1 tion Pieces Increased fir1 ng temperature 

8 Replace Combustor Baskets Increased fl ri ng temperature 

9 Replace Inner L Outer 
Transi tion Seals 

Increased fl ring temperature 

W Westinghouse also indicated that they would propose a new controls 
modification for the Clark Units, but they did not provide any details 
of the modlflcation 
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U s ~ n g  data from the North Amerlcan Electric Rellablllty Councll Equipment 

Avallablllty Report 1975-1 984 (NAERC) avallablllty factors were determined for the 
following major rtems 

Percent 
a Bo~ler (modlfled for appllcablllty as MRSG) 8 8  0 
a CTG (slmllar slze, mult~ple starts) 82 0 

0 STG 35 MW 95 25 

70 MW 94 25 
105 MW 9 3  70 
140  MW 93  1 

• Condenser (very slight variation (decrease] wlth size) 9 8  0 
a Condensate Pumps 9 9  8 

a Clrculatlng Pumps 9 9  7 
a Boller Feedpumps 9 9  8 

a Coollng Tower 9 9  9 

As can be observed from the above data, the second flve (condenser t o  coollng 

tower) Items are statlstrcally so reliable that differences In plant conflguratlon will not  

be slgn~flcantly influenced by these Items Also the overall plant avallablllty factor will 
not  be affected slgn~flcantly by changlng the arrangement or redundance of  these 

Items For instance, the d~fference between t w o  100% boller feedpumps and three 

50% pumps IS beyond the accuracy of  the data 

Therefore, the ava~labrllty comparison will focus on the three major components 

(CTG, HRSG and STG) 

Conflauratlon 1 (2) 7 0  MW Steam Turblnes 

A, = GT, x HRSG 

A, = 8 2  x 8 8  

A, = same as A1 
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The probabll~ty of  at least one unlt  belng able t o  operate IS glven by the 

following 

A, x A, = 72 x 72 - - 51 8 

A, x (1 - A,) = 72 x 28 - - 202 
(1 - A , )  x A, = 28 x 72 - - 202 

922 

Train 1 avallabll~ty 1s given by  

AF, = STG/HRSG1s x STG (70MW) 
AF, = 922 x 942 - - 8685 

AF, = same as AF, - - 8685 

The overall avallabll~ty is 

I 0 - (1 - AF,) (1 - AF2) = 98 3% Conf 1 

Conflsuratton 2 (4) 25 MW Steam Turblnes 

AF, = AF, = AF, = AF, = GT x HRSG x STG 

= 83 x 88 x 9525 = 6873 

The overall availabtllty IS given by 

1 0 - (1 - AF,) (1 - AF,) (1 - AF,) (1 - AF,) = 99 0% Conf 2 
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Conflauratlon 3 (1) 140 MW Steam Turblne 

The probablllty of at least one of the four CTGIHRSG trains operating IS given 

by 1 - (1 - AF,) (1 - AF,) (1 - AF3) (1 - AF4) = 9938 = AF 

where AF, = AF, = AF, = AF, = 72 from Conf 1 

The overall probability IS 

AF x STG (140) = 9938 x 931 x 931 = 92 5% Conf 3 

Conflauratlsn 4 (1) 70  MW STG & (2) 35 MW STG 

From Conf I AF, = 8685 (2 CTGJHRSG & 70 MW STG) 

From Conf 2 AF, = AF, = 6873 (CTGIHRSG & 35 MW STG) 

The overall probabll~ty IS 

Conf 4 

Conf~aurat~on 5 (1) 105 MW STG & (1) 35 MW STG 

Tram has three CTGlHRSG's, the probablllty of any one operating IS 

I 0 - (1 - A,) (1 - A,) (1 - A,) = 978 
where A, = A, = A, = from Conf 1 

A1 = CTGlHRSG's x STG (105 MW) 

= 9 7 8 x  931 = 910 
AF2 = 6873 from Conf 2 

The overall availability IS 

Conf 5 
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Summary 

3 O~erabil i tv & Maintainabilitv 

Conf~gurat~on 

1 

2 

3 

4 

5 

This category represents the degree of complexity for operating and maintarning 

the combined cycle facility in the various configurations The more complex the 

Availability 

9 8  3% 

99 0% 

92  5% 

98 7% 

97 2% 

operation and maintenance (O&M) of the facility, the lower will be the ranking of the 

configuration in this category Options 4 and 5 were ranked lowest because both of 

Ratlng 

8 

10 

1 

9 

6 

these options rnvolve the use of STG's with different ratings For example, Option 4 

consrsts of one 70 NM S7G and two  35 MW STG'S S~mrlarly, Optron 5 consists of 

one 105 M W  STG and one 35 M W  STG This type of arrangement will add 

sign~ficantly to the O&M of the facility in that the operators will requrre trarning on 

two  different machines, as opposed to Options I or 2 which consist of multrples of 

identical units Also, operators will experience additional difficulty in the day-today 

management (I e , stocking, handling, locating) of spare parts (See Crrteria No 5 for 
the cost aspects of spare parts management ) In addition, Options 4 and 5 will be 

more difficult to  operate on a continuing basis, in that decisions t o  switch CTG's with 
STG's after equ~pment failure will be more complex Between Optlons 4 and S 
Optlon 5 IS glven a sl~ght advantage because less total unlts are lnvolved ( two vs 
three) By the same loglc, Opt~on 3 IS rated sl~ghtly h~gher than Option 1 whlch IS 

rated slightly hlgher than Option 2, because Option 3 conslsts of only one unit total 
versus two  total unlts for Optlon I and 4 total unrts for Optlon 2 However, options 

1, 2 and 3 are far superior to Options 4 and 5 due to  the fact that all units within the 
same configuration are identical 
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4 Slnale Loss Crlteria 

Each configuratlon option IS ranked for single loss criteria on a scale of 1 to 10 
with " 10" representlng the most acceptable option, " I  " representing the least 

acceptable option and "0" representlng a totally unacceptable option 

To determine the ranking of each configurat~on option for s~ngle loss criteria, 

the PC system data projected for the later year was analyzed for the following 

conditions 

a Spinning Reserve Loss of spinning reserve after a STG trip 

b Required Reserve Loss of required reserve during outages 

The spinning reserve IS def~ned as the reserve generating capacity connected 

to  the system which is ready to  supply electrical load The PC system has 125 M W  

capacity as spinnlng reserve and it IS PC's requirement that any single failure should 

not result in loss of more than 125 M W  

The requ~red reserve requirement is 20% of the peak load as presented in the 

Power Company's Annual Budget Capacity Factor Reports 

Column 3 of Table 5-3 shows the percent loss of spinning reserve per STG and 

Column 4 indicates an average percent loss per STG for the total configuration 

Similarly, Columns 5 and 6 show percent loss of required reserve per STG and 

average percent loss per STG per configuration respectively 

Column 7 of Table 5-3 shows the ranking of each configuration which is 

derlved from the results in Columns 4 and 6 

Configuration 3 IS ranked as "0" as it is not acceptable because the loss of the 

s~ngle STG results In a greater generation (MW) loss than dlctated by the spinning 

reserve criteria (1 40 MW versus 1 25 MW) 



Quantl t y l  Loss o f  Loss of  
Slze (MW) Splnnlng Average Requl red Average 

Conf lguratlon o f  Steam ReservelSTG Per STG ReservelSTG Per STG 
No. . Turbines (STG) % % % X Ratlncr, 

COL 1 COL 2 COL 3 Cot. 4 COL 5 CUL 6 COL 7 

3 11140 Over 100% Over 100% 38 25 38 25 0 

NOMINAL SPINNING RESERVE 125 MW 
NOMINAL REWIRED RESERVE 366 Mi 
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However when operating in the combined cycle mode the loss ( t r~p)  of one 

CTG w ~ l l  result in a total loss of 105 MN (70 M W  for CTG + 35 M W  for the STG) or 

higher depending on the ambient temperatures This failure is not considered as it has 
the same effect on each conf~guration and the loss of power (MW) is less than 125 

M W  

5 S ~ a r e  Parts Manaqement 

This category represents the Owner's abilrty to manage an inventory of spare 

parts for the steam turb~nes The highest ranking 1s awarded to  those options with 

the highest spare parts capability for a fixed budget dollar amount For example, 

Options 4 and 5 are ranked the lowest since it will be difficult to  maintarn a spare 

parts inventory for two different steam turbrne units Also, Options 4 and 5 will result 

In a more complicated spare parts inventory control program and w ~ l l  result In 

increased warehouse space w ~ t h  a similar number of spares per turbine rating On the 
other hand, Optrons 1, 2 and 3 are ranked highest because each of these options 

cons~st of multrples of   den tical units Of these three, Option 2 (4 steam turbines) 

would be the most favorable since individual parts will be less expensive than for 

Options 1 and 3, which consist of larger units This will make it possible to  stock 

larger quantities of spare parts or make it feasible to  stock a larger quantity of parts 

whtch would result In higher cost for the other options 

6 Land Use 

The configuration options have been assigned a value, from I to  10, determined 

by the area required for each option The optlon using the least area has a value of 

10, the one using the most area has a value of 1 

The components used to  determine the areas are the STG and accessories, the 

condenser including tube removal, condensate pumps and unload~ng bay Other 

components, such as the HRSGrS, cooling tower, etc are not included since they are 

approximately the same for all options 

The dimens~ons used for calculating these areas are measured from the outer 

edge of equipment, north-south and east-west, including tube and rotor removals 

The open areas w~ th ln  the envelopes will be used for equipment laydown during 

maintenance 
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The areas for the two  d~fferent arrangements (bottom exhaust vs, topslde 

exhaust) are slmllar See Flgure 5-8, whlch represents a typlcal layout for a 7 0  MW 
unlt (bottom exhaust and top exhaust) T h ~ s  sketch was used as the layout basls for 
each of the flve conflguratlons For conflguratlon comparlson purposes, the larger of 

the two, the bottom exhaust arrangement, was used 

5 4 Plant Conf~guratlon Select~on and Prellmlnary Descrrpt~ons 

5 4 1 Rat~onale for Select~on of Recommended Conflguratlon 

One of the flrst conslderatlons In comparing the two alternate conflguratlons 

( two steam turblne generator unlts versus four unlts) 1s cost In the following sectlons 

~t can be seen that after obtalnlng prlces for what we belleve to be over half the 

estimated cost of the comblned cycle conversion, a cost advantage In favor of the 

two steam turblne conflguratlon appears whlch would only wlden further ~f full 

estimates were prepared for both conflguratlons Even though the cost d~fference 1s 

overwhelm~ng, other factors such as re l~ab~ l~ ty ,  output, efflclency and constructlon 

conslderatlons have been examlned sufflclently to determine ~f there 1s a slgnlflcant 

adverse aspect t o  the selection of the two steam turblne unlt conflguratlon 

1 Mlnlmum Cost D~fferent~al  

Table 5-4 shows a cost comparlson of Case 1 ( two steam turblne unlts) and 

Case 2 (four steam turblne un~ts)  for major equipment lncludlng lnstallatlon costs The 

respectwe costs are $42,620,800 and $49,752,400, a d~fference of $7,131,600 

Examlnatlon of the quantltles of balance of plant equlpment for each case make ~t 

apparent that thls d~fference will become greater because the quantltles of auxlllary 

equipment Increase wlth four steam turblnes We thus establish the fact that there 
IS a minimum capltal cost d~fference In favor of the two  steam turblne configuration 
of over seven m ~ l l ~ o n  dollars and we w ~ l l  d~scont~nue further prlclng of the four steam 
turb~ne conf~guration 
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Table 5-4 
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Table 5-4 (Cont~nued) 
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Figure 5-8 

5-34 
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2 Rel~abilitv Considerations 

As previously shown in the availability portion of the plant screening, the 

availability difference between the two  7 0  MW steam turbine conf~guration and the 

four 3 5  MW configuration is relatively small The difference 99  0 %  minus 98  3 %  = 
0 7%, is primarily due to two partially offsetting factors, a) the better statistical 

record of smaller steam turbine generators (95 25% vs 9 4  2%) and b) the 

arrangement of t w o  combustion turbinetHRSGfs feeding one steam turbine generator 

(STG) or one combustion turbine generatortheat recovery steam generator 

(CTG/HRSG) per STG, the former arrangement favoring the larger STG 

From previous similar studies, experience shows that the other major equipment 

associated with a different number of STG's such as condensers, condensate pumps 

or electrical equipment, do not affect the statistical overall availability because they 

approach unity either due to  Inherent design or by redundanc~es 

If the rel~abillty of each arrangement IS based on projected capacity factor 

comparison, the four STG arrangement IS still slightly better, 68 7 vs 67  8 %  This 

comparison assumes a 100% demand for the units If demand IS only partial, (as IS 

expected at the station), then the effect is reduced proportionately Using a 40% 

demand for full production and a replacement capacity value of $505tkW provided by 

PC, the capacity factor d~fference IS valued at approximately $750,000 in favor of the 

four STG arrangement 

We may therefore conclude that the reliabil~ty of the four STG conf~guration IS 

only sllghtly better than the two  STG configuration 

3 O u t ~ u t  Com~arison Of Final Candidate Confiqurations 

Output comparisons between the two steam turbine and four steam turbine 
conf~gurat~ons show a small but def~nite advantage in power output t o  the t w o  STG 
conf~gurat~on at the half load and maxlmum load polnts for the complete plant As 
load is decreased from e~ther of these load polnts t h ~ s  advantage becomes slightly 
greater, but at the quarter load and three quarter load polnts is sharply reduced 

because of the lower overall generator and mechantcal losses incurred when one or 

three of the four steam turbine configuration sets is closed down If the @ instantaneous load factor of the comblned cycle power plant were a randomly 

determined condition, the overall advantage would be weighted slightly toward the 
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t w o  STG conf~guratron However, slnce ~t IS planned to  have automatic generation 

control (AGC) capab~ltty, ~t should be posslble to keep the combined cycle plant load 
wlthln the one-quarter load to maximum load range, and the advantage of the two 

STG conflguratlon would range between 500 and 1 900kW, wlth an average of more 

than 1 100 k W  

Efftclency comparison between the two  STG and four STG conflguratlons 

d~rectly follows the output comparison results described In the preceding sectlon 

Therefore, prov~ded AGC capablllty IS used, the two STG conflguratlon will show a 

small efflclency advantage over the four STG conflguratlon averaging 0 2 percentage 

polnt 

The cost of construction for the two  unit scheme IS of course less than that of 

the four unit scenario The four unlt scheme IS not twice as costly, but closer to  a 

factor of 1 6 more For Instance, the selected site would not be twtce as large for 

four u n ~ t s  as for two  The piping runs from the coollng tower to  the condensers 

would also not Increase except for a small lncrease In dlameter of the plpe The 

connections to  the two  addltlonal condensers would be the only major Increase in 

constructlon cost The same holds true for the other plplng systems main steam, 

condensate, feedwater, etc The majority of the constructton lncrease would be In 

the clvll area and equipment erect~on namely, turblne pedestal constructlon and 

turbine erectlon The contractor would have to  h ~ s  advantage the learnlng curve 

connected w ~ t h  the constructlon of the flrst two  turbtnes Form work could be 

re-utilized by the contractor for the two addltlonal turblne pedestals 

The largest tncrease would be connected wlth the extension of the constructlon 

schedule The project's flxed costs would Increase, namely supervision, contractors 

plant (offlce, trucks, traders, etc ) and maintenance operations 

The greatest Increase In the cost of the four unlt scheme IS s f  course the 

equlpment purchase 
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@ 5 4 2 D~scuss~on of General Arrangements for Final Candidates 

General 

A general overall arrangement scheme was developed uslng information 

obtalned from plant vlslts, d~scuss~ons wlth PC engineers aerial photographs and 

estlmated sizes of equlpment, such as the HRSG's, coollng towers, STG1s, etc , 
needed t o  convert the exlsting simple cycle CTG lnstallatlon to  comblned cycle 

operations It was felt that there would be a minimum Impact on access t o  exlstlng 

equlpment and facilit~es, both during constructlon and for maintenance, ~f the cooling 

towers and STG were located west of the combustion turblnes The HRSG's are 
shown in what may be considered the normal locatlon dlrectly behind (north of) the 

CTG's, In line wlth the exhaust stack Thls locatlon appears In all the schemes whlch 
will be descrlbed 

To the east of the exlstlng CTG's are buildings and tanks To the south is the 

electrical sw~tchyard and to the north (beyond the proposed HRSG's) are brlne ponds 

Seven layouts were studled and are descrlbed in the following Schemes 1 

through 7 Scheme 5 was selected and reflned 

5 4 3 Heat Balance of Recommended Conflguratlon Including Rat~onale for Its 

Select~on 

1 Basis and A s s u m ~ t ~ o n  

a) Upgraded Combustion Turbine Generator (Model 501 B6) 

The heat balance presented hereln IS based upon using the upgraded 

501 B EconoPac performance data adjusted t o  1700 f t  slte altltude In 
addition, ~t IS estlmated that the HRSG pressure loss will result In an 
Increase of the exhaust gas temperature by 1 O°F (to 990°F for the same 
firlng temperature) No water lnjectlon was assumed, as IS the case w ~ t h  
the 5 and 6 units Water Injection, although not recognized in thls heat 
balance, will Increase HRSG heat recovery very sl~ghtly on units 7 and 
8, but not enough t o  affect steam cycle parameter selection For the 
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heat balance prepared during detail design, the effects of water injection 

will be taken into account 

b) Exlsting Combustion Turbine (Model 501 B5) 

The existing combustion turbine units are expected to h e  an exhaust 

temperature of 965OF when equipped with a heat recovery boller unit 

Thrs exhaust temperature IS approximately 25OF less than that which 

would occur if the combustion turbine units were, upgraded The 

difference could produce essentially the same steam cycle parameters 

except for the high pressure steam temperature which would have to be 
appropriately lower for the non-upgraded combustion turbine units The 

heat balances presented are therefore based upon the same steam cycle 

pressures as used in the heat balances for the upgraded units, with the 

high pressure steam temperature reduced by 25OF, fully reflecting the 

lower exhaust temperature 

The other general assumptions made for all of the initial heat balance 

runs were as follows 

Condenser pressure, 2 inches Hg abs (Tsat = 101 OF) 

Deaerator pressure, 2 0  psia 
Pressure loss between HP steam drum and turbine throttle valves, 

6 0  psi 
Boiler thermal loss, 1 5% of heat transferred 

All water pump efficiencies, 65% 

Subcooling at economizer exits 15OF 
Gas approach temperature (pinch point) in both HP and LP 

evaporator sections, 30°F 
Economizer sections pressure drop, 3 0  psi 
Condensate preheater section pressure drop, 2 0  psi 
Auxiliary power other than water pumps, zero 
Condensate preheater water e x ~ t  temperature, 195OF 

Borler blowdown rates for each drum, 1 percent 
Steam turbine stage efficiencies HP, 8 6  percent, LP, 79 9 percent 
Generator overall mechanical/electrlcaI efficiency, 97 4 percent 
Blowdown flashtank at deaerator pressure with heat recovery 

from waste water 
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The selected cycle parameter values are not optimized, but are representative 

of typical combined cycle plant technology andlor the condrtions prevailing at 

the site As such, these values are useful for performing the initial comparative 
studles used to define the combined cycle conflguration to be used In the 

subsequent tasks, and are subject to further refrnement The boiler feedpump 

system would consist of separate LP and HP section borler feedpumps, each 

taking suction from the deaerator 

2 Combustion Turblne Upqrade 

The combustlon turbine unlt upgrade to B6 status and the use of the two 

pressure HRSG conflguration are justified by the added power output obtainable from 

the steam cycle and the consequently greater efficiency achleved from the plant The 

upgrade of the combustion turbine units results in a total plant capacity Increase of 

approxrmately 1 9 1 MW at 5g°F amblent and approximately 1 8 5 MW of 1 1 O°F 

ambient The plant heat rate would also be improved by upgrading the combustion 

turbine units approximately 60 BtuikWh better at 5g°F, and 50 BtuikWh at 11 O°F 

These performance rmprovements are valued at approximately $10 7 mllllon at 5g°F 

and $1 0 3 million at 11 O°F, either of which exceeds the upgrade costs of 

approximately $8 million for the combustion turbine unlts alone Slnce the costs of 

the heat recovery boiler units, steam turbine generators and supporting equipment are 

estimated to be virtually insensrtive to the performance changes due to the 

combustlon turbine upgrade, it is estimated that there will be a small but definite 
posltive value to the project if the combustlon turbine units are upgraded from their 

present B5 state to B6 

3 Cvcle Selection Rationale 

The HP feedwater economizer is split, with a low temperature section located 

alongside the LP economizer and a high temperature section between the HP and LP 

evaporator sections This maximized heat recovery and power output capability of the 

steam cycle 

Performance surveys showed that w ~ t h  the two pressure HRSG arrangement, 

steam cycle power output (and efficiency) increase as both throttle temperature and 

pressure levels were increased Thls cycle has limited the throttle pressure to 1200 @ pslg as an approximation to an optimization of slowiy increasing performance gains 
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against additional equipment costs It is also consistent with the steam pressure of 

the existing units and thus does not introduce an unfamiliar pressure to the operators 

The throttle temperature of 940°F is considered to be a maximum based on the 

available combustion turbine exhaust temperature of 990°F Further optimization and 

vendor proposals may change this value slightly 

The HRSG configuration assumed produces saturated LP steam, some of which 

is used for deaeration with the remainder going to the induction port of the steam 

turbine unit The LP steam production from the HRSG is saturated at 105 psig 

Survey heat balances were made at both 90 psig and 120 psig to confirm that this 

pressure maximizes power output for the throttle (HP) steam conditions assumed 

Saturated steam IS satisfactory for induction into the steam turbine unit through a 

moderate pressure loss piping and valve system, and when mixed with the f low 

exitrng the HP steam turbine section, it IS superheated by approximately 60°F prior 
to entering the LP steam turbine section The condenser inlet f low has a nominal 

wetness of between 1 2  and 13 percent, which is considered satisfactory for the 

turbrne unit 

The deaerator unit operates at a nominal pressure of 2 0  psia The condensate 

return IS preheated to  195OF in the HRSG before entering the deaerator The 

blowdown system creates 20  psia steam in the flashtank and the wastewater stream 

IS cooled by the makeup water stream to  approx~mately 90°F before discharge 
heating the makeup water to approxrmately 21 8OF Deaerating steam IS taken from 

the 9 0  psig header The condensate preheater section exit temperature may have to  
be adjusted to  obtain an appropriate balance between deaeratlng steam consumption, 
deaeratlng effectiveness and sat~sfactory system operations at part load 

A survey was also made of steam system performance as a function of LP 
steam production rate In the HRSG and indicated that performance is maximized when 

the approach temperature difference in the LP evaporator is equal to  the approach 
temperature drfference in the HP evaporator The approach temperature difference 

value of 30°F assumed for this heat balance is a nominal value that experience has 

shown to  provide a reasonable balance between performance and cost 
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4 Part Load Durat~on 

Part load operatlon of the system IS expected down t o  approximately 65 
percent of combustlon turblne load The part load operation will be managed wlth the 
Inlet gulde vanes (IGVs) to  malntaln the combustlon turblne exhaust temperature 

Steam cycle statepolnts can then be essentlally malntalned, wlth steam f low rates 

dlmlnlshlng as the combustlon turblne exhaust flow dlmlnlshes Below 65 percent 

combustlon turblne load, a from of slldlng pressure operatlon IS envlsaged that will 
accommodate the lower combustlon turblne exhaust temperature and result In a more 

effectlve heat recovery In the HRSG and a more efflclent use of the steam turblne 

generator set than would otherwise be posslble wlth f~xed  pressure operatlon 

5 Summer Heat Balance 

A prellmlnary summer heat balance has also been developed, whlch 1s an 
approxlmatlon based upon lnltlal assumptlons of equlpment performance changes 

corresponding t o  an amblent condltlon of 1 1 O°F and 20 percent relatlve humldlty * It IS also assumed that the combustlon turblnes are upgraded t o  B6 status and the 

evaporatlve cooler are rn use 

Other assumptlons are 

a HRSG performance, 1s based on a generalized boller model 

b Coollng towerlcondenser system whlch assumes that tower basln water 

temperature will Increase 5 5 O F  for every 1 0 ° F  Increase In wet bulb 

temperature, and that the condenser approach temperatures will remaln 
essentlally unchanged 

"Real" performance data whlch will only become known at the time equlpment 

IS purchased, principally for the steam turblnes, condensers, coollng tower and 
HRSG's, are needed for the deflnltlve beat balance 
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6 Cold End Corrosion 

Operation of the combined cycle power plant on natural gas fuel is not expected 

to  produce any srgn~ficant condensation on the condensate preheater section of the 

boiler, except durrng rare conditions associated wtth high humidity and extreme cold 

ambient conditions Even then, the affected zone should be limited to  a few tube 

rows that may be su~tably protected by surface coating or material selection 

However, operation on fuel 011 would always produce a severely corrosive environment 

throughout much of the condensate preheater section of the HRSG it were kept in 

operat~on it is recommended that under such conditions, this section of the HRSG be 

removed from service The condensate would be sent directly to the deaerator which 

would then require a larger flow of 90 psig drive steam from the plant LP steam 

header The output and efficiency of the power plant would therefore be somewhat 

reduced dur~ng such or1 firing ep~sodes, but the cold end of the HRSG would be 

effectively protected from rap~d corrosion 
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6 0 GAS TURBINEIGENERATOR 

6 I Introduction 

This Module discusses the design and construction, classification, and 

characteristics of gas turbines Thew main components, support systems, and 

operating and maintenance principles will be covered A br~ef  d~scuss~on on the 

generator and excitation system IS included The Module also discusses gas turbine 

performance and reliab~lity, the objective of which is t o  create awareness of these 

Issues, and identify what operators can do to  optimize gas turbine performance and 

reliability 

The gas turbine system cons~sts of a number of sub-systems that work together 

to ensure safe and effic~ent operation of the unit To understand the design, function, 

operation, and control of gas turbines ~t is first essential t o  grasp the underlying 

principles This chapter addresses the theory and principles of gas turbine design and 

operation as applied to the sub-systems and then addresses the unit as a complete 

e system 

Gas turbine operation IS based on a thermodynamic cycle called the Brayton 

Cycle The Brayton Cycle theoretically operates as a constant pressure cycle, I e , in 

a simple gas turbine cycle, combustion and exhaust occur at a constant pressure In 

a gas turbine, compression and expansion occur cont~nuously, rather than 

~ntermittently as in a reclprocating ~nternal combustion engine Therefore gas turbine 

power IS available continuously, whereas reclprocating engine power take-off is 

available only dur~ng the expansion stroke 

The gas turblne, like any other heat englne, is a device for converting part of a 

fuel's chemlcal energy Into useful ava~lable mechanical power The energy transfer 

occurs In a manner similar in many ways to the system used by a four-cycle 

reciprocating internal combustion englne system Figure 6-1 illustrates the similar~t~es 

between the t w o  cycles 
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As lndlcated by thls ~l lustrat~on, air IS drawn Into the compressor, usually 

through a fllter system or air washer to  remove any harmful so l~d partcles from the air 

stream Thls air IS then compressed to  the proper value for the particular deslgn 

appllcatlon by a multl-stage axlal f low compressor The hot, compressed alr IS then 

fed t o  the combustlon chambers where ~t mixes wi th injected fuel In the combustlon 

chambers, the fuel burns and adds energy t o  the air 

Combust~on IS lnltlally started by a spark plug or flame lgnltor In one or more 

chambers Once establ~shed, combustion IS sustained by a continuous f low of air and 

fuel, and the lgnition system can be shut down I t  IS not necessary t o  have lgnltors 

In all combustlon chambers since cross-flre tubes, connecting the chambers near thelr 

head ends, permlt each chamber t o  llght off  adjacent chambers Some gas turbines 

are des~gned t o  have one or t w o  large combustlon chambers rather than multlple small 

combustlon chambers, and cross-flre tubes are therefore not needed 

The combustlon process ralses the gas t o  a flame zone temperature of 3000 - 
3500°F This temperature is lmmedlately reduced t o  usable values by the mlxlng of * secondary air that enters the combustlon chamber through holes placed In the 

combustlon h e r s  

The hot hlgh-pressure gas mlxture IS then ducted t o  the turblne sectlon, where 

it expands to  exhaust pressure In the expanslon process, energy IS removed from the 
gas t o  drlve the compressor, aux~l~ar~es,  generator, and other load equipment 

The spent gas IS allowed t o  f low t o  the exhaust stack system Slnce there is 
st111 heat energy In thls gas, the heat can be put to  use In a varlety of ways such as 

air or water heatlng, process drylng, or as hot-alr-feed supply t o  a separately fired 

boller Any of these recovery methods helps to  Increase the overall thermal efflc~ency 

of the turblne cycle 

F~gure 6-2 illustrates pressure and temperature levels occurring In a typlcal gas 

tu rb~ne 
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F~gure 6-2 Pressure and Temperature Levels Occurring in a Typical Gas Turbine 
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F~gure 6-3 shows some typical horsepower levels which occur In a 

simple-cycle, single-shaft, 7000 horsepower gas turblne Larger sized units have 

proportionally higher power values 

ACCESSORIES 
1 6 0  HP 

F~gure 6-3 Typlcal Horsepower Levels for a 7,000 HP Gas Turblne 

EXHAUST 
AIR IN 2 3 3 4 0  HP 

1 COMBUSTOR FUEL 
3 3 5 0 0  HP 

t 

6 1 2 Gas Turb~ne Deslgn Considerations 

- 

- 

The design of major gas turbine components has evolved over the last fifty 

years and resulted in machines having high reliability and availability in addition to 

Increased output In order to ach~eve these advances each of the major gas turbine 

systems and components was analyzed and designed to ensure the required 

performance characteristics For example, compressor designs incorporated more 

efficient blade profiles, turbine designs adopted h~gher firing temperatures by using 

better materials and cooling techniques, and overall reliability has been improved by 

adding redundant equipment The following sections address deslgn considerations 

for each major component In the gas turbine, and how improvements in rellabillty and 

availab~lity have been achieved 

COMPRESSOR 
USEFLiL 

-kk 1 5 0 0 0  HP 20160  HP -1 OUTPUT 
7 0 0 0  HP 

Compressor 

Several types of compressors are available for gas turbine applications These 

~nclude centrifugal, intermeshing-lobe types, and axial-flow compressors The 

axial-flow compressor is the most often used because of its ability to pump large 

volumes of air at higher efficiency levels than either the centrifugal or lobe type 

0 compressors 

~4 
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Both the centrlfugal and ax~al-flow compressors compress air by lmpart~ng 

momentum t o  the air by  means of rotat~ng elements and then converting that 

momentum t o  pressure In sultable statlonary passages In the centrlfugal type 

compressor, air IS drawn In at  the center, or "eye" of a rapldly rotat~ng vaned dlsc 

Centrifugal action on the rotatlng alr mass forces ~t t o  the tlps o f  the dlsc where ~t IS 

f lung of f  a t  h ~ g h  tangentlal veloclty Sultably shaped stator blades "catch" thls fast 

moving stream and slow ~t down In such a manner as t o  Increase the pressure About 

half of the pressure rlse occurs In the rotor and the remalnder In the stator passages 

Axlal f low compressors are des~gned t o  move air axially through the bladlng 

w l th  essentially no radlal travel, F~gure 6-4 Axlal f low compressors are made up of 

rows of a~rfoil-shaped blades, wl th  each set of rotating blades followed by a set of 

slmllar statlonary blades The rotor blades Impart momentum t o  the air and Increase 

i ts pressure The following statlonary blades convert that momentum to  addrtlonal 

pressure rise 

FORWARD 
COMPRESSOR AFT 

COMRESSOR 

CASING COMPRESSOR 
DISCHARGE 

\ CASING 
CASING 

/ 
COMPRESSOR BASE 

F~gure 6-4 Ax~al Flow Compressor 
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Lobed compressors are positlve displacement machlnes where the alr IS 

"squeezed" In the passages of Intermeshing rotors Thls type of compressor IS d ~ f f ~ c u l t  

to  manufacture and IS not used extensively in thls country 

In general, centr~fugal compressors compress more air per stage than ax~al-flow 

compressors However, due to  lnvolved dlffuser passages, centr~fugal compressor 

efflclencles are lower Centrifugal compressor efflclency IS typ~cal ly around 8 0  - 8 4  

percent, whereas the ax~al  type compressor efflclency is frequently better than 85  

percent 

Most ax~al  f low compressors used wi th  gas turblnes are des~gned t o  dellver alr 

at pressures 1 0  to  15  tlmes the Inlet absolute total pressure The air f low requirement 

IS also dependent on the phys~cal size and speed of the machlne The power t o  drlve 

these compressors varies wi th air f low and pressure rise A t  full-load, the compressor 

uses roughly t w o  thlrds the power produced by the turblne sectlon The remaining 

third produces electrical load Hence. a one Dercent gain in compressor eff lc~encv 

produces a 2 percent aaln In load-shaft output I t  IS extremely Important that the 

compressor bladlng be kept clean and malntalned In good physlcal condl t~on so that 

maxlmum overall efflclency and capacity can be malntalned at all tlmes 

A key requirement of axlal compressor deslgn IS the avoidance of compressor 

surge durlng partlal speed operation Surge occurs as a result of repeated reversals of 

f l ow durlng startup and shutdown operation If uncontrolled, surge can wreck the 

rotatlng components of a compressor in a short perlod of tlme Surge IS prevented by 

reduclng alrflow through the compressor durlng startup and shutdown by uslng 

modulating inlet guide vanes and Interstage bleed valves These components are 

controlled automatically by the turblne control system 

Another compressor deslgn conslderatlon IS the goal of lncreaslng the pressure 

ratlo lncreaslng the pressure ratio allows for an Increase In the thermal efflclency of 

the gas turblne cycle Pressure ratlo Increases are achleved by addlng compressor 

stages, lmprovlng the aerodynamic deslgn of the rotatlng and stationary blades, 

reduclng the blade t ip clearances, lncreaslng rotat~onal speeds, Inlet alr coollng, and by 

lntercoollng Wl th  lncreaslng pressure rat~os, the temperature of the compressed alr 

leavlng the last stage of the compressor also Increases The last stage temperature IS 

approximately 550°F for a compresslon ratlo of 1 4  1 Thls means that hlgher 
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temperature reslstlng alloys are used In the last compressor stages to ensure a 30 year 

deslgn llfe at base load 

Hlgher gas turblne output requires an Increase In alr mass f low Thls Increase 

In air mass f low results In larger compressor blade dlmenslons and loads Therefore, 

stronger materials are selected for these blades and the bladlng IS deslgned to 

withstand the hlgher stresses generated by the Increased alrflow 

Durlng partlal load operatlon In comblned cycle conflguratlon, gas turblne 

exhaust temperature decreases as a result of decreased fuel consumption The lower 

exhaust temperature results In a decreased steam temperature generated In the HRSG, 

consequently leadlng to  a drop In steam cycle eff~clency Varlable Inlet gu~de vanes are 

provlded In the compressor to control compressor Inlet alr flow durlng partla1 load 

operation t o  malntaln gas turblne exhaust temperature and consequently maln steam 

temperature close t o  the deslgn value 

Combustion Svstem 

The combust~on zone of a gas turblne IS the space requrred for the actual burnlng 

of the fuel and ~ t s  subsequent dllutlon by secondary alr to reduce the flame 

temperatures down to  usable values These actlons normally occur In a group of 

combust~on chambers whlch may be lnslde the machlne envelope or may be externally 

contamed In "pods" or "silos" 

The combust~on zone generally comprises an outer caslng, an Inner caslng (or 

Ilner) and the necessary alr and gas passages A s ~ m p l ~ f ~ g d  version of a typlcal 

combust~on system IS shown In Flgure 6-5 As IS shown In the flgure, combust~on 

takes place lnslde the Inner caslng The walls of the caslng are cooled by air streams 

whlch flow through louvers punched In the wall materlal These airstreams flow close 

to  the walls and prevents the wall materlal overheating 
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OUTER COMBUSilCN L NE3 

Flgure 6-5 Combustlon System Components 

Larger holes In the wall permlt cold air to  penetrate and mix wlth the hot gas 

stream The larger holes reduce the airstream temperature to  the deslred level before 

delivery to  the turblne sectlon 

The amount of air necessary to  cool the h e r  wall and to  dllute the hot gas 

mlxture to rated flrtng temperature IS about four tlmes that requlred for complete fuel 

combustlon The large amount of "excess alr" In the combustor d~scharge makes ~t 

poss~ble to Install after-burners In the turblne exhaust when the exhaust IS supplled to  

a separately flred bo~ler or HRSG 

The actual temperature rise whlch occurs In the combustlon zone (d~scharge 

temperature mlnus Inlet temperature) depends on the we~ght  ratlo of fuel to  air (pounds 

of fuel/pound of alr), the Inlet air temperature, the fuel lower heatlng value and the 

combustlon eff~clency of the system Combustlon efflc~ency IS considered to  be the 

Page 9 



Principles of Combined Cycle Power Plants MODULE 6 

ratlo of actual combustor gas temperature rise to  the theoretical rise that would occur 

by complete burnlng of the fuel Calculations and measurements show thls efflclency 

to vary between 90 and 100 percent Vlsual ev~dence (soot, smoke, carbon deposits) 

would lndrcate a combustlon efflc~ency below 100 percent most of the time The 

lower values of "cornbust~on efflcrency" are usually found durlng startlng and 

low-speed operat~ons 2 /j, i-0, -?zBz~ 
~ / 6 d  d 
The fuel heatlng value causes much confusion when computing heat 

consumptron or thermal effrclency for gas turblnes When any fuel contalnlng hydrogen 

IS burned In alr, a byproduct of combustlon IS water The percentage of water 

generated depends on the amount of hydrogen present In the fuel Slnce all gas turblne 

fuels contaln varying amounts of hydrogen (Ilghter fuels contalnlng more than heavler 

fuels), water In the form of superheated steam IS an unavordable product of the 

combustlon process 

The heat released by the water vapor when coollng down to approxrmately room 

temperature, accounts for the difference between the lower and hlgher heatlng values 

of a fuel Some authorltres label these two values "net" and "gross" heating values 

For calculatrons lnvolvrng gas turb~ne thermal cycles, lower heatlng values are used 

Proposlt~ons and guarantees, on the other hand, generally deal In hlgher heat~ng values 

Therefore, ~t IS Important to  speclfy whlch heatlng value 1s berng used when deallng 

w ~ t h  fuels 

Unllke a reclprocatlng englne whose combustlon occurs essentially at constant 

volume, gas turblne combustlon takes place at constant pressure For a constant air 

flow to  a combustlon chamber, the pressure In the chamber IS dependent on the total 

flow and temperature of gas delivered to the turblne flrst-stage nozzle Wlth Increased 

fuel flow, the frnal temperature and total flow (constant air and Increased fuel) 

Increases The pressure therefore Increases and forces the nozzle to pass addltronal 

flow For full-speed operatlon, thls pressure Increase amounts to  about 15 percent of 
I 

the no-load presdure when carrying maximum load 

Combust~on systems are requlred to operate at hlgh temperatures and over a 

wrde range of fuel flows from startup to full load operation The combustlon systems 

must be capable of malntalnrng emlsslons, exit temperatures, and mlnlmlze the 

pressure drop between the compressor and turblne F~gure 6-6 represents a common 

type of gas turblne combustlon system In thrs system, multlple combustlon cans are 
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Combustlon systems are requlred t o  operate at hlgh temperatures and over a 

/ wlde range of fuel flows from startup to  full load operation The combustlon systems I 
( must be capable of malntalnlng emlsslons, exlt temperatures, and mlnlmlze the I 

pressure drop between the compressor and turblne Flgure 6-6 represents a common ) 
type of gas turblne combustlon s y s ~ m u l t ~ p l e  combust~on/cans are - I 

placed c~rcumterent~ally around the compressor discharge In a "can annular" 

arrangement Each "can" may have a slngle or mult~ple fuel nozzles Spark plugs for 

lnltlatlng combustlon, and flame scanners to establish the presence of flame are 

Installed In the combustlon zone 

F~gure 6-6 Combustlon System Arrangement 
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A large number of gas turblnes make use of water or steam lnjectlon In the 

combustlon zone t o  rnlnlmlze nltrogen ox~de (NO,) production If excessive amounts 

of water or steam are ~njected, ~t 1s posslble to "flame out" "Flame out" refers to  

extlngulshlng the flame Add~t~onally, excesslve water or steam lnjectlon may cause 

dynamlc pulsatrons In the combustlon zone These pulsations can lead to early fallure 

of hot gas components and Increased malntenance costs The steam Injected lnto the 

combustlon zone has a hlgher heat transfer coeff~clent than the combustlon gas 

Therefore, hot section metal temperatures wlth steam lnjectlon are hlgher than 

wlthout steam Injection When steam lnjectlon 1s employed, alloys are used for the 

gas-s~de components to wrthstand the hrgher temperatures 

The turblne sectlon of a gas turblne converts part of the thermal energy 

contalned In the hot gas lnto mechanlcal energy Sufflcrent mechanlcal energy must 

be removed from the gas stream to  supply the power necessary to  d r~ve the maln 

compressor, the unlt auxlllar~es, provlde for bearing frlctlonal losses, and have enough 

excess power to  drlve a generator or some other type of maln load apparatus 

The hot gas from combustlon 1s delivered to  the turblne sectlon from the 

combustlon chambers The temperature and flow of the hot gas 1s determined by load 

The gas temperature may range from 1500°F to  2350°F, depending on the 

deslgn Whlle flowrng through the turblne nozzles and buckets, the gas loses both heat 

and pressure Flnally, the gas IS discharged from the flnal stage at exhaust stack 

pressure and temperature Whrle passing through the stages, the gas has grven up 

enough energy t o  turn the turbrne rotor to  provlde the necessary mechanlcal power 

The exhaust gas 1s movlng at a hlgh axlal speed when leaving the final turblne 

stage A dlffuser passage 1s usually des~gned Into the exhaust hood structure t o  slow 

the gas stream down t o  exhaust duct veloclty Reduclng the velocity of the exhaust 

gas has the same effect of reducrng turblne back pressure Reduclng gas veloclty 

Increases turblne pressure ratlo and power 
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The prlmary factor that has contributed to  lncreaslng turblne output In the last 

t w o  decades has been an Increase in turblne Inlet temperature (flrlng temperature) 

These hlgher temperatures are made posslble by Improved bucket and nozzle deslgns, 

better materials, and Improvements In cooling techniques 

The degree of coollng requlred for a turblne stage IS a funct~on of turblne nozzle 

and bucket metal temperatures These temperatures are determined by the energy 

recovered per stage In the turb~ne Turblnes wlth hlgh energy recovery per stage have 

less stages for the same output than turb~nes with lower energy recovery per stage 

Therefore In turblne deslgns wlth hlgher energy recovery per stage, the average turblne 

bucket temperatures run slgnlflcantly cooler than turbrnes wrth lower energy recovery 

per stage Consequently hlgh energy recovery per stage machlnes requlre less coollng 

alr than low energy recovery per stage machlnes Conversely, ~f the same amount of 

coollng air IS extracted In a hlgh energy recovery per stage turblne as In a low energy 

recovery per stage turblne, the result IS reduced turblne blade metal temperatures 

resulting In longer blade llfe Flgure 6-7 shows a typlcal coollng alr f low dlagram for 

a GE gas turblne 

Internal coollng passages transport the gas from the compressor t o  the turb~ne 

nozzles, blades, and wheelspaces The nozzles and blades are cooled by alr flowlng 

through metering holes In these components The hlgh pressure drop across the 

meterlng holes ensures efflc~ent coollng of these components 

To keep hot gas from leavlng the main gas stream and flowlng Into the turblne 

dlsc spaces (wheelspaces), air IS bled from the compressor and p~ped Into the 

wheelspaces near the turblne shaft Alr from the compressor IS relatively cool air that 

f lows outward across the wheel dlscs and Into the gas stream The hot gas IS 

prevented from enterlng the wheelspaces, and the wheels are cooled to  safe operating 

temperatures 
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I I1 
7 GSA-SOV-2 

I 
COIIPRESSOR 

II 
BLECO LINE 

C- - 
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Flgure 6-7 G E Gas Turb~ne Cool~ng Air Flow 
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Extraction alr f low from the compressor for cooling can have a dramat~c effect @ on the ef f~c~ency and power output of a gas turblne Greater extractron arr flows 

reduce the mass of gas flowing through the turbrne Slnce turbine developed power 

is directly proportional t o  mass flow, and turblne power is roughly three times shaft 

ouQut power therefore, a one aercent Increase rn extractlon flow results in a 3 percent 

decrease in useful output Increased extract~on flow will dilute the maln gas stream 

f low The dllution of main gas stream flow lowers its temperature and energy level 

The result of a lower temperature and energy level is that final exhaust temperature IS 

reduced 

Turbine blades are designed to  mlnlmlze v~bration during operation, seal and 

insulate the turbine wheels from the hot gas, and withstand the corrosive nature of the 

hot gas These requirements are addressed by prov~ding long blade shanks and seals 

for insulating the wheels, t ~ p  shrouds for v~bration damping, and using high alloys and 

coatings for high temperature corrosion resistance 

6 1 3 Classificat~on of Gas Turblnes 

Gas turbines may be classified as either aeroderivative or heavy duty industrial 

machlnes The prlmary d~fference IS rn the design phrlosophy adopted for each of these 

machines A brief discussion on each type of gas turbine follows 

As their name implies, aeroderivative gas turbine designs are based on aircraft 

propulsion gas turbines, F~gure 6-8 Aeroderivatives machines comblne high 

temperature technology and high pressure ratlos with advanced metallurgy to  ach~eve 

high simple-cycle efficiencies S~mple-cycle efficienc~es up to 42% have been 

demonstrated in some newer designs 

Aeroderivative gas turbines marntain as much commonal~ty w ~ t h  the flight engine 

as poss~ble for economy The result IS a more effective approach to  on-site 

maintenance, and preventive and correctwe actrons The actions Include part~al 
disassembly of the engine and replacement of components including blades, vanes and 

bearrngs 
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GAS TURBINE ENGINE STATION NOTATION 

GAS GENERATOR SECTION - I---- - FREE TURBINE SECTION --------- 

NOSE 
CONE 

STATOR STAGE 

F~gure 6-8 Aeroder~vat~ve Gas Turb~nes 
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The aeroderivative gas turbine evolves from the a~rcraf t  englne where reduced @ unit size and weight are extremely cr~t ical Rotor speeds (between 3,000 and 16,500 

rpm) and casing pressures (20  t o  3 0  atmospheres) for aeroderivative engines appear 

high when compared w i th  other types of gas turblnes However, the choice of the 

materials used in the alrcraft engine offer high strength capab~lit~es, and the resulting 

stress margins are equivalent t o  those of other types of gas turbines For example, the 

alrcraft engine casing material, cast lnconel 71 8, has a y~e ld  strength 

(64g°C), whlle cast iron commonly used in other types of  gas 

turbine casings has a yield strength of 40 ksi at 650°F 
\ 
P 

The aeroderivative design uses l ow  weight rotors An  example IS the GE LM 
5 0 0 0  high pressure rotor that welghs 1,230 Ibs (558 kg) Consequently, this rotor 

design uses roller bearings Roller bear~ngs do not  requlre large lubricat~ng oil 

reservoirs, coolers, pumps, or a pre- and post-lubr~cating cycle Roller bearings are 

rugged and have demonstrated good characteristics in industrial service t o  where most 

bearings are expected t o  prov~de reliable service for over 100,000 hours In practice, 

bearing replacement IS prudent when exposed during major repairs Generally, the 

bearing replacement should occur at 50,000 hours for gas generators and 100,000 

hours for power turblnes 

The aeroder~vative design's high efficiency makes ~t a good choice for simple 

cycle power generation The same IS true for cycllc applications such as peaking 

power, which t o  some extent, parallels what an aircraft engine would see in flight 

operation With start times in the one-to-three-minute range, the aeroderivative is ideal 

for emergency power applications of any sort The inherent l ow  rotor inertias and 

variety of  alr or gas pneumatic and hydraulic starting options available for 

aeroderivative gas turb~nes have simplified the black start capabil~ty of  these mach~nes 

"Black start" is the ability t o  bring a "cold iron" machine on-line when a source of  

outside electrical power IS unavailable 

Natural gas and distrllate 011 are the most frequently utilized fuels Gaseous fuels 

w i th  heating values as l ow  as 3 0 0  Btullb are suitable for the aeroderivative deslgn 

Fuels such as gaseous propane and butane are equally sultable 

Aeroderivative gas turbines however require more frequent maintenance in view 
o f  their higher compression ratios and f i r ~ng  temperatures Typically, complete hot 
sections of  aeroderlvative gas turb~nes or the gas turbines themselves are pulled out 
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and sent t o  a vendor's service facrllty for overhaul, and a spare sect~on or turblne IS 

~nstalled In ~ t s  place t o  Increase avallablllty 

Aeroderlvatlve gas turblnes are also employed In the STlG (steam Injected gas 

turblne) cycle The STlG cycle allows for slgnlflcant amounts of steam lnjectlon at 

varlous polnts In the gas turb~ne for enhanced power output (up t o  25% more than 

s~mple cycle output) and Increased efflclency However, at the hlgher steam rnjectlon 

rates, carbon rnonox~de (CO) emissions tend t o  Increase In ample cycle operation, 

aeroderlvative gas turblnes have a relatively low exhaust temperature The low 

exhaust temperature l ~ m ~ t s  thelr appllcatlon In an unflred combined cycle power plant 

Heavv Duty Industrlal 

Heavy duty industrial gas turblnes are characterized by thelr robust deslgn and 

construction that allows for a long llfe at base load operating condltlons, F~gure 6-9 

These gas turblnes are deslgned t o  operate In elther slmple cycle or comblned cycle 

appllcatlons wl th  a variety of 11qu1d and gas fuels 

F~gure 6-9 Heavy Duty Gas Turblne with a Hydrogen Cooled Generator 
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Heavy duty gas turblnes are presently available In a range of slzes from a varlety @ of manufacturers Unlt outputs range from 20 MW t o  226 MW In slmple cycle 

operat~on Heavy duty gas turblnes have been deslgned for hlgh rellablllty and 

avallabll~ty Hlgher rellablllty and avallabll~ty are achleved by Improving the component 

and system design, and by provldlng redundant components 

Heavy duty lndustrlal gas turblnes have an advantage of relatively hlgh slmple 

cycle efflclencles (35% to  38%) wlth hlgh exhaust temperatures High turb~ne exhaust 

temperature IS Ideal for comb~ned cycle operations, thereby allowing overall efflciencles 

In excess of 55%, based on the lower heatlng value of the fuel 

Recent developments In combust~on systems for heavy duty lndustrlal gas 

turblnes have reduced NO, emlsslons at the turblne exhausts These low emlsslons can 

be achleved wlthout steam or water lnjectlon or downstream treatment systems 

6 1 4 Un~que Character~st~cs of Gas Turb~nes 

Gas turblnes Inherently possess many attributes that make them sultable for 

certaln types of power generatlon appllcatlons These Include fast start~ng capab~l~ty, 

hlgh degree of automation, hlgh rellablllty, hlgh speclflc power output, and low 

environmental Impact Each of these factors 1s discussed in more detail below 

Fast Startlng 

An attractwe feature of gas turblnes IS the short tlme requlred to start up from 

cold condltlons and reach rated load operation Large, heavy duty lndustr~al gas 

turb~nes are typlcally capable of startlng and reachlng rated load In under twenty 

mlnutes In turblnes wlth fast starting and loadlng capabllltles (typlcally used for black 

start or peaklng appllcatlons), the tlme t o  reach rated load can be reduced to  under 

flfteen minutes 

In addltlon to  belng capable of fast starts, gas turblnes are Inherently sultable for 

multlple starts over short perlods of time Gas turb~nes are therefore better sulted than 

conventional steam plants for peaklng and cycling servlce Wlth the Improvement In 

gas turblne efflclency, thelr role In base load power generatlon has also Increased 

slgnlflcantly over the last ten years 
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Hlah Degree of Control and Automat~on/M~nrmal Monltorlnq 

Present day gas turblnes Incorporate a hlgh degree of automation and 

control/mon~tor~ng capabllltles that make them qulte slmple to operate Gas turblne 

control systems are based on dlgltal components and technlques that allow flexlbll~ty 

and hlgh rellablllty The capabllltles of the controls Include automatic startup, 

synchronlzlng and loadlng to rated load, complete monltorlng, and protection of the gas 

turblne from unsafe operating condltlons 

Hlgh control system rellablllty IS achleved by redundant control sensors, 

controllers, and flnal control elements (I e , temperature and flow control valves etc ) 

Continuous monltorlng IS provlded on graphlc computer screens and the operators 

Interface wlth the gas turblne IS through keyboards or other dev~ces The computer 

based systems employ bullt-~n d~agnostlcs and troubleshoot~ng routlnes that analyze 

and correct operatlon and control problems The use of redundant components allows 

on-llne replacement of boards and sensors that are physically accessible during 

operatlon All of these features contribute to the Increase In automation and mrnlmlze 

the need for operator lnteractlon for normal turb~ne operatlon 

Hlah Dearee of Rellab~lltv and Ava~labllrtv 

As mentioned In a preceding section, the average heavy duty gas turbine 

avallabillty has Improved from 77% to 92% In the last twenty years Some deslgns 

achleve as high as 97% avallabillty Thls Improvement In ava~labllrty has been the 

result of using advanced materials, advanced analytical technlques, increased emphasls 

on Incremental technological changes, and stress~ng deslgn changes necessary to 

correct fleld problems and Improve rellablllty 

In a recent effort to Improve reltablllty of a new gas turblne package, a leadlng 

manufacturer set a rel~ablllty of 98% and a Mean Tlme Between Fallures (MTBF) of 

3000 hours as goals These goals were achleved by an analysls of the total systems 

and components wlth the objective of ldentlfylng problem components and systems 

Once these were ldentlf~ed, the goal of Increasing relrabrllty was achleved by elther 

ellrnrnatlng the component, redeslgnlng In the component, or by provldlng redundant 

components 
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Rellabll~ty of a componentlsystem also depends to  a great extent on ~ t s  

malnta~nabllry The key to  malntalnab~l~ty IS access~b~l~ty ,  spec~ally whlle the gas 

turblne 1s operating Access~blllty 1s dlrectly related to  layout and congestion of plant 

components Congestion can be reduced, and access~b~ l~ ty  Improved, by using 

dedicated sklds for separate systems Other examples of improvements In 

malntalnablllty are 

* use of  electr~c motor drlves as opposed t o  gas turblne shaft drlven 

accessories 

adequate spaclng between components t o  el~mlnate the need t o  remove 

other components for access t o  the affected component 

or lent~ng components such as 011 fllters vertlcally t o  avold 011 leakslsp~lls 

whlle changrng fllter elements 

prov~dlng duplex fllter elements for on-l~ne changeover 

vertlcally or~entlng heat exchangers for bundle changeout w ~ t h  a stra~ght pull 

w l th  a crane 

0 
Hluh Speclflc Power Output 

Another advantage of gas turblnes IS thew h ~ g h  speclflc power output Spec~ f~c  

power output 1s deflned as MWlpound of air flowlsecond The main factors that 

determ~ne speclflc power output are compresslon ratlo and turblne Inlet temperature 

(flrlng temperature) The plant conflguratlon (s~mple cycle versus comblned cycle) also 

determines speclflc power output For example, a particular gas turblne may have a 

spec~ f~c  power output of 0 173 MWIlblsec at a compresslon ratlo of 16 In the slmple 

cycle mode Wl th  the same compresslon ratlo but In a comblned cycle mode the 

s p e c ~ f ~ c  power output would Increase t o  0 233 MWIlblsec, an Increase of 

approximately 35% 

The gas turblne ach~eves a hlgh s p e c ~ f ~ c  power output due t o  ~ t s  small slze and 

welght of the components Thls 1s ev~dent by comparing the relatlve slzes of gas 

turblne and steam turblne caslngs, rotors and valves for machlnes of comparable 

output 
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Low Env~ronmental Impact 

Gas turbines are significantly less threatening to the environment than other 

forms of power generation for several reasons including 

Smaller size for the same power generation from other fossil plants 

Reduced cool~ng water and makeup water requirement for the same power 

generation compared w ~ t h  other foss~l units 

Reduced NO,, CO or SO, emlsslon for the same amount of power generation 

from other fossil plants 

Elrmination of thermal, chemical and hazardous waste discharges due to zero 

discharge facility designs 

These factors provide the environmental justification for building and operating 

gas turbine/combined cycle power plants 

6 1 5 Advanced Gas Turbine Designs 

As the demand for generating efficient electric power continues to  grow, gas 

turbine manufacturers attempt to  capture a greater portion of the market by 

development and application of more advanced gas turb~nes The justification for 

buildrng more efficient machines is to not only exceed the performance of the 

conventional Rankine cycle plants, but to also overcome competition from other forms 

of power generation Another factor driving these efforts IS competition between the 

different gas turbine manufacturers 

There are several design characteristics that major manufacturers are adapting 

or including rn their next generation of advanced gas turbines The most ~mportant 

characteristics are drscussed below 

Use of Arrcraft Enaine Technolosy 

By adapting aircraft technology, industrial gas turbine manufacturers ensure 

a maximum return on their research and development investment IS made by 

transporting the advanced concepts to  power generation applications Heavy 
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duty ~ndustr~al gas turblne designers are maklng Increased use of the 

breakthroughs achleved by the alrcraft Industry In h~gh  temperature coatings and 

materials, blade and nozzle deslgn and coollng techniques, manufacturing 

processes, and modular~ty In assembly and construction to Increase the 

performance of lndustrlal gas turblnes These practices are expected to result 

In Increased turblne flrlng temperature capablllty, Improved compressor and 

turblne eff~clency, and longer llfe of hot gas path components 

Capabll~ty for Base Load Comblned Cycle Operatlon wlth Emergencv Fast 

Loadlncj Capabllltv 

In a large number of appl~cat~ons, gas turblnes may be used In comblned 

cycle conflguratlons but In a cycl~ng mode Thls may lnvolve as many as 200 

starts per year, and the need to reach rated load In the shortest perlod of tlme 

Thls capabll~ty w ~ l l  be ensured by deslgnlng hot gas path components for not 

only long llfe but also for low cycle fatlgue as occurs In a cycl~ng operating 

mode Gas turblnes and associated comb~ned cycle system deslgns are currently 

evolvlng to support these requlrements of system planners and operators 

Hlcjh Efflc~encv In S~mple Cycle and Comblned Cycle Modes of Operatlon 

In order to be justlflable In an lncreaslngly competltlve marketplace, gas 

turb~nes will be requ~red to have hlgher efflclencles as compared to other forms 

of power generat~on Th~s IS specially true slnce gas turblnes presently use 

premlum fuels (gas or dlstlllate 011) whlch have an adverse effect on the 

economics of a power generatlon faclllty Gas turblnes are also belng developed 

to utlllze cheaper fuels such as pulverized coal and low BTU gas competltlvely 

and efflclently to ensure them leadership In case the price of premlum fuels 

escalates slgnlflcantly 
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Enhanced Relrabllrtv and Low Maintenance Costs 

As prevrously mentroned, rellabillty and malnta~nabrllty are key cons~deratlons 

In the llfe cycle analysis for a gas turblne Wlth lmprovlng marntarnablllty and 

rellabllrty, advanced gas turbines are increasrngly becoming the cholce of 

developers and owners as the prime movers for thelr electrlc generating needs 

Fiex~b~lrtv to Accommodate Varlous Combustion System Applrcatlon 

Reaulrements 

In addltron to the capablllty of burnlng llquld and natural gas fuels, advanced 

gas turbrnes are belng deslgned to be Integrated ~ n t o  coal gaslflcation plants 

The degree of lntegrat~on In future plants will contlnue to Increase the overall 

efflclency 

Examples of a hlgh degree of Integration between the gas turblne and coal 

gasrflcatlon plant Include 

Supplying alr from the gas turbrne compressor for the air separation plant 

Low temperature heat recovery from the gaslfler for steam generation or 

water heatlng 

Use of syn gas senslble heat 

Resldual coke combustlon in a fluldrzed-bed gasrfler 

Low Emlsslons 

Advanced gas turbrnes are belng deslgned wlth the capabrllty of reduclng 

NO, emissrons Into the srngle dlglt ppm range uslng staged combustlon 

techniques These techniques do not require the injection of a dlluent into the 

combust~on zone or the use of a downstream catalyst to convert the NO, 

present In the combustron gas In the future, manufacturers will supply gas 

turbrnes capable of operating with low emlsslons over a wider load range and 

using different types of fuels These capabll~tles are presently llmlted to natural 

gas and to operat~on between 50% and 100% of rated load 
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6 2 Gas Turb~ne M a ~ n  Components 

6 2 1 General Descript~on 

The design of gas turbines has successfully evolved to  a polnt where they are 

prepackaged, self-contalned systems capable of stand alone operation In the orlginal 

configuration, a simple cycle combustion turbine is used to  convert fuel to electrical 

power Llquid or gas fuel IS supplled to  the gas turbine through below grade piplng 

A general plant arrangement of a simple cycle plant is shown in F~gure 6-10 A typical 

gas turbine assembly contains five major sections air inlet, compressor, combustion 

system, turbine, and exhaust These sections are descrlbed in detail later in thls 

chapter In order to  ensure safe and reliable operation under all operating conditions, 

several auxiliary and support systems are also provlded with the gas turbine These 

systems are also descrlbed in detail in a later sectlon The gas turbine described in thls 

section has a can-annular combustion section 

The flowpath through the gas turblne starts at the air inlet The air flows 

Y --- rkmugb the compressor combustion section, turbine, and finally t o L h e  turbine 

exhaust When the turbine starting system is actuated and the starting clutch IS 

engaged, ambient air IS drawn through the air inlet plenum assembly, filtered and 

compressed in the multi stage axial flow compressor During startup, for compressor 

pulsation (surge) protection, compressor bleed valves are opened and the variable inlet 

guide vanes are in the closed (partially open) position When the high speed relay 

actuates (at approximately 90% of turbine rated speed), the bleed valves begin 

operation automatically, and the variable inlet guide vane actuator energizes to posttion 

the inlet guide vanes for normal turbine operation Compressed air from the 
compressor discharge flows into the annular space surrounding the combustion 

chambers The air then flows from the chamber into the spaces between the outer 

combustion casings and the combustion liners The air enters the combustion zone 

through metering holes in each of the combustion liners 
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LIQUID FUEL FORWARDING SKID 

WATER WASH SKID 

INLET FILTER HOUSE 

AS TURBINE ENCLOSURE 

VENTFANENCLOSURE 

COOLING AIR MODULE 

WATER COOLING MODULE 

WATER INJECnON 
CESSORY MODULE 

Flgure 6-10 Typ~cai S~mple Cycle Gas Turblne Plant 
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Fuel is provided by flow lines, each termrnating at the fuel nozzles in the end @ plates of separate combustron chambers Liquid fuel flow IS controlled before being 

distrrbuted to each nozzle to provide an equal flow into the nozzle flow lrnes On gas 

fueled machines, the fuel nozzles themselves are metering orrfices that provide the 

proper fuel flow into the combust~on chambers The nozzles rntroduce the fuel Into the 

combustion chambers where rt mixes with the combustion air and is ignited by spark 

plugs At  the instant when fuel IS rgnited in a combustron chamber, flame is 

propagated through connecting cross-fire tubes to  all other combustron chambers 

Combustion chamber pressure causes the spark plugs to  retract removing the 

electrodes from the hot flame zone, as the speed of the turbine Increases 

The hot gases from the combust~on chambers flow into separate transition 

pieces attached t o  the aft end of the combustion chamber lrners The combustron 

gases then f low Into the three stage turbine section Each stage consists of a row of 

flxed nozzles and a row of turbrne blades In each nozzle row, the kinet~c energy of the 

jet IS increased, with an associated pressure drop The pressure drop IS absorbed as 

useful work by the turbine blades, resulting in shaft rotation The shaft rotation IS used 

to  turn the generator rotor to  generate electrical power After passing through the third 

stage buckets, the gases are directed into the exhaust diffuser The gases pass into 

the exhaust plenum and are introduced to the HRSG through the connecting ductwork, 

or discharged to  atmosphere ~f the turbine IS used in a simple cycle arrangement 

6 2 2 Air Inlet Equ~pment 

Gas turbines are sensit~ve to inlet air quality because of the inherent design and 

the enormous amount of air consumed Filtration is necessary to provrde protection 

against the effects of contaminated air that may degrade gas turbine performance and 

life through eroslon, corrosion, fouling, and plugging of the coolrng passages 

(Figure 6-1 1) As gas turbine technology advances and firing temperatures are 

increased, the need for effective and reliable filtration has become even greater A 

thrust toward high-efficiency filtration durrng the early 1970's was met wrth concern 

over life of the filter media, maintenance requirements, rapid plugging rn dusty 

environments, etc Air filters currently provlde high efficiency filtration coupled with 

long design lives (20,000 hours) before requiring replacement 
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Flgure 6-1 1 Gas Turblne Inlet Air Fllter 

The Inlet fllter compartments that are now typically supplied by turbine 

manufacturers can be separated lnto two generic types self-cleaning and multl-stage 

Conventional compartments typ~cally use self-cleanlng filter systems wlth treated paper 

media Speclal features are included which allow these high-effic~ency filters to be 

cleaned of accumulated dust by mornentar~ly d~rectlng a backward f low of air through 

the filter (Ftgure 6-12) The h~gh-pressure-pulse cleanlng air can be derived from the 

gas turbine compressor to  Improve the rellability over a separate compressor 
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COMPRESSED 
AIR MANIFOLD 

\ 

AIRFLOW TO HOOD TRANSMON 

SOLENOID BOX 
/ / CLEANING AIR PUISE 

/ / BLOWPIPE 

0 
Thls reverse f low d~slodges the dust whlch then falls from the filter Only a few 

of the many f~ l te r  elements are cleaned at any given tlme, so that air f low to  the 

operat~ng gas turb~ne IS essentially und~sturbed Puls~ng of the fllters IS normally 

inltlated when the Inlet f~ l te r  pressure drop reaches 3 Inches (75 mm) of water The 

ablllty t o  clean the fllters w h ~ l e  the unit IS running has ellmlnated the need for an 

implos~on door, thus removlng a s~gn~f icant  potentla1 leakage path which could allow 

~ n g e s t ~ o n  of dust laden amblent alr t o  f low d~rect ly t o  the gas turb~ne Self-clean~ng 

compartments are des~gned t o  Initiate alarms for elther of t w o  cond~tlons low pressure 

In the pulse alr supply or excessive suctlon (Inlet f~ l te r  pressure drop) In the clean air 

plenum These alarms lndlcate the need for tlmely corrective action Typically, ~f the 

pressure drop reaches a deslgn value (normally around elght Inches of water), a 

controlled shutdown IS lnltlated A large percentage of gas turb~nes durlng the past 

few years have incorporated self-cleaning Inlet f~ l te r  compartments 

Recent developments in a "down f low" deslgn concept have further ~mproved 

the effectiveness of self-cleanlng air filters Thls deslgn introduces the incomlng arr 

"down over" the hor~zontally-mounted cartridges, thus work~ng w ~ t h  grav~ty  t o  carry 

of f  the "pulsed dirt " 
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6 2 3 Compressor 

The function of the gas turbine compressor is to efficrently compress the 

required mass of air and deliver the air to the combustion section at desrgn pressure 

Typical compression ratios range from 1 0  1 to  15 1 for heavy duty industrial gas 

turbrnes and h~gher for aeroderlvative gas turblnes The mass f low of air handled by 

a typical industrial gas turbine compressor ranges from 11 5 pounds per second to 

1,400 pounds per second (41 5,000 to  4,900,000 pounds per hour) 

There are two  kinds of compressors used on gas turbine engines They are the 

centrifugal and the axial f low By the end of World War II, the gas turbine engine 

breakthrough has been made In arrcraft propulsion The Brrtish had developed the 

Whittle engine whrch used a centrifugal compressor A t  the same time, the Germans 

had developed an engine utilrzing an axial flow compressor Srnce that time, the 

science of aerodynamrcs has developed to the point that the efficrency of axial flow 

compressors generally exceed that of centr~fugal As a result, a much greater number 

of gas turbine engines currently employ axral f low compressors 

Asrde from efficiency considerations, size and durabrlity can be important factors 

in compressor suitability The axial flow compressor is smaller in drameter and longer 

for a given output, whlle the centrifugal compressor IS larger in diameter and shorter 

The more streamlined shape of the axial compressor IS better suited for aircraft 

purposes On the other hand, the centrlfugal compressor is a much more rugged unit 

under unfavorable operating conditrons Large aircraft and arrcraft derivative engines 

almost exclusively utrlrze axial f low compressors for efficiency and size reasons For 

more rugged operation, the centrifugal compressor can be found on some industrial 

models 

The Centrrfuaal Compressor 

The centrifugal compressor consists of an impeller enclosed in a casing which 

contains the diffuser Air is drawn into the rapidly rotating impeller at the center, or 

hub It IS then discharged at higher pressure and increased velocrty into the stationary 

diffuser There the air decelerates and thrs kinetrc energy (energy due t o  velocity) 

provides an addrdional pressure rise The pressure rise through centr~fugal impellers is 

great enough that more than t w o  stages are seldom used on gas turbine engines 
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The centrifugal ~mpeller may be s~ngle- or double-entry The double-entry a compressor simply increases flow capab~l~ty necessary for some appllcatons 

The Ax~al  Flow Compressor 

The ax~al flow compressor is so named because the alr flows parallel to  the rotor 

axis Dur~ng compression, the air passes through a series of stages Each stage 

consists of a row of moving blades attached to  the rotor followed by a row of 

statronary blades attached to the caslng In contrast to the centrlfugal compressor, as 

many as 15 stages may be necessary to  ach~eve the desired operat~ng pressure In an 

ax~al f low compressor As In the centr~fugal compressor, part of the krnet~c energy 

Imparted t o  the alr by the moving blades IS recovered as a pressure rise through the 

statlonary blades The stator also serves to  direct the f low Into the next rotor stage 

at an optlmum angle The air passage becomes narrower through the compressor 

T h ~ s  IS necessary t o  maintaln veloc~ty as the alr becomes denser (compressed) 

The typ~cal axial flow compressor sectron cons~sts of the compressor rotor and 

the compressor casing Generally, w ~ t h ~ n  the compressor caslng at least one row of 

variable Inlet gu~de vanes IS provided, plus a number of stages of rotor and stator 

blading, and the exlt guide vanes, F~gure 6-13 

In the compressor, alr IS conf~ned In the space between the rotor and stator 

where ~t IS compressed In stages by a serles of alternate rotating (rotor) and statlonary 

(stator) a ~ r f o ~ l  shaped blades The clearance between the tip of the compressor blades 

and the ~ n s ~ d e  of the caslng influences the performance of the compressor The rotor 
blades prov~de the force needed to  compress the air In each stage and the stator blades 

gu~de the air so that the alr enters the fol low~ng rotor stage at the proper angle The 
compressed air exits through the compressor d~scharge caslng to  the combustron 

chambers Air IS extracted from the compressor for turbine cool~ng, bearing seal~ng, 

and for pulsat~on control dur~ng startup 
- 
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r-- AIR INLET S E C T I O N - -  -T-TCOMPRESSOR SECTIO+- TURBlNL SECTION- r 

Figure 6-1 3 Gas Turbine Compressor 

In a typlcal heavy duty gas turbine, the casing area of  the compressor sect~on 

IS composed of  the following 

Inlet Caslng 

Compressor Casrng 

Compressor D~scharge Caslng 

These caslngs, together with the turbine shell, form the main structure of the 

gas turblne They support the rotor at the bearlng points and constitute the outer wall 

of the gas-path annulus All of these casings are s p l ~ t  horizontally to  facilitate 

servlclng 
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The following compressor description pertalns to an 18 stage ax~al flow 

compressor used In the GE 7001 F gas turblne Prov~sions for extracting air are made 

In stages 5 and 13 The compressor Inlet caslng IS located at the forward end of the 

gas turblne The caslng d~rects the alr un~formly Into the air compressor, and supports 

the No 1 (compressor Inlet end) bearing Var~able Inlet gu~de vanes are located at the 

aft end of the Inlet caslng and are mechanically poslt~oned, by a control ring and plnlon 

gear arrangement connected to a hydraulic actuator drlve and llnkage arm assembly 

The pos~t~on of these vanes has an effect on the quantity of compressor Inlet air flow, 

and is controlled by the gas turblne control system 

The compressor Inlet bell mouth IS poslt~oned on to the outer bellmouth by nlne 

a~r-fo~l shaped rad~al struts These struts are cast into the bellmouth walls The struts 

also transfer the structural loads from the adjolnlng caslng to the forward support, 

whlch IS bolted and doweled to the Inlet caslng 

The compressor caslng conslsts of a forward and an aft sectlon The forward 

caslng conslsts of the stator components for stages 0 (flrst stage) through 4 The 

e caslng IS equ~pped w ~ t h  two Integrally cast trunnions, used for llftlng the gas turblne 

when separated from the base The aft compressor caslng contains the stator 

components for stages 5 through 12 Extract~on polnts penetrate the aft compressor 

caslng to extract alr for coollng and seallng, and for use In controlling compressor 

pulsation durlng gas turblne startup and shutdown 

The compressor d~scharge caslng contams the stator components for stages 13 

through 17 In add~t~on to houslng the flnal compressor stages, the d~scharge caslng 

forms both the Inner and outer walls of the compressor dlffuser, and jolns the 

compressor and turblne casings The d~scharge caslng also prov~des support for the 

combust~on chambers 

The d~scharge caslng conslsts of two cyllnders The outer cyllnder IS a 

cont~nuatlon of the aft compressor casing The Inner cyllnder surrounds the 

compressor rotor The two  cyllnders are concentr~cally posit~oned by fourteen rad~al 

struts The tapered annulus between the cyllnders forms the compressor dlffuser The 
compressor d~ffuser converts some of the alr's veloclty energy Into pressure energy for 

use as combust~on air 
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The compressor rotor and stator blades are alrfoll shaped and des~gned to 

compress the air efflclently at h ~ g h  blade tip veloc~t~es The blades are attached to the 

compressor by a dovetall arrangement The dovetall arrangement marntalns each blade 

In the deslred locatron on the wheel The length of the turbrne-compressor rotor 

requires only t w o  bearlngs for support The shorter length rotor has el~mlnated the 

need for a thlrd bearlng at mid-span, whlch was a source of 011 leaks and f~res In earher 

gas turbrne designs 

Surge control of the compressor IS accomplished through var~able Inlet gu~de 

vanes (VIGV) and selective bleed at the 1 3th stage When the unlt IS started, the 

VIGVs are at therr mlnlmum setting The vanes are opened by the turb~ne control 

system based on turbrne speed as the unrt accelerates At  100 percent speed, the 

VlGVs are fully open for ample-cycle operation, for comblned cycle appllcat~ons, the 

VlGVs are at an ~ntermed~ate posltron and open as a funct~on of load and exhaust 

temperature to  ma~ntain maxlmum comblned cycle thermal efflcrency The 1 3th stage 

bleed valves are open when the gas turblne IS shutdown Durlng startup, the 13th 

stage bleed valves remaln open up to  90% rated speed to prov~de pulsat~on (surge) 

protection At  90% rated speed, the 13th stage bleed valves are closed by the gas 

turbrne control system 

H~gher-strength alloys are belng lncreaslngly appl~ed In order to  accommodate the 

Increased compressor blade stresses Custom 450 (a h ~ g h  chromlum stalnless steel) 

has been selected for the VlGVs and lnlt~al stages In thrs compressor des~gn The 

stalnless steel alloy has superlor corrosion resistance and can be appl~ed w~thout  

coatlngs In a variety of corrosrve envrronments A h~gher-strength verslon of AlSl403, 

another stalnless steel w ~ t h  Columbium addit~on IS the alloy of cho~ce for the later 

stages of the compressor and exlt gu~de vanes The net result of the appllcatlon of 

these hrgher-strength alloys IS that the applred stress/y~eld strength ratlo remains low 

6 2 4 Combust~on Section 

The combust~on sectlon is the area where the fuel IS Injected In the air 

discharged by the compressor, and h ~ g h  temperature gas IS produced Several 
Important conslderat~ons go Into the desrgn of combust~on systems for gas turblne 

engines Except In some spec~al appllcat~ons, the room available for the burner 

(combustor) IS relatively small and the temperature d~stribut~on of the gases leavlng the 

burner must be as uniform as poss~ble (to prov~de good performance and t o  prevent 
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localized overheating problems) Also, combustion must be continuous and stable 

This can be a difficult requirement since the alr velocity enterlng the burner is often on 

the order of 100 - 200 fttsec (68 - 136 m~lethr or 30 - 60 meterstsec) If the 

combustlon process is not efficient, carbon particles can form These particles can 

wear away or erode turblne blades, decreasing the~r useful l ~ f e  and reducing engine 

eff~ciency Other problems concerning the pressure, temperature, metal fatigue, and 

stresses can be important Even the routing of the air to the burner is more complex 

than one would expect Varlous arrangements of the combustion section are used by 

different manufacturers Among the common arrangements are 

Annular combustion system 

Silo type combustlon system 

Can-Annular combustion system 

The flrst arrangement (annular combustlon system) is common on aeroderlvative 

gas turbine appl~cat~ons, while the second and third arrangements are commonly used 

In heavy duty industrial applications Each of the various arrangements has advantages 

cla~med by thew manufacturers A brief overview of the first two arrangements is given 

below, whlle the thlrd type is covered in more detail 

Annular Combustion Svstem 

This type of combustion chamber is limited to aircraft engines and aeroderivative 

gas turblnes The annular combustlon chamber features a uniform exhaust temperature 

profile and uniform gas d~stribution The combustion chamber has several replaceable 

fuel nozzles located circumferent~ally around the combustlon chamber Thermal barrier 

coatings are typically applied to the inside of the combustion chamber for high 

temperature resistance This type of combustlon system entails replacing the complete 

combustion chamber and fuel nozzles during the combustion lnspectlon 

Silo Type Combustion System 

A silo type combustlon arrangement is shown in F~gures 6-14, and 6-1 5 The 

silo type combustion system has inherent advantages in terms of low NO, generation 

wlth hybr~d burners This combustion arrangement also has a higher combustion 

efficiency due to the large volume of the combustion chamber Additionally, 

maintenance and inspection of the combustion chamber IS relat~vely simple In view of 

t s  large size and accessibil~ty of the components 
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Combustion Chamber Admission Chamber wlth 6 Burners 

Generator 

\ \ \ 
Built Up Rotor with Single flexible 

Fixed Turb~ne Adjustable Compressor Center Tie Bolt and Disk Turbine Support 
Support Inlet Gu~de Vane turbine Hlrth Serration on 3 Rods 

Outer Casing 

F~gure 6-14 Gas Turblne w ~ t h  Sllo Type Combust~on Chamber 

B U L  Nn BURNERS 

rSlvXemC 

6-1 5 Silo Type Combustron Chamber 
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* Each silo type combustion chamber is provided with multiple hybrid burners for 

combustion efficiency and low NO, generation Hybrid type burners have recently been 

introduced to provide low NO, operation over a wide range of loads from approximately 50% 

load up to 100% rated load 

The silo type combustion chamber consists of two concentric cylinders 

Combustion occurs inside the inner chamber which is lined with ceramic t~les Compressor 

d~scharge air flows in the annular space between the two cylinders 

Advantages claimed for the hybrid burner design are 

Pre-mix burning of natural gas without water injection for NO, control 

Pre-mix burning of natural gas with water injection for power augmentation 

0 Diffusion burning of fuel oil at low loads with water injection for NO, control 

D~ffusion burning of natural gas at low loads with water injection for NO, control 

Mixed fuel operation with a minimum of 20% natural gas (diffusion burning 

mode) with water injection for NO, reduction 

Mixed fuel operation with a minimum of 20% fuel oil (diffusion burning mode) 

with water injection for NO, reduction 

Switch-over between premix and diffusion burning of natural gas and fuel 011 

Inspection of this type of combustion chamber is made simple by the fact that a 

bolted, hinged manhole cover is prov~ded for access into the combustion chambers The 

large dimensions of the combustion chambers facilitate entry Into the combustion chambers 

and movement inside Replacement of ceramic t~les can also be accomplished easily once 

the chamber has been entered into 
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Can Annular Combustton Svstem 

The can annular combustron system IS used by several of the heavy duty, 

lndustrra! gas turbrne manufacturers A can annular combustlon sectlon IS shown In 

F~gure 6-16 Thls combustlon system IS the reverse f low type wlth the combust~on 

chambers arranged around the periphery of the compressor discharge caslng 

Combustron chambers are numbered counterclockw~se when vrewed lookrng aft, 

startrng from the top of the machrne The can annular system also rncludes the fuel 

nozzles, a spark plug rgnrtron system, flame detectors, and crossfrre tubes 

F~gure 6-1 6 Cam Annular Combust~on Arrangement 

Hrgh pressure air from the compressor drscharge IS dlrected around the transrtron 

pieces and Into the annular spaces that surround each of the combustlon chamber 

h e r s  The combustlon wrapper forms a plenum through whrch the compressor 

drscharge alr flow IS dlrected to the combustron chambers The combustlon air enters 

the combustron zone through metering holes for fuel combustlon and through openlngs 

rn the cornbust~on h e r  for coollng 
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The secondary purpose of the combustlon wrapper IS to act as a support for the * combust~on chamber assemblies In turn, the combustlon wrapper IS supported by the 

compressor drscharge caslng and the turblne shell Fuel IS supplled to each combustlon 

chamber through a nozzle assembly deslgned to dlsperse and mlx the fuel wlth the 

proper amount of combustlon air 

Advantages of uslng the can-annular arrangement are 

0 Arrangement permlts the entlre turb~ne to be factory assembled, tested, and 

shrpped wlthout lnterlm drsassembly 

Improved control of the turblne Inlet temperature proflle Thls Improved 

control provides for longer turblne llfe wlthout reduclng coollng air flow 

requirements 

Smaller parts can be handled more easlly durlng maintenance 

Smaller transltlon pleces are less susceptible to damage from dynamlc forces 

generated In the combustor 

Smaller combustors generate less NO, because of better mlxlng and shorter 

residence trme 

Can type combustors due to thew smaller slze can be fully tested In the 

laboratory before belng Installed In the field 

The following sectlon describes the major components of a can annular 

combustor system 

Combustion Chambers 

Alr discharged from the axlal flow compressor flows Into each combustlon 

chamber, upstream The air enters the combustlon chamber reactlon zone 

through the fuel nozzle swlrl t ~ p  and through meter~ng holes In both the cap and 

combustor chamber liner The hot combustlon gases from the reactlon zone 

pass Into a dllutlon zone where addltlonal air IS mlxed wlth the combustlon 

gases Meterlng holes In the dllutlon zone allow the correct amount of air to 

enter and cool the gases to the desired temperature Openlngs along the length 

of the combustlon llner and the h e r  cap provlde a fllm of alr for coollng 

Transltron pleces dlrect the hot gases from the lrners to the turblne nozzles 
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Fuel Nozzles 

Each combustlon chamber may be equlpped wlth a angle or multlple fuel 

nozzles that emit a metered quantlty of gas/llquld fuel Gaseous fuel IS admltted 

through metering holes In the nozzle t ~ p  The actlon of the swirl t lp Imparts a 

swlrl to  the combust~on alr resulting In more complete combustlon A typlcal 

dual fuel nozzle IS shown In Flgure 6-17 

The combust~on I~ners, F~gure 6-1 8, use a convent~onal slot-cooled construction 

Thermal barrler coating IS applred to  the Internal surfaces t o  reduce the overall 

temperature and thermal gradients In the h e r  The llner cap 1s cooled wlth a 

comblnatlon of back slde lmplngement and fllm coollng 

Combustion 1s ~nltlated by two  retractable electrode spark plugs At  the time of 

flung, a spark In one or both of these plugs lgnltes the fuelfalr mixture In the 

chamber The remaining chambers are lgnlted by crossfire through the tubes 

that Interconnect the reactlon zones As rotor speed and compressor air flow 

Increase, rising chamber pressure causes the spark plugs to  retract, and remove 

the electrodes from the combustlon zone 

Durrng the startlng sequence, ~t IS essential that an ~ndlcatlon of the presence or 

absence of flame be transmitted to the control system For thls purpose, a flame 

monltorlng system IS used conslstlng of multlple ultra vlolet flame sensors 

Installed on adjacent combustlon chambers and an electronic amplrfler mounted 

In the control panel The ultravlolet flame sensor, F~gure 6-19, contains a gas 

fllled detector The gas wlthln thls detector IS sensltlve to the presence of 

ultravlolet radlatlon whlch IS emltted by a hydrocarbon flame A DC voltage, 

supplled by the ampllfler, 1s Impressed across the detector termrnals If flame 

IS present, the lonlzatlon of the gas In the detector allows conduction In the 

clrcult whrch activates the electronics t o  glve an output lndlcatlng flame 

Conversely, the absence of flame will generate an output lndlcatrng no flame 
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MULTlNOZZLE 

ATOMIZING AIR COVER ASSEMBLY 

\ I LOCKING PLATE 

UQUlD 
FUEL 

I wr FUEL NOZZLE RING 

- 1  
GASKET 

F~gure 6-1 7 Dual Fuel Nozzle 
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CROSSFIE lwc 
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AFT - 

F~gure 6-1 8 Combustton L~ner 
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FUME DETECTOR 

WATER 
NNECTlONS 

/- 
HANDLE TO FACE TOWARD 

FORWARD END OF CHAMBER 

FORWARD FLANGE OUTER ! ! I  
COMBUSTION CASE 1 1 1  

\ I l l  

Figure 6-1 9 Flame Sensor 

6 2 5 Turbine Section 

The turb~ne IS the area In w h ~ c h  energy In the h ~ g h  pressure, h ~ g h  temperature gas 

produced by the compressor and combust~on sect~ons IS converted t o  mechan~cal energy 

Major gas turb~ne manufacturers produce turb~nes hav~ng mult~ple stages, ranglng from two  

to  f ~ v e  or more The number of stages determ~nes the energy recovered per stage and 

consequently the temperature drop per stage More energy recovery per stage and 

temperature drop per stage occur as the number of stages IS reduced As a result, the 

average turb~ne blade metal temperature IS slgnlflcantly lower for a gas turb~ne w ~ t h  few 

stages than those hav~ng a greater number of stages One of the w~dely used gas turb~nes, 

the MS-7001 F gas turb~ne produced by GE IS covered In deta~l In t h ~ s  sectlon The turb~ne 

hardware Includes the turb~ne rotor, turb~ne caslng, exhaust frame, exhaust d~ffuser, nozzles 

and shrouds 
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Turblne Rotor and Coollnq 

The MS7001 F rotor IS of bolted dlsk and shaft constructlon and conslsts of two 

major groups the compressor and the turbrne The compressor rotor has been 

described In a previous sectlon A descrlptlon of the turblne sectlon of the rotor 

follows 

The MS7001 F turblne IS a three-stage deslgn wlth the flrst-stage bucket 

unshrouded and the second- and thlrd-stage buckets equlpped with Integral 2-form t ~ p  

shrouds Thls newly des~gned turblne IS t w o  percent hlgher In efflclency than ~ t s  

predecessor, the MS7001 E turblne Unllke the 7F compressor, the MS7001 F turblne 

represents a totally new aerodynamic deslgn wlth zero exlt swlrl at full load and a 

moderate e x ~ t  velocity 

The turblne buckets are assembled In the wheels w ~ t h  f~r-tree shaped dovetalls 

The dovetalls f ~ t  Into matchlng cutouts In the turbine wheel rlms All three turblne 

stages have precision cast, long shank buckets The long shank bucket deslgn 

effectrvely shlelds the wheel rlms and bucket root fastenrngs from the hlgh 

temperatures In the hot gas path whlle provldlng mechanrcal damplng of blade 

vlbrat~on 

To ard In vlbratron damping, the second and thlrd stage buckets have lnterlocklng 

shrouds at the bucket tlps These shrouds Increase turblne efflclency by mlnlmlzlng t ~ p  

leakage Radlal edges on the bucket shrouds comblne with stepped surfaces on the 

stator to provlde a labyrinth seal agalnst leakage past blade tlps The constructlon of 

the rotor provides rabbetted fits between each component to  ensure preclse and 

permanent alignment 

Each of the three rotor stages conslst of 92 Investment cast buckets as shown 

In F~gure 6-20 The flrst and second stage nozzles are constructed of 24 two-vane, 

investment-cast segments, and the third-stage nozzle of 20 three-vane, 

investment-cast segments The f~ rs t -  and second-stage buckets and all three nozzle 

stages are arr cooled The flrst-stage bucket IS convectlvely cooled through serpentme 

passages w~dh turbulence promoters as shown In F~gure 6-21 Cooling arr leaves the 

bucket through holes In the bucket t ~ p  and along the tralllng edge 
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I COMPR~SSOR m NRBLNE DISTANCE PIECE 
2 1ST STAGE TURBINE ROTOR WEEL 
3 ZNO STAGE TURBINE ROTOR WHEEL 
4 3RD STAGE TURBINE ROTOR WHE EL 
5 STAGE 14 TURBINE ROTORSPACER 
6 STAGE 2 4  TURBINE ROTOR SPACER 
7 THROUGH BOLT ASSEMBLIES 
8 TURBINE ROTOR AFT SHAFT 

----- 

F~gure 6-20 Turblne Rotor 

F~gure 6-21 Flrst Stage Bucket Coollng Passages 
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The second-stage bucket 1s cooled by convective heat transfer through drilled 

radial holes The cooling air exlts through the bucket tip The first-stage nozzle 

contains a forward and aft cavlty In the vane These cavities cool the vane and 

srdewall region by a combination of film, impingement, and convection techniques 

The second-stage nozzle is cooled by a combination of impingement and convection 

techniques The third-stage nozzle is cooled by convection The eff~clent use of 

coollng alr is further enhanced by the reduced vane surface area of the first stage 

nozzle The reduced surface area is a result of their hollow construction 

The buckets of all three stages are deslgned with long shanks and Integral cover 

plates These shanks provlde isolation of the gas path from the wheel rim and for 

mechanical damplng of the bucket stem Mechanical damplng is accomplished uslng 

seal/damping pins located under the platform, and in the cover plate edges 

The flrst- and second-stage stationary shrouds are two plece designs The Inner 

gas-side shroud is separated from the supporting outer shroud to  allow for expansion 

and contraction This two  plece design Improves low cycle fatlgue (LCF) llfe The 

frrst-stage shroud IS cooled by impingement, film, and convective means 

Turbine rotor cooling IS accomplished by a pos~tive flow of compressor extraction 

air, dlscharged rad~ally outward through the space between the turbrne wheels and 

stators (wheelspaces), Into the main gas stream As shown in F~gure 6-21, the 

first-stage forward wheelspace IS cooled by compressor discharge air through a 

labyrinth seal The labyrinth seal IS located between the compressor rotor and Inner 
cylinder of the compressor discharge casing The cool~ng air flow IS d~scharged Into the 
marn gas stream aft of the frrst-stage nozzle The f~rst-stage aft wheelspace is cooled 
by 13th stage extraction air, ported through the 2nd stage nozzle The cool~ng air IS 

returned to  the gas path forward of the 2nd stage nozzle 

The second-stage forward wheelspace is cooled by leakage from the f~rst-stage 

aft wheelspace, through an interstage labyrinth The cooling air returned to  the gas 

path at the entrance of the second-stage buckets The second-stage aft wheelspace 

1s cooled by 13th stage extractlon air, ported through the 3rd stage nozzle The 

cooling air from this wheelspace IS returned to the gas path at the third-stage nozzle 

entrance 
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The third-stage forward wheelspace IS cooled by leakage from the second stage a aft wheelspace, through an interstage labyr~nth The cooling air is returned to  the gas 

path at the third-stage bucket entrance The third-stage aft wheelspace IS supplied 

w i th  cooling air f rom the discharge of the exhaust frame cooling air annulus The 

coollng air f lows through the third-stage af t  wheelspace and into the gas path at the 

entrance t o  the exhaust diffuser 

The MS7001 F stator is of combined cast and fabr~cated construction The inlet 

is grey cast iron, and the compressor caslngs are of ferritlc nodular cast iron while the 

compressor discharge casing, turbine shell, exhaust frame, and combustlon outer 

casings are fabricated of SA5 16 carbon steel 

The three stages of stationary nozzles direct the high-velocity f low of hot 

combustlon gas against the turbine buckets, causing the turbine rotor to  rotate 

Because of the high pressure drop across these nozzles, seals are located at both the 

e inslde and the outside diameters t o  prevent leakage 

F~rst-Staae Nozzle 

The first-stage nozzle receives hot combustion gases from the combustion 

section through transltlon pieces The nozzle segments, each w i th  t w o  partltions or 

air-folls, are contained by a horizontally split retaining ring The retaining ring IS 

supported at the horizontal centerline wi th  lugs The retainlng ring IS gulded by pins 

at the vertical centerline T h ~ s  support arrangement permits rad~al  thermal growth of 

the retainlng ring while keeping the ring centered In the casing 

Second Stage Nozzle 

Combustion air exiting the first stage buckets IS again expanded and red~rected 

against the second stage buckets by the second-stage nozzle The second stage nozzle 

IS made of cast segments, each wi th  t w o  partltions or airfoils The nozzle segments 

are held in a circumferent~al position by radlal pins from the shell Into axial slots in the 

nozzle outer sldewall 
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Third-Staae Nozzle 

The third-stage nozzle receives the hot gas as the gas leaves the second stage 

buckets The nozzle increases the gas velocity, and directs the gas f low against the 

thrrd-stage buckets The nozzle consrsts of cast segments, each with three partitrons 

or arrfoils The nozzle segments are held at the outer sidewall forward and aft sides in 

grooves The third stage nozzle IS positioned by radial pins in the shell 

Diaphraams 

Nozzle diaphragms are attached to the inside diameters of both the second and 

third stage nozzle segments The diaphragms prevent gas leakage past the Inner 

sidewall of the nozzles and the turbine rotor Labyrinth seal teeth are machined into 

the inside diameter of the diaphragms and mate with opposing sealing lands on the 

turbine rotor Minimal radral clearance between stationary components (diaphragm and 

nozzles) and the moving rotor is essential for maintaining low interstage leakage 

Shrouds 

The turbine bucket tips run against annular curved segments called shrouds The 

shrouds provide a cylindrical surface for minimizing bucket tip clearance leakage The 

shrouds also provide a high thermal resistance between the hot gases and the 

comparatively cool turbine casing 

The first and second stage stationary shroud segments are in t w o  pieces, Inner 

and outer The gas-side, inner shroud is separated from the supporting outer shroud 

to  allow for expansion and contraction, thereby improvrng fatigue life 

The shroud segments are maintarned in posrtion by radial prns rn the turbine 

casing Joints between shroud segments are sealed by interconnecting tongues and 

grooves 

6 2 6 Exhaust Sect~on 

The exhaust frame is bolted to  the aft flange of the turbine casing Structurally, 
the frame consists of an outer cylinder and an inner cylinder, interconnected by radial 

struts The No 2 journal bearing is supported from the exhaust frame inner cylinder 
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The exhaust diffuser, located at the aft end of the turblne, IS bolted to the 

exhaust frame Gases exhausted from the third turbine stage enter the diffuser where 

the gas velocity IS reduced and pressure IS increased 

The exhaust frame radial struts cross the exhaust gas stream The struts are 

maintained at a constant temperature to control the center position of the rotor in 

relation to the stator This temperature stabilization IS accomplished by protecting the 

struts from exhaust gases with a metal fairing The metal fairing forms an air space 

around each strut and provides an airfoil shape Blowers provide cooling air flow 

through the space between the struts and the fairing to maintain a uniform 

temperature The cooling air is then directed to the third-stage aft wheelspace 

The gas turb~ne support system consists of four support legs and two g ~ b  blocks 

The forward support legs are fixed, while the aft support legs are pivoted With this 

design, the axial growth of both the rotor and stator is aft from the thrust bearing 

forward support leg system One gib IS integral with the forward compressor casing 

and the other integral with the exhaust frame both are located on the vertical center 

plane of the unit This method of support, together w ~ t h  the integral No 1 bearing and 

the centerline supported No 2 bearing, assures precise internal and external alignment * control under all operating condit~ons 

6 2 7 Bearrngs 

Friction (Slidina) Bearinas 

The majority of bearings In use today are of the sliding frlction type These include 
all bearings, either journal or thrust, that depend on a lubricat~ng film to reduce friction 

between the shaft and the bearing A hydrodynamic 011 film (wedge) IS created by the 

rotation of the shaft As the oil enters the space between the shaft and bearing, the 

oil pressure increases proportionally This pressure Increase lifts the shaft from the 

bearing See Flgure 6-22 

When properly designed and lubricated, frrction bearings develop tapered, 

hydrodynamic oil films wh~ch  have tremendous load carrying capacities In general, 
bearings of thls type are better adapted to supporting heavier loads and shock loads 

than anti-friction bearings 

4 q ? 
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Figure 6-22 Journal Bearing Cross-Section and 011 Pressure Distribution 
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Under hydrodynamlc cond~t~ons, the coefflclent of frlctlon IS usually very low @ However, fluld frlctlon Increases In proportion to  the square of the speed At  hlgh 

speeds, the coefflclent of frlctlon may be considerable When properly designed, 

frlctlon bearlngs can operate at speeds of 25,000 rpm or more Under certaln 

operating cond~t~ons, a hydrodynamlc fllm may not develop and boundary lubrlcatlon 

exlsts Boundary lubrlcatlon results In the coefflc~ent of frlctlon be~ng appreciably 

hlgher 

Because of the Inherent characterlstlcs of the llnlng materials and the flushlng 

actlon of the lubricant, fr~ctlon bearlngs are not overly sensltlve to  contaminants Other 

advantages are that frlctlon bear~ngs are relatively lnexpenslve and operate very quletly 

Runnlng clearance, necessary for proper formation of the 011 fllm, must be 

carefully controlled ~f shaft centers are to  be held wlthln close tolerances Close 

tolerances can be accomplished wlth proper bearlng flnlshes and through proper deslgn 

As noted earher, frlctlon bearings come In two  types and each of these types 

4D 
have sub-types as shown below 

Journal Bearlngs 

- Sol~d sleeve bearlngs 

- Cyllndrlcal bearlngs 

- Pressure bearlngs 

- Elllptlcal bearlngs 

- Axlal groove bearlngs 

- Tlltlng pad bearlngs 

Thrust Bear~ngs 

- Flat land thrust bearlngs 

- Taper land thrust bearlngs 

- Klngsbury thrust bearlngs 

The more common bearlng sub-types used In gas turblne appllcatlons are * descr~bed rn the following text, dlscusslng construction, operation, and use 
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Journal Bearlngs 

A journal bearlng prevents slde-to-s~de movement of the shaft The surface of 

the shaft slrdes over the surface of the bearing A small space between the bearrng 

and the shaft allows lubr~cant t o  separate the surfaces 

Journal bearlng assemblles are often qulte slmple As shown In F~gure 6-22, the 

bearlng 1s made In t w o  halves, sp l~ t  at the horrzontal centerllne T h ~ s  desrgn IS 

obviously the most logrcal and simple method of assembllng the bearlng around the 

journal The s p l ~ t  halves are usually bolted and doweled together t o  ensure proper 

alignment and support for both halves 

The bearing Itself IS usually manufactured as part of a larger metal caslng, 

referred t o  as the bearlng lmer The bearlng h e r  has a babbltt bore that becomes the 

load bearing surface In most cases ~ t s  outer dlameter takes the form of a partlal 

sphere, whlch mates w~th  a slmllar spherlcal surface (ball seat) in the supporting 

pedestal It IS then posslble t o  apply a plnch~ng ac t~on  t o  the bearlng llner by boltrng 

down the bearrng cap Thls actlon locks the bearlng llner In place 

The spherical or ball-seat bearlng allows the bearrng to  slip to  the true axis of the 

shaft wlthln reasonable varlatlons when assembllng the bearlng Once the bearrng cap 

IS bolted, the bearlng IS "pinched" or held f ~ r m l y  In a flxed posltlon relatlve t o  the l ~ n e  

of  the shaft In fact, the bearing can be unlntentlonally mlsallgned In the process of 

assembly by ~nstall lng the bear~ng cap bolts In the Improper sequence 

There are many other varlatlons of the spherlcal seat support not mentioned 

here In other deslgns, the spherlcal seat IS discarded for a slmple tongue-and-groove 

assembly In whlch a projection on the bearlng l~ner flts Into a groove provlded around 

the bore of the pedestal 

Tlltlna Pad Bearlnq 

Over the past flfteen years, turblne-generator unit output has grown tenfold, 

whlle the relat~ve shaft rnertlas have Increased by only a factor of flve Thus, dynam~c 

forces have a greater effect on the operating stab~ll ty of the turblne rotor A greater 

degree of damplng 1s requlred wsth many hlgh-pressure and intermediate-pressure 

rotors, t o  avold erratlc vlbratlon patterns The tlltlng pad bearlng 1s used In such 

applications since ~t possesses excellent stabrllty properties 
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e The bearrng pads are made from a high-grade steel forging lined with a high-quality, 

tin-base babbltt Dovetail anchorages are also provided as a backup for the carbon 

steellbabbitt bond The pads are located in a steel casing and have radluses both circum- 

ferentially and axially on thew backs to ensure correct hydrodynamrc actron and alignment 

at all times This double-tilt action, together with the naturally stable characteristics of this 

type of bearing allow for smooth operation of the unit and, therefore, Increased reliability 

Adjustment of the center line of the bearing relative to the pedestal may be achieved using 

simllar techniques to those for the elliptical bearing 

Because of their excellent stability, tllting pad bearings or pivoted shoe bearlngs are 

usually used where shaft stability is a problem They are used in the h~gh pressure and 

reheat sections of all modern large steam turbines as well as gas turbines 

As the name implies, the pad bearing is made up of a series of individual babb~tted 

segments or shoes upon which the journal rides These shoes can vary in number The 

more common designs have arrangements of four, five, or six pads F~gure 6-23 depicts a 

typical tilting pad bearing design 

BEARING KEY //2 

BEARING OIL BEARING 

BEARING KE LINER 

BEARING SHELL DOWEL 

BABBITT SURFAC 

BEARING KEY #4 

BEARING 
HOUSING BASE 

F~gure 6-23 Tllt~ng Pad Bearlng 
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The pads usually have projections that fit under lips machined in the bearing 

casing The lips prevent the pads from moving radially Circumferential movement is 
prevented by locat~ng pins through the housing into the pads The holes In the pads 

into whlch the plns protrude are larger than the diameter of the pins to prevent seizing 

and to allow free tilting action of the pads 

This rocking or tilting action of each pad takes place between the back radius of 

the pads and the Inner bore d~ameter of the casing in the region of the pins on a line 

contact The llne contact is produced by making the back radius of the pads smaller 

than that of the housing 

Lubrication of the bearlng is accomplished primarily by floodlng the compartment 

which contains the pads 011 flows to the houslng through orifrces located between the 

pad segments The oil flow out of the bearing is controlled largely by the wiper or seal 

clearance at the end of the housing, or dram orifices provided in the housing Flood 

lubrlcatlon allows a portion of the oil to pass through the bearing without lubricatrng 

the interface between pads and journal In addition, rotation of the journal produces 

centrifuge forces which throw the oil radially outward and actually prevents oil from 

entering the clearance space The churning of 011 and the turbulence in the chamber 

create more losses For these reasons, pivoted shoe bearings are well known for their 

large oil requirements and high power losses 

In terms of stability, however, the tilting pad bearing IS effectively used as a 

damping measure where shaft instability exists At light loads, the hydrodynamic 

loading of rhe rop paas is Instrumental in stability by essentially Increasing bearing 

loading 

Despite the relatively short span of the pads, the load capacity of tilting pad 

bearings IS on the same order of magnitude as conventional bearings One of the 

factors which contributes to this IS that the lower-half pads contribute actively to the 

load capacity In conventional bearings, the diverging portlon of the bearing 

contributes little, except to increased power loss 
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Thrust Bear~ngs 

In a gas turb~ne, the ax~al clearances between the rotat~ng and statlonary parts are 

qu~te close, on the order of a few thousandths of an Inch A t  the same time the force of the 

gas on the rotat~ng elements IS such that cons~derable ax~al thrust may be produced It IS 

essent~al, therefore, t o  provide a means to  positlon the rotatlng element of a turb~ne wh~ le  

absorbing ax~al  thrust In turb~nes and other equ~pment subjected to  s~m~ la r  forces, t h ~ s  IS 

accompl~shed by means of a thrust bear~ng 

The thrust bearrng IS a stationary element w ~ t h  a babb~tt surface supported to 

w~thstand large loads The thrust bearlng is both a posltloner and a load absorber In a 

thrust assembly, the thrust plate w ~ t h  ~ t s  babb~tt surface IS located In close prox~mlty to a flat 

rotatlng surface on the shaft known as a thrust collar or runner Thls arrangement IS shown 

rn F~gure 6-24 Thrust loads are transm~tted from the shaft by the thrust collar pushing 

agalnst the thrust plate The act~on of the rotat~ng surface agatnst the stationary plate IS 

agaln a s l~d~ng  action, and hydrodynam~c f ~ l m  pressures can be developed as d~scussed 

prev~ously 

0 I HKUS I COLLAR 

BEARING CASE (UPPER) 
SOCKET HEAD BOLT 

OIL SEAL RING 

GENERATOR - - -  - - - -  GOVERNOR 
END 

BEARING CASE (LOWER) 

LEVELING PLATE 

F~gure 6-24 Thrust Bearlng 
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The thrust load on most turbines may change d~rec t~on  under certa~n cond~t~ons  

such as startup For t h ~ s  reason, t w o  thrust plates are usually provided In thrust 

assernbl~es t o  absorb thrust In e~ther d~rection Normally, there is a large load In one 

direct~on and, at a d~fferent t~me,  a somewhat lesser load In the oppos~te d~ rec t~on  

The thrust plate absorbing the most load (usually In the downstream drrection) 

IS called the ac t~ve  thrust plate and the other the Inactive thrust plate The lnactrve 

thrust element can be somewhat smaller In slze than the actlve one, but In many cases, 

both act~ve and ~nactrve thrust plates are the same size 

As noted prev~ously, the surface of the thrust plate IS coated w ~ t h  babb~tt  s~m~ la r  

t o  a journal bear~ng In most thrust plate des~gns, the actual thrust surface IS broken 

by a series of rad~al grooves The rad~al grooves pass a quant~ty of lubr~cant The 

grooves make the thrust surface appear as a serles of separate pads These pads are 

also often referred to  as lands Thrust bear~ng types are frequently denoted by the type 

of land or pad des~gn ~ncorporated In them 

As In the journal bear~ngs, the thrust bearrng load IS supported on a t h ~ n  f ~ l m  of 

or1 Under proper condit~ons, there should not be any metal-to-metal contact dur~ng 

operat~on Some babb~t t  wear can be exper~enced dur~ng low-speed operat~on where 

hydrodynamrc forces are not produced and the bear~ng operates In the regron of 

boundary lubr~cat~on Wear can also occur durrng operation if the lubr~cant contams an 

excess amount of fore~gn mater~al 

In general, there are three marn classes of thrust bearlngs employed These are 

the flat land, tapered land, and K~ngsbury thrust bear~ngs 

Flat Land Thrust Bear~nq 

The flat land thrust bearing IS the least complex of presently used thrust bearrng 

designs The flat land thrust bear~ngs surface fac~litates manufactur~ng the bear~ng and, 

therefore, reduces costs The load capacity of this bear~ng IS relatrvity low, mak~ng ~t 

more useful as a posltioner than a thrust absorber The fact that the bearlng can carry 

any load at all IS somewhat surprlslng slnce the all-~mportant 011 wedge IS non-existent 

However, rad~al grooves In the thrust face pass a quantity of or1 for lubr~cat~on and 

coollng the surface, and mrnute mlsal~gnments and rad i~  on the of f  grooves are 

sufflclent to  produce some amount of wedge ac t~on  to  susta~n small loads 
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Tapered Land Thrust Bearing 

In general appearance, the tapered land thrust bearlng resembles the flat land thrust 

bearing The bearing surface IS d~vided into a number of pads separated by an equal 

number of oil feed grooves In the tapered land bearing each pad is tapered in a 

c~rcumferential and radial direction so that the motion of the runner wipes 011 into the 

contacting wedge-shaped area This action builds up load-carrylng oil pressures This 

type of bearlng is a reliable bearing and it is commonly used on steam turbines as the 

active element 

The total number of pads may vary from 6 to 14 depending on the shaft size 

The number of pads varies in multiples of two (I e , 6, 8 10, etc ) with the smaller 

number of pads being applied to the smaller diameter plates The horizontal split can 

then be made through the oil groove The dimensions of the grooves between pads are 

arbitrary The grooves are usually as deep as they are wide, although this may not be 

necessary in certain instances However, grooves must be large enough to pass the 

required amount of oil At the outside end of the radial groove, a dam IS provided to 

control the leakage of oil from the grooves to the outside of the plate These dams are 

sized to pass sufficient oil to maintain a 30°F temperature rise between Inlet oil 

temperature and the drain oil temperature 

Although tapered land thrust plates have a high load-carrying capacity, they are 

prone to misalignment Experiments have shown that thermal distortions contribute 

heavily to thrust bear~ng failures in many cases Uneven temperature distributions 

around the thrust plate result in distortion which destroys the oil film To alleviate this 

problem, copper-backed plates have been employed Copper, being an excellent 

conductor of heat, provides a more uniform temperature distribution between lands 

Kingsburv Thrust Bearing, 

The Kingsbury thrust bearing, one version of a tllting pad type bearing, has been 

widely adapted to rotatlng machinery The Kingsbury thrust bearing dlffers from a 

tapered land or flat land thrust In that each pad IS an individual plate which IS free to 

tilt about a pivot as shown in Figure 6-25 
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THRUST COLLAR, 

,SE RlNG 

STATIONARY VIEW ROTATING VIEW 

COLLAR 

, . 
LEVELING PLATES BASE RING JOINT IN BASE RING 

Frgure 6-25 Krngsbury Thrust Bearrng 

Normally, the plvot takes the form of a hardened spher~cal surface w h ~ c h  IS rnserted 

beh~nd each pad The pad IS then free to  t ~ p  In a radral or crrcumferentral drrectlon, or a 

combrnatlon of the t w o  Thrs tlltrng feature compensates for any mlsalrgnment that may 

exrst between thrust plate and thrust runner When the runner IS statronary, the pads lay 

wrth therr faces parallel to  the runner face As the runner starts to  rotate, an or1 frlm IS 

created between the pad and runner and each pad trlts to  an angle that generates the proper 

drstrrbutron of frlm pressure 

6 2 8 Gears and Couplrngs 

The primary purpose of a couplrng IS to  transmit rotatronal motion from one shaft to  

another shaft Couplings also perform several addltlonal functrons These rnclude provldrng 

for the qu~ck drsconnect of a drrver (motor or engrne) from the drrven equ~pment (such as a 

pump), allowrng some degree of relatrve axral motron (such as due to  thermal expansron), 

reducrng or elrmrnatrng vrbratron transfer from one component to  another, and permrttrng 

varying amounts of mrsalrgnment (although the desrre IS always for complete alrgnment 

between the drrver and the drrven equrpment) 
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Couplings are used in gas turbines to connect the gas turbine output shaft to the * load, and in some cases to connect the gas turbine shaft to the accessory gearbox 

Several types of coupling designs are used in gas turbines, depending on the 

appl~catlon A brief overview of coupling des~gns and types used in gas turbine 

systems IS provided in the following section 

Tvpes of Couplinas 

There are many different types of rotating equipment couplings Most couplings 

can be classified as e~ther rigid or flexible Rigid couplings do not compensate for 

misalignment and are used mainly to connect the shafts of large rotating equipment, 

e g , steam turb~ne and generator Flexible coupl~ngs are generally used to connect 

small and medium sized rotating equipment Common types of r ig~d and flexible 

coupl~ngs are described below 

Rigid Couplinas 

Two common types of rigid couplings are the flanged coupling and the ribbed 

coupling The flanged coupling is usually made with flat faces but can also be a 

male-female jolnt design The ribbed coupling is usually used where two or more long 

shafts are connected, e g , a line shaft If the shafts are small In diameter, the coupling 

may be solid instead of split 

Flexible Couplings 

Flexible coupl~ngs compensate for temperature changes and permit end 

movement of the shafts without placing unwanted stresses on bearlngs and seals 

Flexible coupl~ngs should not be used to compensate for misalignment Types of 

flexible couplings include gear, diaphragm, spring grld, metal d~sk, cham, elastomeric, 

and three-jaw Flexible couplings consist of two hubs attached to the driver and driven 

shafts, with a flexible spacer inserted between them The hubs may be attached to the 
shafts by a keyway, taper-fit, or other means 

Flexible coupling hubs must be aligned to within manufacturer's specifications 

for the drlven equipment, driver, and the coupling In addition, some equipment may 

require that the coupllng permit end float of the shaft, but limit the end float to a 

certain amount Many equipment manufacturers spec~fy al~gnment and end float 

requirements, others do not In all cases, manufacturers' literature and draw~ngs 
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should be referenced for spec~f~catrons Most couplings used In gas turb~ne 

applicat~ons are of the flexible des~gn, wrth gear and d~aphragm coupl~ngs being most 

w~dely used 

Gear Coupl~ngs 

Gear couplings (see F~gure 6-26) are used to connect the gas turb~ne to the load 

and to the accessory gearbox The hubs of a gear coupl~ng are connected by a split 

sleeve The hubs are aligned on the shafts w ~ t h  the sleeve halves in place behind them 

The sleeve halves are then s l~d  into place over the hubs and are bolted together The 

hub and sleeve teeth are packed with lubr~cant before assembl~ng Alternately, a 

continuous flow of oil may be suppl~ed to the coupling for lubricat~on during operat~on 

SLEEVE 

SNAP RING 

STUB SHAFT 

OIL NOZZLE 
(STATIONARY) 

I 

Flgure 6-26 Gear Coupling 

The coupling gear teeth are des~gned w ~ t h  a small amount of backlash to permit 

minor parallel and angular misalrgnment Gear coupl~ngs also perrn~t end float 

High-speed gear coupl~ngs are usually dynamically balanced 
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Successful operation of gear type coupllngs depends on several factors ~ncluding @ alignment, sliding velocities, lubrication, load and materials Some features of gear 

type coupllngs that allow superior service characteristics are 

0 Nitridlng gear teeth to maximize wear resistance 

Match lapping for maximized tooth contact 

Teflon coatlng to ease the break-in perlod 

Diaphraam Coupling 

The diaphragm coupl~ng uses several layers of thin steel, called a dlsk pack, to 

compensate for mlsallgnment Generally, the disk pack IS bolted alternately to the hub 

and a center spool In some coupllngs, the center rlng IS left out and the disk packs are 

bolted to each other 

The diaphragm or disk type coupling offers several advantages over the gear type 

coupling The most notable of these is the elimination of gear teeth Therefore 

d~aphragm couplings do not requlre a lubr~cation system, and transmit motion 

smoothly, without backlash With d~aphragm couplings, no oil leaks are possible and 

no oil flow checks are requlred Concern over slrdlng velocities, frlction factors, and 

heat generation are all ellm~nated By design, the d~aphragm stresses are calculable 

Thls results in a greater overall m~salignment tolerance between the driver and 

the driven component This type of coupllng can operate under a wider range of 

mlsallgnment 

Sprrna Grid Coupllng 

The hubs of a spring g r~d  coupling are connected by a high-strength metal grid 

The sprlng grid interlaces between grooves in the hubs and transmits rotational motion 

from the dr~ver shaft to the driven shaft The spring grid coupling allows mlnor parallel 

and angular m~salignment, and can provide freedom for end float 

6 2 9 Turb~ne Base and Supports 

Gas turbrnes are well known for their modular construction This feature IS the 

prrmary reason for their ease of transport and ~nstallat~on To allow for this f lex~b~l~ty,  
~t IS important to deslgn and manufacture these characterlstlcs Into the components 
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Accordingly most manufacturers bulld their machlnes on modular bases that 
allow for easy road, rall or sea transportat~on Another benef~t of mountlng gas turbrne 

components on a prefabrlcated base IS the ablllty to place other system components 

lnslde the base For example, ~t has been customary to place the lube 011 reservoir 

lnslde the base of one of the compartments Thls method allows optlmum use of space 

whlle employing standardized modular construction techniques 

All gas turblne manufacturers use structural steel fabricated bases for the gas 

turblne and ~ t s  support systems The bases provlde the mechanical support for the gas 

turblne and other components Several machlned pads are provlded on the bottom of 

the bases to mount them on the site foundat~ons, whlle machlned pads are also 

prov~ded on the top of the bases for plac~ng the turbine supports 

Typically, gas turblnes are mounted on thelr bases by vertlcal supports at three 

locat~ons the forward support at the lower half vertlcal flange of the forward 

compressor caslng, and on both sldes of the turblne exhaust frame The forward 

support (cold end) may be a flexlble plate that IS bolted and doweled to the turblne base 

at the forward base cross-frame beam The forward support plate IS also bolted and 

doweled to  the forward flange of the compressor caslng Other deslgns use a rlgld 

forward support and flexlble rear supports 

The aft supports, one on each s~de of the turblne exhaust frame are leg type 

supports Both vertlcal support legs rest on machlned pads on the base and attach 

snugly to the turblne exhaust-frame-mounted support pads These leg supports provlde 

centerllne support and caslng alrgnment 

On the Inner surface of each support leg a water jacket IS provlded Coollng 
water IS circulated through the water jacket to mlnlmlze thermal expansion and to 

asslst In rnalntalnlng alignment between the turbine and the generator In hot-end drlve 

gas turblnes The support legs malntaln the axral and vertlcal posltlons of the turblne, 

whlle a glb key coupled wlth the turblne support legs malntalns the turbine's lateral 

posltlon 

Page 62 



Pr~nclples of Combmed Cycle Power Plants MODULE 6 

For lateral posltlonlng of the turblne, a glb key IS typically machlned on the lower @ half of the exhaust frame The key flts lnto a gulde block that IS welded to the aft 

cross beam of the turblne base The key IS held securely In place In the gulde block 

wl th  bolts that bear agalnst the key on each slde Thls key-and-block arrangement 

prevents lateral or rotat~onal movement of the turblne whlle permitting axlal and rad~al 

movement result~ng from thermal expansion 

6 2 10 U n ~ t  Enclosures 

H~stor~cally, gas turblnes have been Installed In outdoor locations In a variety of 

amblent environments To accommodate these requlrements, most manufacturers 

package thelr gas turblnes In enclosures for outdoor lnstallatlon The slze of a typlcal 

enclosure IS kept as small as posslble to allow for road shlpment Therefore equipment 

lnslde the enclosures IS tlghtly packaged 

A t  a mlnlmum, enclosures should allow access to the combustion system and 

turblne area for malntenance by removal of s~de  frames and other obstacles A major 

beneflt of using enclosures for varlous components and systems of the gas turblne IS 

the ablllty to  Isolate these components in case of a flre and inject a flre ext~ngulshlng 

agent Into the enclosure Slnce the enclosure IS capable of belng sealed from the 

outslde environment and has smokelflre detectors, the flre can be ext~ngu~shed 

remotely In a relatively short perlod of time Flre protectlon plplng and nozzles should 

be ~nstalled below the webs of I-beams, and removable sectlons should be deslgned 

lnto the slde frames for access~b~l~ty  and malntenance 

In addltlon to provldlng protectlon from the weather and hostile amblent 

cond~t~ons, gas turblne enclosures prov~de a substantlal amount of nolse attenuation 

The enclosure in many cases provldes compliance wlth the requlrements of regulatory 

agencies such as OSHA and of nelghborlng commun~t~es 

6 3 Gas Turb~ne Generator 

In the last f l f ty years generator deslgns and capabllltles have evolved from 

slow-speed vertlcal shaft unlts to hlgh-speed hor~zontal shaft alr-cooled unlts, through 

hydrogen-cooled units t o  dlrect water-cooled unlts * 
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Durlng the 1950s through the m~d- l  970s, much emphasls was placed on developing 

unlts to support the rapld growth In un~t  ratings, whlch Increased from 100 MW to more than 

1 100 MW In the early 1960s, packaged gas-turb~ne-dr~ven generators were Introduced 

These appllcatlons were charactenzed by the amblent-temperature follow~ng nature of the 

gas turblne output, and the ablllty of the gas turblne to provlde peaklng capablllty for short 

perrods Generator des~gns were developed whlch were tallored to gas turblne appllcatlons 

As new gas turblnes were ~ntroduced, generator deslgns were Introduced to match the new 

gas turblne ratlngs 

Over the course of the past decade, the emphasls In new electr~c power generatlon 

lnstallatlons has shlfted away from large unlts dellverrng major blocks of power to smaller 

unlts operated not only by ut~ l~t~es,  but by cogenerators or other smaller ~ndependent power 

product~on (IPPs) companies In response to thls change, gas turblne manufacturers are 

placlng a major emphasls on the des~gn and development of generators sulted to these 

appllcatlons 

Generators used In gas turb~ne power generatlon appl~cat~ons can be placed In three 

major deslgn class~f~cat~ons based on the coollng medlum used alr, hydrogen or llqurd 

cooled How well the armature wlndlng of a generator IS cooled has a s~gn~flcant ~nfluence 

on the overall slze of a synchronous generator The coollng of the armature wlndlng IS 

dependent on a number of factors cool~ng medlum (alr, hydrogen, water), lnsulatlon 

thickness, and overall electrical losses (I2R + load loss) As F~gure 6-27 shows, relatlve heat 

removal capablllty Improves from air to hydrogen, with Increased hydrogen pressure, and 

even more slgnlflcant w ~ t h  the use of water coolrng 

Flgure 6-27 Generator Heat Removal Capabll~t~es of Var~ous Flu~ds 
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Conventional hydrogen coolrng can be utlllzed on generators rated below 300 * MVA, while direct wafer cooling of armature windings is applied to  units above 250 
MVA Thls dlvlslon results from design optlmlzatlon Whlle rt IS posslble to  apply 

water coolrng on machlnes rated below 250 MVA, the cost/performance benefrt 

suffers Water coollng adds manufacturing complexlty, as well as, requrres the need 

for an auxil~ary water cooling and deioniz~ng skid, plus associated piping, control and 

protection features At  hlgher ratlngs, the cost of this complexlty IS offset by the 

advantage of producrng a generator of srgn~frcantly smaller srze than a comparable con- 

vent~onally-cooled generator An overview of each of the baslc desrgn classif~catrons 

IS provlded In the following sectlon 

Alr-Cooled Generators 

Arr-cooled generators are produced In two baslc conflguratlons open ventdated 

(OV) and totally-enclosed water-to-alr-cooled (TEWAC) In the OV desrgn, outslde air 

IS drawn drrectly from outsrde the unlt through frlters, passes through the generator and 

IS drscharged outslde the generator In the TEWAC des~gn, alr IS circulated w~ th ln  the 

generator, passrng through frame-mounted alr-to-water heat exchangers 

The recent emphasls In the marketplace on steam and gas turb~ne-generators In 

the 20  to  100 MVA size has forced manufacturers to  restructure thelr alr-cooled 

machlnes A consequence of the hlstorrcal development of the turb~ne-generator 

market was that t w o  lines of generator appllcatrons evolved, one for steam turb~ne 

appllcatlons and the other for gas turblne applrcat~ons, wlth llttle standardlzatlon 

between the deslgns As a result of deslgn restructurlng, several deslgn and 

operational Issues whlch were judged to  be crltlcal to  the rellablllty and standardlzatlon 

of generators were ldentlfled Among these Issues were performance parameters, 

avallablllty of features, cycle tlme and cost effectiveness 

The basic design of a generator IS ~nfluenced primarily by material and 
electromagnet~c properties, as well as wlnding temperature rise, industry standards, 
generator ratings, rellabrllty, etc A short discussion of the critical factors follows 
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Temperature Rise 

In the early 1970s, gas turb~ne manufacturers introduced insulation systems 

capable of operating at Class F temperatures (1 55"C, 31 1 O F )  for the life of the 

generator Thrs enabled a significant upratrng of generator designs (about 10%) wi th 

a mrnimal Increase In cost To capitalize on this technical capability, manufacturers 

des~gned generators w~ th  class F ~nsulat~on and Class F temperature rlses Many such 

generators are In service and operat~ng successfully 

Generator Ratinas 

In a rapidly developing technology such as that of the combustion turbine, rt is 

inevitable that the output of a grven gas turbine frame size will be increased from time 

to  time lncreaslng output has requrred redeslgn of the generator to  keep pace wi th the 

rise in turbine output The ratings of the generators desrgned to  match the gas turbine 

frame srzes have been set so that the generator w ~ l l  meet or exceed the gas turbrne 

capability over the full operating temperature range taking into account the expected 

turbine upratings during the l~fet ime of the design 

Another important consideration that affects the generator rating whrch must be 

taken rnto account is the use of steam and water injection for NO, control The output 

of the gas turbine can increase by 5% or more above rts dry IS0  ratrng, depending on 

the level of steam or water injection required t o  meet the emission requirements For 

the generator t o  have sufficient capacity t o  match the gas turbine at the required NO, 

requrrements, this additronal factor must be added t o  the generator rating 

To improve generator reliability, manufacturers pay particular attention to  known 

problem areas based on rn-servlce generator experience The new designs strive for 

a high level of rel~ability and avarlabil~ty based on the problems that have caused down 

trme on older designs In addition, the rellabillty of the product is rmproved through 

design simplification and standardization, discussed below 
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@ Product Standardlzatlon 

Standardlzatlon of the generator product llnes has slgnlflcant beneflts both to  the 

user and to the manufacturer From the user's vlewpolnt, the standardlzatlon of the product 

lrne translates Into a slmpler machlne wlth fewer unlque parts, easler spare parts access and 

the rellablllty beneflt of a larger fleet of ldentlcal machines, wlth the rapld ldentlftcatlon of any 

performance problems that thls brlngs The benefits to  the manufacturer are that wlth fewer 

unlque parts to  track and check, fewer different assemblies to  bulld and fewer drawlngs to 

keep up to  date, the job of bu~ldlng a hlgh-quallty machlne becomes slmpler 

The Impact of standard~zatlon IS illustrated In F~gure 6-28, whlch shows the 

reduction In the number of parts and drawlngs requlred t o  bulld a slngle new deslgn as 

compared to  ~ t s  predecessor When these galns are compounded by the reduced number 

of unlque deslgns, there IS a profound effect on the productlvlty and quallty of the 

manufacturing operation 

F~gure 6-28 Impact of Standardlzat~on In Generator Des~gn 

REDUCTION IN NUMBER 
OF PARTS 

REDUCTION IN NUMBER 
OF DRAWINGS 

Generator Deslqn and Construct~on 

There are t w o  main components In the generator, the rotor and the stator The 

generator must also have a source of DC current to  magnetize the rotor, called the exclter 

The generator may have several components and subsystems, depending on ~ t s  particular 

@ features The following IS a d~scuss~on on the maln components of a generator 

OLD DESIGN 

1 0  

1 0  
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Generator Stator and Wlndlnus 

The generator stator, also called the armature, supports the lron core and w~ndlngs, 
the rotor, and the compartment coolers The stator conslsts of a steel plate caslng called the 

"wrapper" that covers a frame that In turn holds the lron core An Iron core IS used In order 

to produce a stronger magnetlc fleld for the generation of voltage There are tubes wlth~n 

the wrapper to  help d~stribute cosllng gas 

Older unlts use air at atmospheric pressure for coollng Newer generators use 

hydrogen under pressure (from 15 to 75 pslg) for coollng Hydrogen IS more effectlve than 

alr In dlsslpatlng heat, and the h~gher the hydrogen pressure, the more effectlve the hydrogen 

IS in removing heat 

F~gure 6-29 shows a typical stator The core IS made up of thousands of lammated 

steel sheet metal punchings, each of whlch IS Insulated from the others Note that the core 

IS referred to as "lron" even though ~t IS made up of these steel punch~ngs The ~nsulatlon 

IS necessary to avold creatlng large currents In the core that would cause ~t to heat up to an 

unacceptably hlgh temperature The punch~ngs are "stacked" wlth spaces between groups 

of punch~ngs to allow for coollng ventllatlon 

Figure 6-29 Generator Stator 
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The wlndlngs or conductors for the stator take the form of long copper bars that are 

wrapped wtth lnsulatlon The bars f ~ t  Into the longrtud~nal slots on the rns~de d~ameter of the 

core and are held In place by wedges that sl~de Into the top of the slot F~gure 6-30 shows 

the assembly of the bars In a slot Note that there are generally two bars, one on the top 

and the other beneath, rn each slot 

Flgure 6-30 Generator Stator Construction Detall 

Some generators have l ~qu~d  cooled stator windings, the liquid may be oil, or more 

often, water In these units the copper bars have many passages along the~r length for liqu~d 

to flow 

The stator wlndlngs are t~ed  together at the ends of the stator and are brought out 

through the casing through a bolted-on assembly called the lower frame extension (or as ~t 

IS sometimes called, the bath tub) at the bottom to termlnals There are generally SIX 

@ termlnals, one for each end of each of the three phases in the wlndlngs 
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Stator Deslan-Alr and Hvdroaen Cooled Generators 

The stator frame IS dlv~ded onto an lnner and an outer sectlon, both of whlch 

mount on a slngle base fabrlcatlon The lnner frame IS a very slmple structure deslgned 

to  support the stator core and wrndlng whlle provldlng some guldance t o  the air flow 

In the machlne The stator core, made from gram-orlented slllcon steel for low loss and 

h ~ g h  permeab~llty, IS mounted rig~dly in the inner frame lsolatlon of the core vlbratlon 

from the rema~nder of the structure is accomplished through the use of flexlble pads 

between the feet on the lnner frame and the base structure 

The outer frame IS a slmple fabrlcated enclosure, whlch supports either the air 

Inlets and silencers ( ~ f  the unlt IS open ventdated or the roof and cooler enclosure (if the 

unlt IS totally enclosed, water-to-air-cooled) The outer frame further acts as an air 

gulde to  complete the ventllatron paths and as a soundproof enclosure to  keep noise 

levels low S~nce the rotor IS pedestal mounted, the end shlelds are very simple struc- 

tures 

The entlre generator IS mounted on a angle fabrlcated base, whlch supports the 

pedestals, the lnner and outer frames, and the brush rrgglng or the exclter The base 

contalns plplng for 011 suppl~es, condu~t for wlrlng and a number of components 

associated wlth the main leads, such as llghtnlng arresters and surge capacitors The 

structural vlbratlon of the base IS confirmed by tests to  verlfy the vrbratlon frequency 

IS well away from any frequency of concern 

The stator w~ndlng IS a convent~onal lap-wound deslgn The lnsulatlng materlals 

have been In use since the early 1970s, thus malnta~n~ng the proven rellabllrty record 

The materlals are all deslgned and tested to  provlde rellable performance at Class F 

temperatures for the llfe of the machlne The bars are secured In the slots wrth fillers 
and top-rrpple sprlngs t o  restraln the bars radially, and w ~ t h  side-rrpple springs to  

Increase frrctlon between the bar and the slot wall The srde-r~pple sprrngs are also 

conductrng to ensure proper groundrng of the bar surface The end wlnd~ng support 

system IS the proven approach used on conventionally-cooled stators of all sizes burlt 

by GE Thls system utlllzes resln-impregnated glass roving ties 
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Hydrogen-cooled generator construction except for the frame, is very sim~lar to that 

of air-cooled generators Most designs use direct radial flow cooling similar to  that shown 

in Figure 6-31 The stator frame, on the other hand, because of the need to contain 30 psig 

to 75 psig hydrogen, uses thick plate cylindrical construction End shields are more rugged 

and contain a hydrogen seal system to minlmize leakage Conventional hydrogen cooling, 

while available for generators rated below 100 MVA, is most often appl~ed to gas and 

steam-turbine-driven unlts above I 00 MVA 

F~gure 6-31 Hydrogen Cooled Generator Cooling Flow 

Stator Desiqn - HvdroaenlWater Cooled Stators 

Even more compact generator deslgns are achievable through the use of dlrect water 

cooling of the generator armature wlndlng These designs employ hollow copper strands 
through whlch deionized water flows The cooling water is suppl~ed by a closed-loop 

auxiliary-base-mounted skid The cool water enters the wlnding through a distrlbutron 

header on the connection end of the generator The warm water is discharged in a similar 

manner on the turbine end of the generator 
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The armature voltage and current of a hydrogenlwater-cooled generator is 

significantly higher than those of air- or hydrogen-cooled units As a result, the 

insulation voltage stress and forces on the armature windings can be several orders of 

magnrtude larger than those experrenced on lower-rated unrts These present unique 

desrgn requirements that must be addressed if high reliability and long life of the 

equipment is to be maintained 

The stator insulation materlal used in modern GE water-cooled generators 

consists of an epoxy-mica-based system called Micapal Mrcapal I was introduced In 

1954, partially as a solutron to tape migration and girth cracking problems associated 

with asphalt ~nsulatron-based systems 

In the m ~ d - I  9701s, an improved epoxy-mica system was introduced (M~capal II) 

Thrs all-mica paper rnsulation has improved mechanical toughness and voltage 

endurance While these propert~es were developed to meet the requirements of very 

large ratings, the application of Micapal II on small and mid-srze unrts permits further 

optrmization opportunities M~capal II has excellent thermal cyclrng capabilrty, and IS 

partrcularly suited for the daily startlstop duty requrred of many gas turbrne generators 

today 

Generator Rotor 

The rotor acts as a large electromagnet When it turns inside the stator, it 

induces a voltage and current in the stator windings The rotor takes the form of a long 

cylinder with slots machined along its length Copper windings fit into these slots and 

are held In place by wedges that slide Into the top of the slots The slots are insulated 

from the windings, and each turn of the winding IS insulated from the next turn The 

wrndrngs are held at the ends of the rotor by retarnrng rings The wedges and windings 

often have holes or slots in them to allow cooling gas to flow 

Most units in the U S operate at 3600 rpm These units have what IS known 

as a two pole w~nding That IS there IS one winding in the field and it acts as one, large 

electromagnet with two poles as shown rn Figure 6-32 Some unrts operate at half the 

normal speed, 1800 RPM In order for these un~ts to produce power at the same 

frequency as the 3600 rpm units, it IS necessary to use a four pole winding 
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FAN COIL SLOT 
COLLECTOR 

RETAINING BALANCE PLUG FAN 

RING 

Figure 6-32 Generator Rotor 

There are t w o  sets of windings in the field, producing, in effect, two  large 

electromagnets, for a total of four poles The result is that the windings in the stator 

change magnetic flux at the same frequency as they would if there were a two  pole 

unit operating at 3600 rpm 

There are fans mounted on the ends of the rotor to circulate cooling gas inside 

the generator stator The fans may be axial or centrifugal 

Collector rings are provided at the generator end of the rotor The field windings 

are connected to  these collector rlngs DC current passes through brushes that ride 

against these rings, and that current magnetizes the field 

Flgure 6-33 shows a cross section through one slot with its windings, illustratrng 

the flow of coollng gas as well as the insulation 
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CREEPAGE BLOCK 

TURN INSULATION 

Figure 6-33 Cross-Section of Rotor Wind~ng Slot 

Rotor Desian-Air Cooled Generators 

The rotor is a simple single-p~ece forging, pedestal mounted, with tilting-pad 

bearings for smooth operation On smaller units, the rotor is suff~ciently short that the 

second critrcal speed rs above runnrng speed, thus simplifying balance The retaining 

rings are nonmagnetic and have good stress corrosion resistance The retaining rings 

are shrunk onto the rotor body, thus eliminating any risk of top turn breakage The 

retaining rings are secured to the rotor body w ~ t h  a snap ring, a design that minimizes 

the stresses in the t ip of the retaining ring 

Radial-flow fans are mounted on the centering ring at each end of the rotor The 

fans provrde cooling air for the stator winding and core The rotor winding, which is 

a directly-cooled radial flow des~gn, is self-pump~ng and does not rely on the fan for arr 

flow The overall ventilation pattern is shown In Figure 6-34 

The rotor winding fits In a rectangular slot and is retained by a full-length wedge 

on the shorter machines Where cross slots are required on longer rotors, several 

wedges are used in each slot The rotor slot ~nsulation, turn insulation and other 

materials in contact with the winding are full Class F materials 
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INLET SILENCERS 

VAPOR U I R A C T O R  

ECTOR 
NL-T 

CURPENT TRANYOF~ERS 

Figure 6-34 Generator Ventilat~on Pattern 

Rotor Desrgn - HvdrogenIWater Cooled Generators 

The generator rotor contains the f~eld wlndlngs that produce the magnetic flux, 

wh~ch,  In turn, produces the stator current and voltage Proper cool~ng of the f~eld 

wrnd~ng IS another challenge that the generator des~gner must overcome 

All hydrogenlwater-cooled generators use direct conductor coolrng of the rotor 
wlndlng for heat removal Smaller two-pole and all four-pole generators use the 

rad~al-flow des~gn At  the end of the rotor body, hydrogen enters the w~ndrngs through 

full-length subslots and IS discharged along the length of the rotor body through rad~al 

slots, machlned or punched, In the copper conductors The hydrogen passes from the 

conductors through the creepage blocks and wedges to  the "alr gap," where the 

hydrogen IS d~rected through the stator core to  the hydrogen coolers 
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As generator ratlngs, and consequently rotor body length Increase even further, 

the gap-plckup diagonal-flow coollng method IS employed (F~gure 6-35) In thls 

scheme, cold hydrogen IS scooped up In the gas gap and drlven dlagonally through the 

rotor copper to  dlrectly remove the heat A t  the bottom of the slot, the gas IS turned 

and passes dlagonally outward to  the gas gap In a discharge stator core sectlon The 

stator core vent~latlon IS coordinated wlth the rotor-coollng gas flow, thus creatlng an 

~n-and-out f low of hydrogen through the stator core, through the rotor, and returning 

to the hydrogen cooler through the core Thls coollng method results In a des~gn whlch 

malntalns the same average copper temperature, independent of rotor length 

INSULATING CREEPAGE BLOCK INLET WEDGE 
I \ 

OUTLET WEDGE 
WARMGAS OUT \ COOL GAS I! \ 
ROTATION 

TiNG CREEPAGE STRIP 

UDED COPPER CHANNEL 

+URN INSULATION 

Flgure 6-35 Rotor Dlagonal Flow Coollng Method 

There are slgnlflcant challenges In producing an optlmal generator rotor 

mechanical des~gn The following describes some of those challenges and features that 

h a e  been lilcorpcxated t o  meet thsse ehalleiiges 

Rotor Mechanical Deslan 

The generator retaining nngs, whlch support the rotor wlndlng end turns against 

centr~fugal force, are the most highly stressed components of the generator On most 

des~gns, the retalnlng rlngs are shrunk on to  the end of the generator body, as shown 

in Figure 6-36 Locking of the retalnlng ring to  the generator body IS requlred to ensure 

the rlng IS not pushed off its f ~ t  surface due to the axlal force generated by thermal 

expansion of the field wlndlng 
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LOCKING RETAINING 
RING RING 

5 - INDICATES SHRINK FIT 

F~gure 6-36 Retaining Rings Assembly 

Important deslgn requirements of retaining rings are that the rings be tolerant to  

high stress levels, possess adequate low-cycle fatigue capability and have acceptable 

separating speeds Therefore, a design IS required where careful attention IS paid to 

minimize stress concentrat~ons Large shrink-fit interferences are required to  prevent 

separation under overspeed cond~t~ons, which result in relatively high stress levels at 

standstill In most cases, the ring material must be nonmagnetic to  minimize the end 

leakage flux and reduce heatlng of the core end structure 

For many years, nonmagnetic retaining rings were made from an 18Mn-5Cr steel 

alloy However, in the mld-1970s the susceptibility of 18-5 retaining rings to 

stress-corrosion cracking became known As a result of cooperative programs with 

retaining ring suppliers, a different alloy, 18Cr-18Mn (originally proposed by GE), was 

selected as a better retatntng rlng matertal This material has the requrred properties, 

including high resistance to  stress-corrosion cracking in the types of envtronments to  

which rings may be exposed during the servlce life of the generator 

6 3 9" 
Page 77 



Principles of Combined Cycle Power Plants MODULE 6 

One of the most crlt~cal rotor manufacturing requlrements, after all the parts are 

accurately machlned and carefully assembled, IS the flnal balance operatron Thls 

ensures that the rotor vlbratlon IS wlthln acceptable llrnlts and that the rotor remalns 

stralght wlthln very close tolerances at all runnlng speeds up t o  and lncludlng the 

maxrmum speclfred overspeed 

The des~gn work initrally lncludes the accurate calculation of all shaft st~ffness 

and crlt~cal speeds Balanc~ng and overspeed testing are performed In the 

manufacturers factory balance faclllty A hlgh speed multlplane balancrng procedure 

IS used 

The deslgn of modern generators, whether they are air, hydrogen or 

hydrogentwater-cooled, requrres a blend of tlme-proven, as well as Innovative, deslgn 

concepts This successful lntegratron of tlme-proven concepts wlth modern technology 

produces generators that can be expected to provlde eff~clent, trouble-free service 

through years of baseload or cycllng operatlon 

6 3 2 Exc~tatlon System 

The excltatlon systems used for a generator drlven by a combust~on turblne are 

slmllar to those used by steam turblne generators Refer to Module 3 for a dlscusslon 

of excltatlon systems 

6 3 3 Hydrogen and Seal 011 Systems 

The generator hydrogen system provldes for coollng of the armature and 

generator field durlng operation thereby allowlng an Increase In generator output The 

seal or1 system IS requlred to  prevent leakage of hydrogen from the generator caslng 

and prevent contamrnatlon of the hydrogen The hydrogen and seal 011 systems for a 

generator dr~ven by a combust~on turblne are srm~lar t o  the hydrogen and seal 011 

systems descrlbe In Module 3 for the Steam Turblne Generator 
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6 4 Gas Turbine Support Systems 

Several support and auxiliary systems are requlred t o  ensure the safe operation 

of a gas turbine These include the electrrcal system, inlet and exhaust system, 

starting system, fuel and fuel treatment system, lube oil system, cooling waterlair 

system, waterlsteam injection system, fire protection systems, and the turbine control 

system Each of these is discussed below 

6 4 1 Electrical System 

Gas turb~nes need electrical power for certain auxiliaries and support systems 

These include the startrng system, compartment lighting, heating and cooling 

requirements durlng normal operatron, and DC emergency power Electrrcal auxiliaries 

include power transformers, switchgear components, the battery which suppl~es DC 

power, and the battery charger 

During normal gas turbine operation, control and power needs are furnished by 

the turbine-driven generator usrng the auxiliary electrical system components 

However, at the time of initial start up and during shutdown periods, standby AC 

power f rom an external source is required t o  maintain the gas turbine in a state of 

readiness 

Standby AC power IS requlred to  ensure the immed~ate startup capability of the 

particular gas turbine equipment and related control systems when the start slgnal IS 

given Standby power is required for the following systems 

Heatrng and crrculating the turblne lube oil to  maintain proper oil viscosity 

Control panel heating 

Generator heatlng 

Compartment heating and ventilation 

Battery charging 

Exhaust frame blower motor(s) 
Operat~on of control compartment air cond~t~oner  durlng per~ods of h ~ g h  
amblent temperature t o  keep electrical equ~pment ~nsu la t~on  wlthln des~gn 

limits 

Fire/smoke detectors 
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During gas turbine startup, auxiliary power IS required for the following 

components 

Starting motor 

Auxiliary lube oil pump 

Auxiliary hydraulic 011 pump 

Turning gear 
Ignition system 

Flame scanner system 

Booster atomizing air compressor 

Gas turbine controls 

Fuel oil forwarding pumps 

Emergency power is required for the following gas turbine systems 

Control system 

* Emergency lube oil pump 

DC hydraulic oil pump 

Fire protection 

* Compartment lighting 

A battery bank IS usually provided In the gas turbine control cabinet to supply the 

DC power needs A battery charger IS also installed for recharging the batteries by the 

A 6  power source as needed 

6 4 2 lnlet and Exhaust Systems 

Inlet Svstem 

Gas turbines are sensitive to inlet air quality because of inherent design and the 

enormous amount of air consumed Filtration IS necessary to provide protection against 

the effects of contaminated air that may degrade gas turbine performance and life 

through erosion, corrosion, fouling, and plugglng of cooling alr passages As gas 

turbine technology advances and firing temperatures Increase, the need for effective 

and reliable flltratlon during operation becomes even greater 
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The noise generated durlng gas turblne operation IS attenuated by means of 

absorptive sllenclng material and devlces bulk Into the air Inlet and exhaust sectlons 

The sllenclng material dlsslpates or reduces the acoustical energy to an acceptable 

level 

Recent advances have led to the use of self-cleanlng f~lters In a large number of 

base load, heavy duty gas turblne appllcatlons Self-cleanlng Inlet fllters work spec~ally 

well In three types of appllcatlons 

Desert regions, whlch typically have very hlgh dust loading, compared to  

other parts of the world 

Process or base load appllcatlons where outages can be very costly, or 

deemed Intolerable for other reasons 
* Cold climates wlth hlgh potentlal for Icing, where self-cleanlng fllters can 

comblne the functrons of Inlet filtration and antl-iclng Experience has shown 

that self-cleanlng cartridges can remove frost in much the same way that the 

fllters can clean themselves of dust 

The functlon of the gas turblne Inlet system IS to clean the atmospheric alr and 

provlde a path for ambient air f low Into the gas turblne compressor lnlet 

compartments provide smooth and unlform flow wlth low aero-dynamlc losses The 

interconnect~ng duct sections are fabricated from carbon steel plates to withstand up 

to 10 Inches of suction pressure A sllencer and trash screen are incorporated Into the 

duct sections The sllencer IS comprised of parallel sound absorbent silencing panels 

typically located In the hor~zontal portlon of the duct The panels themselves are 

orlented vert~cally, resting on edge, In order to mlnlmlze the stresses and to ald In 

d~ffuslon of f low through the gas passages between the panels 

A typlcal inlet system contalns the following major components (F~gure 6-37) 

lnlet Fllter Compartment 

lnlet Ductlng and Sllencer 
lnlet Plenum 
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INLET PLENUM 

r 

FILTER 
COMPART 

MENT 

F~gure 6-37 Typ~cal Air Inlet System 

Ambient air IS drawn into the gas turbine inlet system through the inlet filter 

compartments Air filters are presently available in a varlety of styles from d~fferent 

manufacturers The type used by GE are hollow, cylindrical, filter cartridges, mounted 

either vert~cally or horizontally In filter compartments In a typical large gas turbine 

installation, the inlet f~l ter compartment may contain more than 1,000 cylindr~cal, 

cartridge-type, pleated paper filters which remove impurities from the air 

DUCT 

Minimum f~ltration efficiencies of the cylindrical cartridge filter on standard test 

dusts are 

SUPPORT 
STEEL 

Standard Coarse AC Test Dust - 99  94% 
a Standard Fine AC Test Dust - 99  6% 

SILENCER 

-TRANSITION 

GAS 
TURBINE 

The effic~ency of filtration is improved by lowering the alr velocity to about 2 5 

feet per m~nute These eff~ciencies, along with the positive filter seals provided by the 

cartridges, assure adequate protection from both air-borne sand and alkaline salt 

particles 

ELBOW LINED 

- - - -  

A key factor to  consider In inlet filter design and operation IS the pressure drop 

caused by the restriction to alr flow This pressure drop (known as the inlet loss) has 

an adverse impact on gas turbine performance T h ~ s  loss must be kept to  a mlnimum 

by keeping the filters In a clean cond~t~on A self-cleaning feature is designed into the 

newer air filter systems to  ensure that the inlet pressure drop is kept to  a minimum 

- -- 
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If the pressure drop across the Inlet fllter reaches 3 00" H20, an automat~c fllter * cleaning sequence IS n t la ted  Durlng the cleanlng sequence, the f l ters are cleaned by 

a reverse jet of h ~ g h  pressure air from the Instrument alr s k ~ d  A tlmer controls the 

operation of a solenold-operated pllot alr valve when the pilot valve opens H ~ g h  

pressure alr IS b lown on the ~nslde of the f~lters, releas~ng the dust-caked depos~ts on 

the outs~de of the Inlet fllter compartment clean~ng stops at 2 00"  H20  dlfferent~al 

pressure To prevent the depos~ts from belng carr~ed Into clean f~lters, the cleanlng 

sequence IS staggered, w l th  no more than 10% of the elements belng cleaned at a 

time The primary alr f low t o  the turb~ne IS not d~sturbed dur~ng clean~ng 

Both the alr f low pattern and the spec~f~ed f low rates are chosen t o  Improve the 

f~ l t ra t~on  and the pulse clean~ng of the f~l ters Sk~r ts  are provlded on exposed s~des of 

the modules extending four Inches below the bottom of the f~ l te r  cartr~dges t o  ensure 

Protect~on of  the fllter med~a from phys~cal damage 

D~rec t~on  of air upward Into the element area at low, controlled veloc~tres 

Thls des~gn provldes for low upward air veloclty to  the cartrldges ~ n s ~ d e  the skrrt @ This cornb~ned low upward velocty and the abrupt change of d ~ r e c t ~ o n  of the f low of 

amb~ent art- provldes some lnlt~al separat~on, part~cularly of large part~cles The des~gn 

also reduces the possrb~l~ty that dust, pulse-cleaned from a cartr~dge, will be 

re-entrained 

Slnce a typ~cal  f~ l ter  house plenum contams over 1 1,000 cub~c  feet of alr and the 

temporary alr loss when pulse clean~ng amounts t o  about 45 c u b ~ c  feet o f  alr, the 

effect of less air t o  the plenum, and therefore, plenum pressure, IS negl~g~ble Efflc~ent 

clean~ng of the fllter cartr~dges requires 8 0  - 120  psrg alrflow for 1 0 0  m~l l~seconds 

Each pulse of arr from the hole In the blowp~pe above the venturl nozzle provldes 

both a shock t o  the f~ l te r  cartr~dge and a momentary reverse alr f low The dust 
partlcles cluster together or agglomerate on the medla and form a t h ~ n  cake When 
pulsed, these partrcles come off In larger preces than when they were depos~ted, 
reduc~ng the possrbrlrty that the partlcles will be re-entrained when normal f low IS 

re-establ~shed 
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From the inlet filter compartment, the air flows into the inlet ductrng The inlet 

ducting provides a path for air flow to the Inlet plenum, through the silencer Air flow 

IS directed into the silencer through a set of turning vanes located in the elbow at the 

lower portion of the inlet ducting The silencer contains acoustic panels which reduce 

the amount of noise from the gas turb~ne 

The Inlet plenum d~rects alr f low from the Inlet ductlng and sllencer t o  the gas 

turbine compressor The next plenum also provides a locat~on for the settllng out of 

air flow disturbances resulting from flow through the rnlet ducting and silencer 

The gas turbrne inlet system shuts down the gas turblne on a hrgh pressure drop 

across the inlet filters to  prevent the filter from rupturing A h ~ g h  differential pressure 

alarm w ~ l l  activate at 6 00 + 25" H20, and if the differential pressure continues to 

increase to  8 00 + 25" H20, the gas turbine shuts down 

For peaking u n ~ t s  or In environments where the concentratron of arrborne 

contamrnants or other considerations make it impractical to  pulse clean Inlet filters, the 

high-efficiency, self-cleaning type, cylindrical cartridges, may still be used Such a 

system can be rdentical in configuratron to  the self-cleaning compartment with the 

exception that the pulsrng hardware IS omitted This system acts as a static-barrier 

filter while maintain~ng many of the advantages of the self-cleaning system Such 

advantages ~nclude 

High dust holding capacity 

a Positive sealing mechanism 

Inherent low velocities 

Low pressure drop 

The dust holding capacity of a typical single cylindrical, self-cleaning-type 

cartridge filter IS on the order of 2500 grams for Arizona Fine dust Dust holding 

capacities for high-efficiency panel filters are in the range of 400 to 700 grams of dust 

Multi-stage compartments use a high-efficiency filter as a baselme element 

Depending on site conditions, these may be preceded by pre-f~lters and/or an inert~al 

separator The high-efficiency filters are of the media type that accumulate dust and 

must be replaced when their pressure drop reaches a predeterm~ned level The life of 

these fllters can be extended by the use of the more economical disposable pre-filter 
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The ~ n e r t ~ a l  separator IS recommended where there are great amounts of large * mater~al to be removed from the alr Cont~nued use of these f~lters beyond this 

c o n d ~ t ~ o n  wrll result In the openlng of a bypass door w h ~ c h  allows contammated 

amb~ent alr to  be Ingested dlrectly Into the gas turb~ne 

Srgn~f~cant ~mprovements have taken place In the des~gn of f~lter compartments 

Standard Inlet arrangements prov~de smooth and un~form flow, wrth low aerodynamrc 

losses The system IS des~gned to w~thstand a suction pressure (vacuum) of 10 ~nches 

of water Incorporated In the Inlet duct are the inlet s~lencer and trash screen The 

Inlet s~lencer IS compr~sed of parallel sound absorbent srlenc~ng panels typ~cally located 

rn the hor~zontal port~on of the duct The panels themselves are or~ented vert~cally, 

rest~ng on edge, In order to  mlnlmlze stresses and t o  a ~ d  In d~ f fus~on  of f low through 

the air passages between the panels The entrance edge of each baffle IS rounded to 

reduce pressure drop, but the exrt IS left blunt so the f low may detach cleanly and 

w~thout  ~ n s t a b ~ l ~ t y  Construct~on of the srlencers IS welded to  reduce the posstb~l~ty of 

releas~ng loose parts t o  the compressor 

The Inlet duct~ng and s~lencer has been prov~ded w ~ t h  a relat~ve hum~d~ ty  sensor 

The operatron of the relat~ve hurnld~ty detector rel~es on two  major elements, namely 

the sensor and the controller 

The Sensor conslsts of the fol low~ng components 

lnfrared L~ght  E m ~ t t ~ n g  Drode 

Phototransrstor 

Thermomodule 

lnfrared Reflectwe Source 

Reflectrve Surface Therm~stor 

Amb~ent Temperature Therm~stor 

Sensor Hous~ng 

The sensor has an Infrared l~gh t  e m ~ t t ~ n g  diode and a phototrans~stor w ~ t h ~ n  rts 

hous~ng The t w o  opt~cal elements are focused on a reflectwe surface Dur~ng dry 

condrt~ons on the reflectwe surface, all of the em~tted rnfrared energy IS reflected to  the 

phototrans~stor Conversely, as mo~sture appears on the surface, very l~ t t le  of the 

e Infrared energy IS transm~tted t o  the phototranslstor T h ~ s  phenomenon serves as a 

means of generating a control s~gnal that IS ~ndlcat~ve of the presence of molsture on 
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the surface The reflective surface is attached to the thermomodule that cools this 

surface until moisture deposits appear The appearance of moisture on the surface is 

signaled to the controller The controller then adjusts the current to  the thermomodule 

t o  maintain a cyclic condrtion of absence and presence of morsture on the reflective 

surface A precision thermistor is attached to the reflectrng surface, thus, the presence 

of moisture is the temperature of condensation or dew point 

Exhaust Svstem 

The gas turbine exhaust gas leavlng the diffuser enters the exhaust plenum The 

exhaust plenum directs the gas t o  the exhaust system In a simple-cycle application, 

the exhaust system consists of expansion joint(s), transitions duct(s), s~lencer(s) and 

the exhaust stack The simple cycle arrangement d~rects the exhaust gas directly to 

the atmosphere The exhaust system may drrect the exhaust gas to  process or heat 

recovery equipment such as a heat recovery steam generator (HRSG) Heat recovery 

applications may include a bypass stack with a damper system The bypass stack and 

damper system allows the gas turbine to  operate e~ther in the simple-cycle or 

heat-recovery mode 

When operating in the heat-recovery mode, the heat-recovery equrpment may 

provide all or part of the exhaust srlencing required, however, an exhaust silencer IS 

recommended when operating in the bypass (simple cycle) mode Depending upon the 

gas turbine frame size, the exhaust gas can exit the exhaust plenum either strarght up 

or horizontally (side/axial) into the exhaust system Standard stack heights range from 

32 feet to  about 60 feet depending on the gas turbine frame size The exhaust 

systems are designed to  meet the specific requirements of each applicatron and include 

the following design features 

Low pressure drop 

Parallel-baffle absorptive silencers 

Low heat loss and exterior surface temperatures 

Safe dispers~on of exhaust products into the atmosphere 

A typical construction of exhaust ductwork and stack includes an internal 

insuiat~on and lagging system The system includes a stiffened carbon steel outer shell, 

ceramic frber high-temperature internal insulation, and stainless steel internal lagging 

Page 86 



Prtnc~ples of Comblned Cycle Power Plants MODULE 6 

The gas turbine exhaust system prov~des a f low path for exhaust gas from the * gas turbine t o  the HRSG and from the HRSG t o  the stack Expansion joints are 

provided in the exhaust system to  compensate for the thermal expansion of the 

exhaust ductwork Two  expansion joints are typically used in the exhaust ductwork, 

the first located between the aft diffuser and the exhaust diffuser duct, and the second 

located between the dlffuser duct and the HRSG ducting 

Typ~cally, In installations w ~ t h  multiple GT1s/HRSG's discharging Into a common 

stack, a double louver isolation damper isolates the gas turbine and the HRSG gas path 

from the stack when the plant IS shut down The isolation damper blades are air-foil 

shaped t o  mlnimize leakage loss across the isolation damper The louver damper 

actuator IS provided with a position Indicator and a handwheel for emergency manual 

operation In case of power fallure 

Double open/close limit switches are provlded to  ind~cate the fully open position 

of the damper, and are actuated by the blade shafts Limit switches are Installed on 

the damper llnkages farthest from the louver damper actuator One llmlt s w ~ t c h  IS 

Installed on the linkage opposite the louver damper actuator, and a second limit switch 

is Installed in the center of the louver damper arrangements 

Typically, the status of each limit swltch is incorporated in the start-up 

permissive loglc and protective logic for the plant The gas turbine may not be 

operated unless the stack damper louver position criteria are satisfied 

If t w o  or more gas turbines dlscharge into a common stack, a seal air system is 

provided wi th an isolation damper that allows maintenance work t o  be performed In the 

HRSG when one of the units is "off" line The seal air system consists of a seal alr fan, 

a seal air fan discharge valve, and a motor operator The seal air fan motor-operated 

dlscharge valve IS interlocked wrth the seal alr fan and opens when the seal air fan IS 

in operation 

Exhaust ductlng pressure drop has an adverse effect on gas turb~ne output and 
efflclency Therefore ~t IS essential to  deslgn for mlnlmum exhaust pressure drop and 
malntaln the HRSG gas passages In a clean condltlon t o  mlnlmlze pressure loss 
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Pressure swltches are Installed on the exhaust ductlng to sense system pressure 

and provlde alarm and shutdown slgnals Typically 16 pressure In the system rlses to  

16 In of H,O, an alarm IS annunciated If system pressure reaches 20 In H,O, the gas 

turbrne IS automat~cally shut down 

6 4 3 Startlng Systems 

Most gas turblne manufacturers offer a w ~ d e  varlety of startlng systems Electr~c 

motors are generally used where a rel~able source of AC power IS avallable Dlesel 

englnes offer the advantage of belng independent of a source of AC power wlth a sllght 

reductlon In rellabrllty Gas expanders are used on many rndustrlal applrcatlons where 

a source of hlgh-pressure gas or steam IS avallable Common startlng dev~ces used 

wlth aeroder~vat~ve and heavy duty lndustrlal gas turblnes are llsted below 

Arr Motor 

Electrlc Motor 

Dresel Englne 

Statlc Startlng System 

Each of these devlces IS discussed In the followrng sectlons 

Arr Motor 

Alr motor startlng devlces are typically used wlth small, aeroderlvatlve gas 

turblnes Alr motors functlon to provlde the torque requrred to  start and accelerate the 

gas turblne to  flrlng speed by converting the pressure of air or gas Into klnetrc energy 

of the gas turblne rotor After llght off, the air motor continues to  assist the engine 

un t~ l  the turb~ne reaches the cutoff (self-sustalnrng) speed 

A typlcal gas turbrne arr startlng motor conslsts of three major sectrons the air 

turblne, the reductlon gear tram, and the clutch assembly A separate air storage 

system for provldlng a source of hlgh pressure air to  the alr turbrne IS also requlred 

Typrcally the alr storage system IS s~zed to  support up to  three consecutlve starts 

wlthout the need to  recharge Once depleted, the air storage system IS deslgned to  

be recharged In about an hour 
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a Electric Motor and Diesel Startinu Systems 

Most medium sized gas turbines use a torque converter and jaw clutch between 

the starting means and the accessory gear After starting the gas turbrne, the jaw 

clutch disengages, and the torque converter uncouples from the system and is shut 

down 

Typically the starting motor IS a horizontal ~nduction motor that drives the torque 

converter through a flexible disc pack style coupling The torque converter provrdes 

the requ~red torque multipl~cation for the starting motor to  dr~ve the turbine 

Diesel engine starting devices are typically 6, 8, 12 or 16 cylinder models 

equipped with independent lubrrcating and cooling systems Engine starting is normally 

provided by an electrrcal starting system and engine speed IS controlled by a governor 

A torque converter is used with a diesel starting engine as well, t o  transmit torque to  

the gas turbine rotor 

Static Start System 

With large, front end drive gas turbines becoming more prevalent, high-powered, 

solid state frequency converters are being used as an alternate source of gas turbine 

starting power These devices provide variable frequency power directly to  the 

generator terminals using the generator as a synchronous motor, to start the gas 

turbine and bring it t o  a self-sustarning condition A conventional turning gear IS used 

for slow speed operation, such as cooldown and standby turning, and assists during 

rotor breakaway at startup t o  reduce the required rating of the semiconductors 

The static start system has numerous advantages Elimination of the 

conventional starting skid allows direct access to  the generator field for inspection and 

removal The shorter centerline length means shorter foundatrons, shorter overhead 

crane spans, smaller building lengths, reduced cable and pipe runs, and generally lower 

real estate requirements Lube oil system requirements are also reduced in terms of 
both circulation f low and heat rejection 

Static start systems typrcally run quieter than other types of starting systems 

Because of the higher efficiency of the semiconductor/motor combination, starting 

power requirements are reduced from a conventional starting system 
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6 4 4 Fuel and Fuel Treatment Systems 

"Fuels flex~b~llty," the ablllty to  burn almost any combustible f lu~d, has been a key 

advantage of the gas turblne slnce ~ t s  ~ntroductlon In recent years, the deslre for fuel 

flexlblllty has resulted In utlllzatlon of many fuels, and in more numerous comb~nat~ons, 

than the tradltlonal gas and distillate dual fuel approach Gas turblne fuel system 

des~gns have evolved to meet these needs 

Application of fuel gas systems w ~ t h  dual man~folds, and In some cases ent~rely 

separate fuel control systems, has extended the range of fuel use from reflnery 

off-gases, through natural gas, to  vaporized LPGs and synthetic coal gas wlthout the 

need for chang~ng equipment In the case of LPGs and slmllar wet fuels, maintenance 

of proper fuel condltlons and careful purge and transfer procedures have ellmlnated 

problem areas due t o  condensate formation 

L~quld fuels, whlch have been used prlmarlly as a backup to  lnterruptlble gas 

supplles have Included low-vlscoslty fuels, such as kerosene, jet fuels and naphtha, as 

well as, more conventlonal dlstlllates Low-vlscoslty backup fuels have been handled 

wlth conventlonal fuel systems for low-tlme operatlon, and wlth lubrlclty addrtlves for 

moderate usage "No" vlscoslty fuels such as naphtha and natural gasollne requlre the 

use of specially deslgned llquld fuel control systems that mlnimlze the use of actlve or 

wearing components 

Comb~natlons of multlple gas fuels wlth llquld backup fuel requlre speclal 

conslderatlon Llquld fuels requlre atomlzlng air whlch is normally routed through one 

of the available gas passages In the dual fuel nozzles For these systems, the different 
character~st~cs of the multlple fuel gases are brought closer to one another through the 

use of "steam dop~ng" on one of the fuels 

Fuel Gas System 

Typically, natural gas IS the primary fuel for gas turb~ne operatlon, and dlstlllate 

fuel 011 is the secondary fuel Gas turblnes are also deslgned so that a mrxture of 

natural gas and dlstlllate fuel 011 may be burned Gas IS supplled to  the gas turblne 

t t i r o u g h - ~ c v % i v e s - a t  a p m s u r e  h~gherthara combustor pressure If gas pressure 

IS below the requlred pressure, a gas compressor IS needed t o  boost the gas pressure 

above combustor pressure 
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Fuel Gas Boost Compressor System 

The gas compressor system raises the natural gas pressure to that required by 

the gas turbine for proper operation, removes any slugs of liquid from the gas, as well 

as any solid dust or dirt particles, and provides final absolute filtration of the fuel gas 

The fuel gas booster compressor system operates during normal combined cycle 

operation The gas compressor system consists of the following major components 

lnlet Pressure Regulating Valve 

lnlet Scrubber 

Centrifugal Compressor 

Gas Aftercooler 

Gas Recirculation System 

Main AC Lubricating Oil Pump and Motor 

Auxiliary Post Lubricating Oil Pump 

Compressor Motor 

Duplex Lubricatrng 011 Filter 

Control System 

The Inlet pressure regulating valve limits the compressor inlet pressure if 

required The Inlet scrubber removes any slugs of liquid in the gas as well as any solid 

dust or drrt particles The scrubber is a dry type with multiple small cyclones mounted 

within the scrubber vessel The motor-driven centrifugal compressor compresses the 

gas to the required pressure 011 lubricates and cools the compressor bearings The 

compressor gas discharges to a water cooled aftercooler and receiver The final 

absolute filter separator IS a coalescing type with a separation section and many small 

tubular fiberglass filter pack final separation elements The lubricating oil is cooled, 

filtered, and pumped back to the compressor A backup DC-driven lubricating orl pump 

is provided for emergency backup to the main AC-driven lubricating oil pump The 

backup lubricating pump w ~ l l  run during an emergency coastdown of the compressor 

Lubricating oil heaters are provided to keep the lubricatrng oil warm 

The water-cooled aftercooler cools the gas and IS required during reclrculatlon 
of the gas when the gas compressor IS started The recirculation system In conjunction 

with the receiver allows the gas turbine startup gas flow transient requirements to be 

met Small/slow changes in gas flow requirements and rnlet pressure var~ations are 

also handled by the compressor inlet guide vanes Pressure and temperature 

Page 91 



Prrnc~ples of Combrned Cycle Power Plants MODULE 6 

Instruments are prov~ded to monltor the system operation A f~nal  absolute f~lter 

separator IS prov~ded to assure no 011 or l~qu~ds  can be carr~ed over to the gas turb~ne 

Rel~ef valves are provided to protect the varlous system components from 

overpressure Automatic level control systems on the scrubber and f~nal absolute fllter 

separator, conslstlng of level controllers and dram valves, d~scharge contam~nants vla 

a common d~scharge header to the scrubber drains tank 

The compressor package IS typ~cally sk~d-mounted and fully automated A local 

control panel w ~ t h  start-stop buttons, annunc~ator and trlp ~nd~cators, c r~ t~ca l  pressure, 

temperature and d~fferent~al pressure ~nd~cat~ons are prov~ded Instrument alr IS used 

to operate the system control valves 

Fuel Gas Flow Meter 

The fuel gas metering tube measures the flow of gas to the gas turb~ne and 

operates durlng normal s~mple and combined cycle gas turb~ne operatlon 

Scrubber Drams Tank 

The scrubber drams tank operates dur~ng normal comb~ned cycle gas turb~ne 

operat~on The tank IS vented to atmosphere and collects wastes from the gas 

compressor When the tank approaches full, ~t must be dra~ned to a portable vessel for 

d~sposal A gage ~nd~cates tank level 

On-Base Fuel Gas System 

Fuel gas flows from the compressor to an aftercooler where ~t IS cooled by heat 

rejectlon to cool~ng water After the cooler, the gas passes through a f~nal separator, 

fuel gas meter~ng tube, a Y-type strainer, the gas control valves (stoplratio valve) and 

the fuel gas flow control valve located In the lube 011 module The fuel gas flow control 

valve prov~des a controlled flow to the gas man~fold serving 14 gas turb~ne combust~on 

chambers On turb~ne trip, the gas control valves (stoplrat~o) prov~de qurck shutoff of 

fuel supply, F~gure 6-38 
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F~gure 6-38 Fuel Gas System 

The stoplratio valve acts to control ~nlet pressure to the fuel gas flow control 

valve The fuel gas flow control valve meters fuel flow to the combustion system In 

response to the signals generated by the control system The stop/ratio valves act as 

quick shut-off valves to trip the fuel supply to the combustion chamber 

The stoplratio and gas control valves are actuated by electro-hydraulic servo- 

valves Control oil for the stoplratio and gas flow control valve actuators IS provrded 

from the lube 011 system A hydro-mechan~cal trip relay for the stop/ratio valve actuator 

and for the gas flow control vaive modulates the action of the valves When the relays 
are in the tripped position, one end of the cyllnder 1s opened to dram allowing the spring 
to shut off the gas fuel flow Low pressure trlp 011 and a solenold-actuated trip valve 

operate the relays 
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A solenoid-operated valve located between the stop/ratio valve and the control 

valve opens to  vent the fuel gas to  atmosphere when the turbine trips and the valves 

close When the turbine is shut down, the vent valve will also actuate i f  fuel gas leaks 

past the stoplratio valve 

Fuel gas pressure IS indicated locally at the gas control valves by pressure 

lndlcators From the gas control valve fuel gas f lows Into the fuel gas supply man~fold 

whlch distributes the gas Into the combustion chambers Each chamber has multiple 

fuel nozzles which act as metering elements t o  control the f low of gas t o  each 

combustor The fuel gas f low rate determines the load carried by the turbine 

Liau~d-Fuel Systems 

Currently available heavy-duty gas turbines are capable of burning a variety of 

liquid fuels, from petroleum naphthas to  residuals These fuels vary substantially in 

hydrocarbon composition, physlcal properties and levels of contaminants A series of 

evolutionary changes t o  the high-pressure fuel pump and f low divider designs have 

substantially improved the reliabil~ty of these critical fuel components While 

reasonable reliability o f  these components had been demonstrated on clean distillate 

fuels, it became necessary t o  incorporate several design changes t o  accommodate the 

dirty d~stillates and heavy fuels that are available t o  customers on a worldwide basis 

Deslgn changes were necessary to  accommodate corrosive elements in the fuel and the 

effects of thermal transients as transfers were made from distillate t o  heavy fuel 

These improvements included sw~tch ing to  internal materials which were resistant t o  

the corrosive attack of the fuel and the effects of thermal transients, increased 

clearances and external lubrication of bearings 

Flow dividers on crude-burning large gas turblne units In Saudi Arabia have now 

demonstrated an ability t o  operate in excess of 30,000 hours between maintenance 

intervals, w i th  additional improvements in life expectancy currently in process Fuel 

pump design ~mprovements have also increased the life expectancy to  over 20,000 

hours between maintenance intervals 
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Fuel 011 System 

Fuel 011 IS typ~cally the secondary fuel and the gas turb~ne IS equ~pped for 

automat~c change-over from gas to fuel 011 The gas turblne can also be operated w ~ t h  

both fuels s~multaneously 

The fuel 011 system conslsts of a dellvery system wh~ch may be a truck or barge 

unload~ng connect~on, a fuel 011 storage tank, a fuel o ~ l  forward~ng skld, a gas turblne 

fuel 011 module, and the on-base gas turb~ne fuel equipment, F~gure 6-39 

Startup System 
Position Mannoid Vahre w Not Requ~red 

If Using 
s t Z p  Separate Fuel 
Orifice for Stamp 

'""' 
4-b 

Manflold 
Alternate AP 
Reclrc. - . i 

to Day Tank 7 1 Bypass Valve 

Vatva Servo Control 
Valve Valve 

To Drain 

F~gure 6-39 Fuel 011 System 
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Fuel 011 IS unloaded from trucks, barges etc at the unload~ng dock The barges 

are equ~pped w ~ t h  the~r  own unload~ng pumps and hoses The hose IS bolted to the 

flanged connect~on at the dock end of the piping leadlng lnto the fuel tank The 

p~pel~ne IS equ~pped w ~ t h  manually operated valves, whlch must be opened to allow fuel 

011 to flow Into the tank One of these valves IS a quick clos~ng valve for shutt~ng off 

rap~dly In the event there IS a leak in the system In add~t~on to the qu~ck clos~ng valve, 

the tank has a 2" vent at the h~ghest elevat~on of the flll I~ne, w h ~ c h  acts as an 

anti-s~phon dev~ce to  prevent the fuel from s~phonlng out of storage tank In the event 

of a f ~ l l  hose break A rel~ef valve Installed on the f~ll-line t o  the tank IS prov~ded to  

protect the piping from over pressurlzatlon An Inlet d~ffuser IS provlded on the tank 

end of t h ~ s  f ~ l l  pipe to  mlnlmlze the fuel oil veloc~ty d~sturbance on the fuel 011 tank 

proper 

The tank receives fuel from the barges and stores ~t for use by the gas turb~ne 

Fuel 011 IS d~rected from the tank through a f loat~ng suctlon assembly and through 

plplng equ~pped w ~ t h  a manual valve to  the fuel 011 forwarding s k ~ d  

The f loat~ng suct~on assembly prov~des a method of uslng the fuel 011 from the 

h~ghest usable portion of the tank and not from the bottom of the tank where the water 

and sludge have settled out The floating suct~on pipe IS h~nged and allows the tank 

t o  be empt~ed down to  a mlnlmum level The tank is f~ t ted  w ~ t h  a gauge board to  

lnd~cate fuel 011 level and a water level test connect~on The fuel 011 tank is equ~pped 

w ~ t h  plplng and a manual dram valve to allow removal of water and sludge from the 

tank bottom Manual test valves are prov~ded at two  locat~ons to  deteam~ne the 

presence of water Samples should be collected Into a bucket and v~sually Inspected 

for poss~ble water content T h ~ s  test procedure should be repeated perlod~cally 

Water should be removed from the tank when water IS present In the test 

sample The sample connect~on po~nt  lns~de the tank IS 2" above the tank bottom A 

truck with a pump should be connected to  the dram piping and valve opened allow~ng 

water from the tank draw-off connect~on to  be pumpedtdralned lnto the truck The 

draw-off connectlon point ~ n s ~ d e  the tank IS 1 " above the tank bottom If the fuel 011 

level In the tank IS Inadequate to dram Into the truck, the truck's pump should be used 

to  pump the water Into the truck The water should be removed from the tank un t~ l  

water IS no longer present In the test sample 
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Tank dralnage will contaln fuel 011 and water, and must be dlsposed of properly * A sump collects drains from a low polnt dram connectlon on the barge unloading 

dlscharge piping Into the fuel 011 storage tank 

Fuel 011 Forwardma Skld 

The fuel 011 forwardlng system IS a factory assembled pumping unlt The fuel 011 

forwarding system IS used to  transfer the fuel 011 from the above ground storage tank 

to  the gas turbine fuel 011 module Thls IS done at the pressure and f low rate required 

by the turblne fuel 011 system All components of the system are mounted on a 

separate platform, referred t o  as a fuel 011 forwardrng skld 

The system ~ncludes a Y-type stralner wlth cleanout dram to  remove drrt particles 

from the fuel 011 before it reaches the fuel orl forwardlng pumps The Y-stra~ner IS 

equlpped wlth a dlfferentlal pressure swltch that will annunciate an alarm when 

dlfferentral pressure Increases to  a hlgh level setpolnt Two (2) AC motor drlven fuel 

011 forwardlng pumps are provlded Uslng the selector swltches mounted on the door 

of the MCC starter, the "Remote" mode of operatlon IS normally selected to  permlt 

@ pump operatlon from the GT control panel One IS selected as the lead pump to supply 

fuel 011 for normal start and operatlon of the gas turblne and the second pump IS 

selected as the standby pump 

In the event of a fallure of the lead pump, a pressure swltch senses a drop In fuel 

o ~ l  pressure and automatically starts the standby pump Check valves In the dlscharge 

prprng of the pumps prevent reverse f low durrng operatlon A pump reclrculatron llne 

wlth orrflce IS provlded 

A pressure regulating valve IS used to  malntaln the fuel 011 pressure at the skld 

dlscharge connectlon w l th~n the llmlts requlred for the main fuel orl pump and the fuel 

or1 system on the fuel 011 module A normally closed solenold stop valve IS Installed at 
the outlet connectlon of the fuel 011 forwardlng skrd The solenold valve operates In 
conjunction w ~ t h  the on-base fuel 011 stop valve to  shut off the fuel f low when the 

turb~ne IS shut down A flowmeter IS installed In the fuel 011 forwardlng skld plplng and 

IS connected to  a fuel 011 f low totalizer for control and lndlcatlon purposes 

As a part of the Fuel 011 Forwarding Skld, four heat detectors are provlded, 

located at four different zones 

Page 97 
bh 

if t 48 (i 

t 



Pr~nciples of Combined Cycle Power Plants MODULE 6 

Speclal contact sockets are provlded for these detectors An open contact on 

any of these detectors will result In an alarm If two  contacts are open on any of these 

detectors, due t o  a flre or excessive smoke, the fol low~ng will occur 

The fuel 011 forwarding pump t r~ps  

The solenold operated stop valve closes 

The gas turblne automatically shuts down 

Gas Turblne Fuel 011 Module, 

Fuel 011 supplled t o  the fuel 011 module enters one of the duplex low pressure 

fllters before entering the fuel 011 pumps The fuel 011 supply llne to the gas turblne fuel 

011 module may have a fuel o ~ l  heater Installed to malntaln the correct temperature and 

vlscoslty 

The low pressure fllter typically conslsts of a flve mlcron pleated-paper element 

These fllters retaln contaminants, preventing possible damage or Improper funct~onrng, 

and extendrng the llfe of downstream components A d~fferentlal pressure sw~ tch  

provldes a signal when the pressure different~al across the fllter reaches the hlgh level 

setpolnt The fuel oil f low may be transferred t o  the clean fllter by operating the 

manual transfer valve The dlrty fllter may then be servlced wlth clean f~l ter elements 

wlthout shuttlng down the gas turblne 

The fuel 011 pumps are axlal flow, pos~tlve displacement, rotary, screw type 

pumps A slngle ball bearlng poslt~ons the power rotor for proper operatlon of the 

mechan~cal seal The bear~ng IS permanently grease packed and external to the pumped 

fuel o ~ l  A typlcal fuel 011 pump arrangement uses three pumps 

One fuel oil pump wrll sustaln full speed, no-load operatlon Two fuel 011 pumps 

are required for full load The thlrd fuel 011 pump IS a standby A check valve In the 

discharge plplng of each pump prevents back pressure to the non-operating pump One 

pump motor is energlzed from each of the two  (2) separate MCC's The third pump 

motor may be energlzed from a starter on elther of the MCC's, Interlocked such that 

only one starter may be energlzed at a tlme During normal operation, when two  (2) 
pumps are requrred, a conflguratlon shall be used so that one operating pump IS 

energlzed by each MCC 
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The pumps are protected from lnsufflc~ent suctlon pressure by a permlsslve to @ start pressure sw~tch Durlng normal operat~on, thls swltch functions as a low-pressure 

alarm The fuel orl system IS protected from excesslve pressure by pump d~scharge 

rel~ef valves whlch rel~eve excessive pressure back to pump suctlon 

Fuel 011 IS discharged through one of two duplex h~gh pressure fllters The fllters 

prov~de protection for the flow dlv~der Flltrat~on effrc~ency, d~fferent~al pressure sw~tch 

operatlon, and transfer valve operation are ~dentlcal to that of the low pressure fllters 

Pump d~scharge flow IS modulated by a servo-controlled three-way control valve 

assembly The valve controls flow to the turblne by throttling the maln port whlle 

openlng the bypass port, return~ng the bypass flow to pump suctlon 

A hydraul~cally operated three-way fuel 011 stop valve shuts off the supply of fuel 

011 to the turblne durlng normal or emergency shutdowns Durlng normal turblne 

operatlon, the valve IS held open (bypass closed) by hlgh pressure hydraul~c 011 that 

passes through a hydraul~c trrp relay (dump) valve Thls dump valve, located between 

the hydraullc supply and the stop valve hydraul~c cyllnder, IS hydraul~cally operated by 

@ trip 011 actlng through a solenold valve Durlng a normal shutdown or emergency trip. 

low t r ~ p  011 pressure causes the valve to sh~f t  posltlon, dumplng h~gh  pressure hydraullc 

orl from the stop valve actuat~ng cyllnder The dumplng of 011 allows sprlng pressure 

Wclose the stop valve Dur~ng an electrical trip, the solenold valve causes the dump 

valve to sh~f t  w ~ t h  the same results The stop valve IS fully closed wlthln 0 5 seconds 

of the trrp s~gnal A l ~ m ~ t  sw~tch s~gnals stop valve posltlon 

A flow drvlder equally d~str~butes flltered fuel 011 to the gas turb~ne combustors 

The flow drv~der IS a continuous flow, free-wheel~ng dev~ce conslstlng of several gear 

pump elements In a clrcular arrangement The gear pumping elements have a common 

Inlet wrth a srngle tlmlng gear The t lm~ng (sun) gear ma~nta~ns the speed of each 
pumplng element synchronous w ~ t h  all the other elements 

The speed of each flow dlvlder gear element IS drrectly proport~onal to the total 

flow through the flow drv~der Magnetrc plckup assembl~es, f~ t ted to the flow dlv~der, 

produce a flow feedback s~gnal at a frequency proport~onal to the fuel 011 delivered to 

the combust~on chambers Thls s~gnal IS fed to the gas turblne control system for 

control 
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A nozzle lsolat~on valve IS mated to  the flow dlvlder and houses a poppet for 

each of the outlets These poppets Isolate the fuel 011 nozzles durlng shutdown perlods 

to  prevent llne dralnage The poppets are hydraulically opened by a slngle plston, 

controlled by the same circuit as the fuel oil stop valve When hydraulic pressure is 

relieved, the poppets are closed by spring pressure There IS a separate spring for each 

poppet 

A multl p o s ~ t ~ o n  pressure selector s w ~ t c h  IS mated to  the nozzle ~solatlon valve 

and IS part of the f low dlvlder assembly It  allows monltorlng of lndlvidually selected 

llne pressures on a local gage These include any one of the combustor fuel 011 Ilnes, 

pump discharge pressure, and f low dlvlder Inlet pressure 

In the event of an unsuccessful start, the accumulat~on of combustible fuel 011 

IS dralned through false start dram valves provlded at approprlate low points In the 

combust~on/turb~ne/exhaust area These normally open valves close as the turblne 

accelerates durlng startup Alr pressure from the dlscharge of the unlt's axlal flow 

compressor is used to  actuate the valves Durlng turbine shutdown, the valves open 

as compressor speed (and dlscharge pressure) IS reduced 

Fuel Treatment Systems 

In the case of a true llght distillate 011, treatment IS requlred to  capture dlrt and 

sh~pment contamlnants that have not been removed by the storage tank settllng 

system arrangement Undetected and untreated, a slngle shlpment of contammated 

fuel can cause substantlal damage t o  the gas turblne Fllters are the most commonly 

used devlce, although centrifuges and electrostatic desalters may also be requlred to 

remove sodlum that may be present because of sea water contamlnatlon 

Ash-formlng lrquld fuels are normally heavler o~ls, such as blends, crudes and 

resldual 011s Slnce they usually contain trace metal contamlnants, fuel treatment IS 

requlred to  remove or modrfy the effects of harmful constltuents prior to  combustion 
In the turblne The degree of equlpment soph~st~cation, plant equlpment Investment, 

and operating costs requrred for thls treatment are tied d~rectly to key physlcal and 

chemlcal properties of the fuel Phys~cally, the parameters of Interest Include speclflc 

gravlty, v~scosity, flash polnt, pour polnt and wax content Chem~cally, the prlme 

Interests are the amounts of corrosive trace metals present, the overall fuel washabll~ty 

and the compatlbrllty of one fuel with another The latter IS partrcularly slgnlflcant for 

--- - 
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users who obtain fuel from multiple sources Treatment and condition~ng systems for 

ash-forming fuels are more complex than for dist~llates because of the processing steps 

requ~red to  remove or control their characteristic trace metal contaminants Particular 

attention must be p a ~ d  to  sodium and vanad~um Complete fuel treatment includes 

Wash~ng the fuel to  remove the water soluble trace metals such as sodium, 

potassium and certain calcium compounds Washing also removes much of 

the Inorganic particulate material that is normally forwarded t o  the filtering 

systems Washing involves the addition of water to  the fuel and subsequent 

removal of the contaminant-laden water Under special circumstances, ~t 

may be possible to remove the water already present in the raw fuel, without 

adding more water, and obtain adequate removal of contaminants This spe- 

c ~ a l  process is called "purification" and is frequently applied to  crude oils 

Filtering the fuel to remove solid oxides, s~licates and related compounds that 

are not adequately removed prior to  forwarding to the gas turbine These 

particles can clog fuel pumps, flow dividers and fuel nozzles 

lnhib~ting the vanadium in the fuel with magnesium compounds In a ratio of 

three parts of magnesium, by weight, to  each part of vanadium This form 

of treatment inhibits the corrosive characteristics of vanadium by forming 

high melting temperature ash composed of magnesium sulfate, magnesium 

oxide and magnesium vanidates It should be noted that lead IS also 

corrosive t o  turbine components and should be avoided 

F~gure 6-40 shows the major components that make up the heavy-fuel treatment 

system There is no one base fuel treatment system suitable for all applicat~ons The 

optimum approach results from an evaluation of operational requirements for the gas 

turb~ne, the expected fuel characteristics, the desired maintenance frequency, the 

choice of equipment, the choice of addit~ve, and the desired system flexibility 
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F U t L  WASHING 

WATER I HEAT/POWER 
w 

t 
WATER EFFLUENT 

AND SLUDGE 

Figure 6-40 Heavy Fuel 011 Treatment System 

6 4 5 Lubricating 011 System 

Many s~gnificant changes have taken place In gas turblne lubricating 011 system 

des~gns over the past decade Duplex filtration 1s utilized on all low-pressure fllters to allow 

for filter maintenance while the unit IS operating Stamless steel piping IS included on all 

systems downstream of the low-pressure filters 

Improved bearing sealing air systems have substantially Increased the lubricating 011 

life with over 20,000 hours between changes expected for most environments 

Improvements In the factory flushing procedures and system cleanliness techniques have 

taken place which have improved bearing, gear, servo-valve and other component lives 

Standardization of accessory bases also prov~des important benefits In manufacturing 

and operation This base includes centrifuge connections, a sight glass along wlth the 

previously used level gauge, and locat~on of the pressure regulating valve and the pump rellef 

valve external to  the tank 
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Typrcal gas turbrne lubrrcatrng or1 systems vent through a mrst elrmrnator Thrs @ consrsts of a vessel contarnrng coalescrng frlters, "candles," through whrch the arr-or1 

mrxture IS drawn by a motor-drrven fan The or1 collects on the frlters and returns to 

the tank The fan overcomes the pressure drop caused by the frlters and marntarns a 

slrghtly less than ambrent pressure In the or1 tank Improvements In the deslgn of thrs 

equrpment rnclude the use of a hrgh-effrcrency, two-stage coalescrng frlter 

The lubrrcatrng or1 module IS a package system consrstrng of pumps, tanks, 

heaters, coolers, frlters, prprng and controls that prov~de lubrrcatrng or1 to varrous gas 

turbrne components, F~gure 6-41 Lubrrcatrng 011 IS supplred to the gas turbrne startlng 

system, gas turbrne generator and seal or1 skrd, gas turbrne bearrng, and the atomrzrng 

arr skrd Lubr~catrng orl IS returned from each user to the lubrrcatrng or1 module A 

typrcal on-base gas turbrne lube orl system for a GE Frame 7F gas turbrne IS descrrbed 

below 

Marn Components 

The lube or1 system consrsts of the followrng components 

Lube or1 reservoir 

DC Motor Drrven Emergency Lube 011 Pump 

AC/DC Motor Drrven Emergency Seal 011 Pump 

Auxllrary Lube 011 Pump 

Lube 011 Heat Exchangers 

Lube 011 Frlters 

Bearrng Header Pressure Control Valve 

Lube 011 Mrst Elrmrnator/Extractor 

The lube or1 system IS a packaged, forced feed lubrrcatron system The 

lubrrcatrng or1 system provrdes the requrred quantrty of or1 at the correct pressure and 

temperature to the gas turbrne and generator Lube or1 IS also provrded to the seal or1 

skrd, atomrzing arr skrd, and EHC supply manrfolds 
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Lube 011 IS pumped from the lube 011 reservorr by one of two AC motor drlven @ pumps Durng gas turblne startup, both pumps are In servlce At approx~mately 95% 

turblne speed, the lag lubrlcatlng oil pump automat~cally shuts down The lube 011 

pumps drscharge to one of two parallel shell and tube heat exchangers, where the lube 

011 IS cooled before flowlng to the system components The lube 011 exlts the heat 

exchangers and flows through lube 011 f~lters The lube 011 fllters remove any fore~gn 

mater~al from the 011 to prevent damage to downstream components The fllters have 

replaceable cartr~dge elements that are replaced on lncreaslng drfferent~al pressure The 

lube 011 exlts the fllters and flows to the lube 011 supply header 

From the lube 011 header, orl flows to the turblne bearlngs, generator bearlngs, 

atomlzlng alr sk~d, and the EHC hydraulrc supply man~folds Bearlng header pressure 

IS controlled by a pressure control valve Pressure sw~tches mounted upstream of the 

valve lnltlate an alarm and provrde Input to automat~cally start the lag lube or1 pump on 

decreaslng system pressure 

Lube orl IS suppl~ed to the seal 011 system and the EHC control or1 system from 

upstream of the pressure control valve A maximum lube or1 v~scosrty of 800 SUS IS 

@ spec~f~ed for control system operation and bearlng lubr~cat~on prlor to gas turblne 

startup If the vrscoslty increases above 800 SUS, gas turblne startup IS rnh~b~ted by 

the control system If bearing header temperature exceeds 165"F, an alarm IS ~n~t~ated,  

and the gas turb~ne IS tr~pped ~f the temperature reaches 175°F 

Seal 011 to the generator seals IS normally suppl~ed by the lube 011 system In 
case of a lube or1 system farlure or shutdown, a separate seal or1 pump prov~des seal 

oil to seal the hydrogen In the generator Check valves are located In the normal lube 

or1 supply llne and the seal 011 pump d~scharge llne to prevent the lube 011 or seal orl from 

the operating pump from flowlng through the standby pump The seal 011 pump IS 

normally actrvated by a decreaslng pressure d~fferentlal across the generator seals 

6 4 6 Cooling WaterIAlr Systems 

Several gas turbrne power plant accessory systems require a source of external 

coolrng These Include the lubrlcatlng 011, start~ng system, atomlzrng air, load 

equ~pment, and turblne support legs Coollng water IS usually prov~ded as a heat sink 

for each of these systems The water IS then cooled by e~ther an open system coollng 

tower or an ~ndustr~al-type water-to-a~r heat exchanger operat~ng In a closed loop The 

- - 
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industrlal-type heat exchanger features a hor~zontally-oriented bank of finned tubes 

with large dlameter fans that move alr vertically across the tubes Induced-draft and 

forced-draft designs are used depending on the appl~cat~on requirements Redundant 

motor-driven water pumps are provided for reliability purposes The use of water as 

the coollng medium mixed with ethylene glycol is ideally su~ted for low ambient areas 

An oil-to-air heat-exchanger may be a more practical approach in some environments 

and 1s available on an optlsnal basls Duplex 011-to-water heat exchangers are provlded 

as a standard to  allow continuous operation whlle performing maintenance on the heat 

exchangers 

Cooling/Sealina Air System 

The cooling/sealtng air system for a GE 7F heavy duty industrial gas turbine consists 

of four subsystems 

Compressor Bleed Subsystem 

Turbine Nozzle Cooling Alr Subsystem 

Exhaust Frame Cooling Subsystem 

Exhaust Temperature Reference Bias Subsystem 

The operation of each subsystem is described below 

Compressor Bleed Subsvstem 

The compressor bleed subsystem prov~des compressor pulsation protection 

during gas turbine start-up, acceleration, deceleration and shut-down, F~gure 6-42 To 

prevent compressor surge (pulsatron), air IS extracted from the f l f th and thirteenth 

stages of the compressor through two  sets (four total) of air extraction valves The 

extracted air f lows into the gas turbine exhaust plenum to  prevent compressor 

pulsat~ons 

Dur~ng normal operation, each air extraction valve is closed by actuating air 

pressure exerted on ~ t s  operating piston Actuating air pressure is suppl~ed from the 

compressor d~scharge through a porous filter The porous filter has a continuous 

blowdown orifice and two  solenoid valves The solenoid valves are energized to  

malntain actuating air pressure on the air extraction valves, keeping them closed, when 

the gas turbine is operating at full speed 
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During gas turbine start-up, acceleration, deceleration and shutdown, the 

solenoid valves are de-energized to  open the air extraction valves Opening the air 

extractron valves allows air to  flow from the fifth and thirteenth stages of the 

compressor to  the exhaust plenum Limit switches on the air extraction valves provide 

permrssrve logic to ensure the valves are open before turbrne start-up Or~fices are 

provided to  maintain the correct extraction air flow 

Compressor d~scharge air IS also used to supply atomlzlng air, fuel purge arr and 

performance monitorrng arr 

Turbine Nozzle Coolina Air Supplv Subsystem 

The turbine nozzle coolrng arr subsystem consists of two  circuits One circuit 

is internal to the gas turbine, the other circuit is external The internal circurt cools the 

turbrne frrst stage buckets, second stage buckets, first stage nozzle and shroud The 

external circuit cools the turbine second and third stage nozzles 

The internal cooling air circuit IS supplied by the compressor seventeenth stage 

and the compressor discharge air The first stage nozzle and shroud are cooled by air 

flowing into the turbine from the compressor d~scharge plenum The turbine first and 

second stage buckets are cooled by air flowing radially inward at the seventeenth stage 

compressor wheel, through holes drrlled axrally through the d~stance piece The cooling 

arr then flows over the forward face of the first stage turbine wheel into the first stage 

turbine wheel bore, into the chamber between the frrst and second stage wheels, and 

finally to  the root of the first and second stage buckets 

The external coolrng air circuit is supplred by air extracted from the compressor 

thirteenth stage From the thirteenth stage cooling air IS piped to  the turbrne shell for 

coolrng the second and t h ~ r d  stage nozzles, and wheelspaces 

A 20-mesh Y-strainer is ~nstalled In each of the two  air lrnes supplying the 

turbine second stage nozzle Orif~ces spirt the flow between the second and third 

stages The Y-strainers prevent clogging of the cooling holes in the turbine second 

stage vanes A differential pressure switch is installed around each Y-strainer to detect 

strainer clogging 
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Exhaust Frame Coollna Subsvstem 

The exhaust frame coolrng subsystem prov~des arr for coollng the turblne exhaust 

frame Coolrng air IS supplred by two  skrd-mounted centrifugal blowers From each 

blower, alr flows through a check valve to  the turblne exhaust frame The coollng alr 

enters the exhaust frame through elght radlal nozzles 

The alr cools the outer dlameter of the exhaust gas-path lnsulatlon pack Some 

of the coollng arr then exlts the frame at the forward c~rcumferent~al jolnt near the thlrd 

stage bucket shrouds The remainder of the air flows radrally Inward and cools the 

support struts and the Inner drameter of the exhaust gas-path lnsulatlon pack, then 

exits the exhaust frame, coolrng the thrrd aft wheelspace 

Durlng normal operatron, the two  centrrfugal blowers operate In parallel A 

pressure swltch IS located at the drscharge of each blower to  detect blower fallure 

The system can operate for lrmlted perlods of tlme wlth only one blower operatronal 

Exhaust Temperature Reference Blas Subsvstem 

The exhaust temperature reference bras subsystem provldes Input to the turblne 

control system for calculat~on of gas turbrne flrlng temperature The rnput provlded by 

the cool~ng/sealrng arr system IS compressor discharge pressure and average turblne 

exhaust temperature Turblne exhaust temperature 1s measured by thermocouples 

Compressor drscharge pressure IS measured by a pressure transducer located on the 

lubrlcatlng 011 s k ~ d  

6 4 7 Water Wash System 

Most of the major gas turblne manufacturers have deslgned totally-automated 

water wash systems whlch Improve cleanlng effectlveness and mlnlmlze machlne 

down-tlme Automated water wash systems have been bullt for both on-l~ne and 
off-line operatlon Routlne on-line water washlng allows operators to  reduce the 
frequency of off-11ne washlng and associated machlne downtrme, thereby Increasing 

unrt avarlabrl~ty (F~gure 6-43) Although the use of water-only IS normally 

recommended for on-11ne washlng operations, the use of detergent durlng on-line 

washlng can Improve the washlng effectlveness In severe operating environments 

F~gure 6-44 illustrates the effect of frequent on-11ne washlng and perlodlc "crank" @ washing in restoring efflcrency losses 

- - -- 
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OFFUNE WNIFOU) AN0 NOI2LES 
WATER WASH SKID INLET PLENUM 

Flgure 6-43 Water-Wash System 

LOSS IN 
COMPRESSOR 
EFFICIENCY 

(%I 

-4 
FIRED HOURS 

OFF-LINE WASH 

LEGEND 

- NOWASH ----- ON-LINE WASH - - - NON-RECOVERABLE LOSS 

A 

Flgure 6-44 Effect of Water Washlng on Turblne Eff~c~ency 

Current water wash systems automatically preheat the water, mrx rt wlth 

detergent In the proper ratlo, Inject ~t Into the compressor or turblne, and then provlde 

rlnse water for an appropriate length of tlme Gas turblne manufacturers have also 

desrgned portable automated water wash systems for servlclng turblnes with a remote 

source of potable water, and automated nutshell lnjectlon systems for customers wrth 

heavy fuel applrcatlons that allow for on-llne performance recovery 
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6 4 8 WaterISteam lnject~on System 

Water Inject~on Systems 

Environmental concerns surroundrng the emrsslon of nltrous oxrdes (NO,) from 

the gas turblne exhaust have placed a major emphasrs on the des~gn of water-~njectron 

sk~ds over the last several years In order to control these emlsslons, demrneral~zedl 

de~on~zed water IS Injected dlrectly Into the combustlon zones of the gas turblne 

thereby lnfluenclng the chem~cal reactlon of the combustlon process Self-conta~ned 

water-lnject~on sklds are utll~zed to transport the water from a storage facll~ty and 

dellver the water at the proper pressure and flow rate to the gas turblne as load, 

amb~ent temperature, and emlsslon levels vary, F~gure 6-45 

A series of evolut~onary changes to the water-~nject~on sk~d des~gn have 

substant~ally Improved the rel~abll~ty of these systems These improvements Included 

sw~tchrng to plpe and valve mater~als whlch are resistant to the corrosive attack of the 

dem~neralrzedlderonrzed water Present day water-~nject~on sk~ds use stalnless steel 

pipe (usually AlSl 304L), stalnless steel valve bod~es (usually AlSl 31 6L) and rnternals, 

@ and stalnless steel flanges and flttrngs to prevent corrosion In add~tron, the 

h~gh-pressure, centrifugal water-forward~ng pump assembly IS constructed of stalnless 

steel (usually AlSl 31 6L) 

Operating rellabll~ty of the s~ngle-stage, h~gh-pressure, water-forward~ng 

pumplmotor assembly has been Improved through the use of a "self-contarned" pump 

operating system Thrs pumplmotor comblnat~on IS typically a vert~cal assembly 

cons~strng of the pump w ~ t h  a gearbox mounted over rt and finally w ~ t h  the pump motor 

mounted over the gearbox Thrs "self-contarned" assembly prov~des ~ t s  own coollng, 

fllterlng, and pressurlzlng of the gearbox lubrlcatlng 011, thereby maklng ~t Independent 

of any outs~de system 

Optronally, dual 100% capacrty water-forward~ng pumpfmotor assemblres as 
well as duplex hrgh-pressure water fllters wrth a manual transfer valve are avarlable 
whlch will allow for ma~ntenance whlle the unit IS operatlng, thereby lmprovrng the 

MTBF 
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F~gure 6-45 Water lnject~on System 
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Deslgn efforts are currently underway whlch are armed at elrmlnatlng the 

constant-speed pump drlve motor and gearbox assembly and replacing these two 

components wlth a varlable-frequency drlve (VFD) system whrch consists of a variable-- 

speed motor and a frequency controller Thls change will ellmlnate the pump gearbox 

assembly and the need for a flow control valve and dlfferentlal pressure regulator 

presently used on water-lnjectlon sklds These changes wrll result In an advantage In 

rellablllty and malntarnabll~ty, thereby lmprovlng the MTBF 

Steam Injection Systems 

Steam IS the dlluent of cholce for controlling emlsslons from gas turbrnes applred 

to cogeneration and combined-cycle systems Steam, because of its available energy, 

prov~des a substantlal Improvement In gas turbine heat rate Steam flow requirements 

are nominally 1 4 tlmes those requlred for water lnjectron As wlth the water rnjectlon 

system, the gas turblne control system IS deslgned to  malntain approprlate 

steam-to-fuel ratlos as a function of fuel flow level, amblent temperature and humldlty, 

and site requirements The steam-injection system IS deslgned for automatrc inrtlatton, 

wlth appropr~ate timers and temperature sensors to automatrcally sequence valves and 

llne drams to prevent condensate from entering the Injector ltnes Figure 6-46 shows 

a typlcal steam lnjectlon system 

The improvement In gas turblne performance with steam ~njectlon, coupled with 

the avallabll~ty of excess steam at many sltes, has led to the conslderatlon of steam 

tnjectlon, beyond levels requlred for emrsslons control, as a means of augmenting 

turblne output However, there IS a llmlt to the amount of steam that may be Injected 

lnto the gas turblne In general, and Into the prrmary zone of the combustor In partrcular 

The latter llmlt IS set by the flameout characterlstlcs of the combustor, while the former 

IS set by mechanical cons~derations and compressor pressure ratlo limitations 

The maximum allowable total steam injection to the gas turblne is approximately 

5 %  of exlstlng air flow depending on model serles, and prevailing ambient and machlne 

condltlons The turbine control system dlvldes thls between emtssions control steam 

Injected lnto the combustor, and power-augmentatron steam Injected Into the 

compressor discharge 

- -- 
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In most cases, control of augmentation steam is achieved as an extension of the @ normal turb~ne governing characterist~c in a technique referred to  as 'dual governing I' 

Dual governing allows the governor to  control turbine output beyond the point where 

fuel is limited by the temperature control system Where excess steam is usually 

available, it is also possible to  base load the augmentation steam, and allow the gas 

turbine governor t o  alter output usrng fuel flow when operating below rated exhaust 

temperature 

6 4 9 Fire Protection System 

Gas turbine fire protection systems are designed to  meet the requirements of 

National Flre Protection Association (NFPA) code No 12  The prlmary fire protectron 

medlum IS carbon dioxrde The Halon frre protection medium IS a vlable optlon and is 

offered by several manufacturers The Halon system 1s designed to  meet NFPA No 

1 2 A o r  No 12B 

In recent years the use of Halon has been limited due to  its environmental impact 

on the ozone layer The Federal Environmental Protection Agency and the Montreal 

Protocol has directed the Halon producers to  limit the production of Halon to 1986 

levels The International Environmental Agency will eventually ban the production of 

Halon Gas turbine manufacturers are working with the fire extingu~shant producers 

for alternatives like FE-25 by DuPont which will eventually replace Halon 

he tanks' 
The majorrty of heavy-duty gas turbines use low-pressure CO, tanks T 

contents are cooled by a refrigeration system that prevents over-pressurization at 

hrgher ambient temperatures The refrigerant tanks are srzed for 200% capacity The 

smaller gas turblnes use high-pressure bottles The fire protection system consists of 

initial and extended discharges, F~gure 6-47 Within a few seconds after actuat~on, 

sufficient CO, flows Into the compartments of the gas turb~ne unit to  rapidly build up 

an extlnguishlng concentration This concentratron is marntained for a prolonged perlod 
of time by the gradual addition of more CO, from the extended discharge, 
compensating for the compartment leakage 

The LP and HP systems are equipped with microprocessor control panels 

Redundant frre detectors are located and wlred to a separate control panel The use 

of redundant f ~ r e  detectors prevents a false trip of the turbine should a fire detector fail 

Should a fire occur, the fire is sensed by more than one fire detector in the approprlate 

zone and a legitimate trip of the gas turbine would occur 
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Figure 6-47 Flre Protectlon System 
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6 4 10 Gas Turblne Controls 

The commerc~al~zat~on of microprocessor technology has had a very slgnifrcant 

Impact on gas turblne reliablllty lncorporatlon of thls technology Into gas turblne 

systems in the form of digital rnlcroprocessor controls has allowed turblne 

manufacturers t o  deslgn many new features that were previously lmposslble or 

rmpractlcal The data can now be manipulated, analyzed, and displayed to  asslst In 

troubleshoot~ng and maintenance functions The cost effectiveness of these 

mlcroprocessor controls has enabled manufacturers to  incorporate three computers 

operating In parallel In every control system These three computers accept the same 

slgnals from the different sensors on the gas turb~ne If a malfunctlon should occur In 

one of the computers, the other two  can recognize and d~agnose the malfunctlon and 

'vote' to Ignore the control signals from the faulty computer 

In order to ellmlnate trlps resulting from a faded sensor, the "trlp sensors" have 

been made redundant so that the computers can dlagnose them as well Each crltlcal 

trlp function, except the mechanical shaft speed (overspeed bolt), has at least three 

separate sensors whose s~gnals are fed to  each of the three computers Many sensors 

such as flre detectors and exhaust thermocouples have quantltles much greater than 

three and are wlred-up strategically t o  maxlmlze the number of sensors that can fall 

before an unnecessary trlp can occur 

The newest generation of gas turblne control systems used on GE machlnes 1s 

the SPEEDTRONIC Mark V Thls control system IS the flrst GE control system for use 

wlth both gas and steam turblnes A brief functional descrlptlon of the SPEEDTRONIC 

control system 1s provlded in the following section 

Function 

The combust~on turbine has a number of control and protection systems 
deslgned for rellable and safe operation of the unlt Control of the turblne IS done 
malnly by control sub-loops namely startup, speed, accelerat~on, synchronrzat~on, and 

temperature control Protection systems are provlded to  prevent abnormal condltlons 

whlch could result In damage to  the turblne 
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The crltlcal operatlng parameters monitored by the protectron system are 

Temperature 

Speed 

Vlbratlon 

Flame 

Overtemperature and overspeed protectlon system are provlded as Independent 

backup systems for the temperature control and speed control systems Vlbratron 

detectlon and protectlon IS actlvated by abnormal turbine vlbratlon amplitude reachlng 

a preset level The flame detectlon and protectlon system IS actlvated rf flame IS not 

established durlng startup or ~f flame IS lost durlng operatlon Each protectlon system 

has redundant channels of operatron Each of the channels operates independently and 

will trip the unlt dltk s~gnal corresponds to a trlp condltlen 

Sensors monltor the turblne speed, temperature, and compressor discharge 

pressure to determine the operatlng conditions of the unrt When rt 1s necessary for the 

turblne control to  alter the turblne operatlng condit~ons, ~t IS accomplished by 

modulating the f low of fuel to  the turbrne For example, ~f the exhaust temperature 

starts to exceed ~ t s  predetermined value for a glven operatlng cond~tron, the 

temperature control clrcult reduces the fuel supplled to  the turblne, thereby llmltlng 

exhaust temperature 

The Speedtronlc system IS a mlcrocomputer control system whlch provldes the 

analog and digital slgnals requrred to  control and protect the operatlon of the 

combustion turblne Operating condltlons of the turbine are sensed and utrlrzed as 

feedback slgnals There are three major control loops - startup, speed, and 

temperature, whlch may be In control durlng turblne operation The output of these 

control loops IS connected to  a rnlnlmum value select circullt whlch allows the lowest 

voltage output of these control loops to  pass to  the fuel control system as the 

controlllng Fuel Stroke Reference (FSR) voltage FSR IS the command s~gnal for the 

fuel Swltchlng between the control modes of speed, temperature, and startup control 

takes place automat~cally The controlllng FSR establishes the fuel Input to the turb~ne 

at the value requlred by the system whlch IS In control, F~gure 6-48 Dlsplays on the 

turblne control panel CRT lnd~cates whlch of the control systems IS controlllng the FSR 

Page 1 4 8 



Pr~nciples of Combined Cycle Power Plants MODULE 6 

F~gure 6-48 FSR - Min~mum Value Selection 

Minimum 
Fuel - 

Maxlmum Control FSR to 

The combustion turbine protection systems are comprised of a number of sub- 

systems The protection systems operate during each normal startup and shutdown 

The most common type of failure on a combustion turbine is the failure of a sensor 

The protection systems are set up to  detect and alarm such failures If the condrtion 

is serious enough to disable the protection completely, the turbine is actually shut 

down 

Protectwe systems respond to t r ~ p  signals such as pressure sw~tches relay~ng 
condit~ons such as low lube oil pressure They also respond t o  more complex 

parameters such as overspeed, overtemperature, vibrat~on, and loss of flame Some 

of these protection systems and their components operate through a master control 

and protection circuit, while other totally mechanical systems operate directly on the 

components of the turbine For each type of system, there are two  independent paths 

@ for stopping fuel flow by closing both the fuel control valves (FCV), and the stop valve 

(FSVI 

Fuel 
antroi 
y I 

I 

Load , 
Preselected * 
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Startlna/Shutdown Sequence and Control 

Startlng the combust~on turblne ~nvolves proper sequencing of command s~gnals 

to  the accessones, the start~ng system and the fuel control system Slnce a safe and 

successful startup depends on proper funct~onlng of the combust~on turbrne equ~pment 

much of the control loglc circuitry IS ded~cated to  enabltng protective clrcults and 

obtalnlng perrnlsslve condlt~ons 

An Important part of the turblne startuplshutdown sequence IS proper speed 

senslng A number of speed detectors and relays are used t o  sense speed The zero- 

speed detector prov~des a s~gnal when the turblne shaft starts rotat~ng If speed IS 

below the setpo~nt of the zero speed detector, permlsslve Ioglc lnltlates clutch 

engagement and the cranklng sequence for the turblne Durlng the shutdown 

sequence, the zero speed detector prov~des a signal to engage the ratchet gear or 

turn~ng device Thls occurs durlng the automatic cool down sequence of the 

combust~on turblne The mlnlmum speed detector lnd~cates that the turblne has 

reached the rnlnlmum flrlng speed and lnrtlates a purge prlor to lgnltlon The mlnlmum 

speed relay also prov~des several permlsslve funct~ons In the restarting of the 

combust~on turblne after shutdown 

The accelerat~on speed relay plckup indicates that the turblne has reached 

approximately 40 to 50 percent In the accelerat~on cycle The h ~ g h  speed sensor 

plckup Indicates that the turblne IS at operating speed, and that the accelerat~ng 

sequence IS complete 

The h ~ g h  speed sensor dropout speed IS also used to  close unmodulated rnlet 

gu~de vanes when the turblne IS shut down Durlng a normal shutdown, d ~ g ~ t a l  setpolnt 

is reduced to  a mlnlmum value, the generator breaker opens on reverse power and the 

fuel stroke reference IS reduced t o  a mlnlmum value Flame IS malnta~ned to shutdown 

speed untll the accelerat~on speed relay drops out When the accelerat~on speed relay 

drops out, the fuel stroke reference IS driven t o  zero 

Should the turbine and generator bog down, the h ~ g h  speed sensor drops out at 

the under frequency speed setting The Inlet gude vanes are closed and the 

compressor bleed valves open Approx~mately 4 5 seconds after the h ~ g h  speed sensor 

drops out, the generator breaker trlps open and the d ~ g ~ t a l  setpo~nt IS reset to 100 3% @ 
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As the turblne accelerates, the hlgh speed sensor p~cks  up, and the Inlet gulde @ vanes open The turbine will then requlre a start slgnal before the generator breaker 

IS closed 

The startlng equipment may be a starting motor wlth a torque converter, a statlc 

starting system, or a dlesel engine The startup sequence IS essentially the same In 

each case Th~s  sectlon discusses a gas turblne havlng a motor drlven startlng system 

The startlng motor IS started wlth the converter dralned, and should attain "no-load" 

speed In about t w o  seconds The charge pump supplles 011 to  fill and pressurize the 

converter loop In about ten to  flfteen seconds Loop pressure IS regulated by an orrflce 

and pressure regulator In the converter discharge When pressurized, the converter IS 

powered by the motor and supplles power to  the combustion turblne through the 

start~ng clutch Breakaway torque IS supplemented by the ratchet system Output 

power of the converter accelerates the unit to  purge speed (approximately 1080 rpm) 

Purge speed IS not adjustable and IS determined by the power demand After the unit 

IS fired, the converter continues to  supply power untll the unit becomes self-susta~n~ng 

@ Converter power output decreases to  zero (at only a very small decrease in Input 

power) and the clutch automatically opens The motor de-energizes and the converter 

loop drams back t o  the tank 

Speed Control 

The speed control system IS deslgned to  control the speed and load of the 

turblne The speed control system operates In response to  actual turblne speed and a 

called-for speed reference The speed of the turblne IS measured by three magnetlc 

plckups Droop speed control IS based on the fact that the power grld to  whlch the 

generator IS connected will hold a synchronous generator speed at grid frequency The 
speed control software changes command voltage (FSR) In proportion to the difference 

between the actual turb~ne-generator speed and the called for speed reference (TNR) 

Once the generator breaker IS closed on the power grld, speed IS held relatively 

constant at synchronous speed Fuel f low In excess of that to malntaln full speed no 

load results in Increased power produced by the generator The speed control loop acts 

as a load control loop and the speed reference controls the desired load on the turbine- 
@ generator unit 
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If the entire g r ~ d  system tends to  be overloaded, g r ~ d  frequency (or speed) 

decreases Th~s  drop In frequency causes a fuel stroke reference Increase In proportion 

to  the droop settlng U n ~ t s  wrth the same droop setting share load Increases equally 

Load shar~ng IS a maln advantage uslng t h ~ s  method of speed control If 4% droop is 

selected, a 1 % change In speed produces a change In fuel f low equal t o  equ~valent to 

25% percent of rated load Th~s  results In fast system response t o  translent changes 

and helps hold system frequency Normally 4% droop 1s selected and a setpolnt IS 

cal~brated such that a 104% setpo~nt generates a speed reference that produces a FSR 
result~ng In base load at des~gn ambient temperature 

Exhaust Temperature Control and Protect~on 

A temperature control system IS requ~red to control fuel flow to  the combust~on 

turb~ne The temperature control system maintains operatrng temperatures w l th~n  the 

des~gn thermal stress l ~ m ~ t a t ~ o n s  of the turb~ne parts The h~ghest temperature attalned 

In a combust~on turb~ne occurs In the combust~on chambers The same gas 

temperature also occurs at the turb~ne Inlet The temperature control system IS 

des~gned to  measure and control turb~ne exhaust temperature S~nce ~t IS ~mpract~cal 

to  measure temperature In the combust~on chambers or at the turb~ne Inlet d~rectly, the 

~ n d ~ r e c t  control of turb~ne Inlet temperature, called f ~ r ~ n g  temperature, IS poss~ble 

through known turb~ne performance relat~onsh~ps The exhaust temperature alone does 

not fully detername flring temperature, the measured compressor discharge pressure IS 

also requ~red 

The temperature control system compares the exhaust temperature control 

setpoint w ~ t h  the measured combustlon turb~ne exhaust temperature as sensed by 

thermocouples located In the exhaust plenum The thermocouple Inputs are fed to the 

control system where they are sorted from the h~ghest to the lowest and stored The 

thermocouple Inputs are used In the combust~on monitor program and the temperature 

control program 

Read~ng the exhaust thermocouples dally aids In monltorlng the combust~on 

system and In detect~ng faulty thermocouples Changes In the combust~on system are 

detected eas~ly after a normal pattern of temperatures has been established D~verg~ng 

temperatures In the exhaust system usually lndlcate deter~orat~on of the combust~on 
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chamber, or poor fuel distrrbution (drrty fuel nozzle) Below normal thermocouple 

readings indicate thermocouple deterloration The thermocouple readings are used to  

defrne a "baseline value" of exhaust temperature spread for comparing future data 

Baseline data is established during steady state operation after each of the following 

conditions 

lnitral startup of unit 

Before and after a planned shutdown 

Before and after a planned maintenance 

When reviewing exhaust temperature readings to observe any trend which may 

indicate deterioration of the combustion system, gradual and/or sudden temperature 

excursions should be rnvestigated as soon as possible t o  determine the validity of 

readings 

Faulty thermocouples should be replaced as soon as possible If a maxrmum of 

t w o  control thermocouples (but only one of any three adjacent ones) become 

inoperative, they should be placed on "Reject" untrl replacement is possrble Placing 

I) the input srgnals on "Reject" avolds the possibility of rnaccurate averaging of 

temperature No more than one overtemperature thermocouple per channel should be 

placed on "Reject" at any one time A maximum differential spread of 150°F between 

thermocouples located in the same wheelspace area, side to  side should not be 

exceeded 

Combustion Monitor Function 

Monitor~ng of the exhaust thermocouples t o  detect combustion problems is 

performed by microprocessor based controllers coupled with solid state analog devices 

for interfacing with primary controls and protective devices The primary functions of 
the combustion monitor IS t o  reduce the likelihood of extended damage to the 
combustron turbine i f  the combustion system deterrorates The combustion monitor 
examines the exhaust temperature thermocouples Any changes that occur in the 

pattern of the thermocouple readrngs generates warning and protective signals that are 

sent t o  the combustion turbine control panel 
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Flame Detection and Protection System 

The flame detection system has two  basic functional requirements 

* It must detect the "presence-of-flame" during startup A "presence-of- 

flame" signal is prerequisite for contlnuatlon of the startup sequence 

s During operation, the system must detect the "absence-of-flame" to trlp the 

combustion turbine The "absence-of-flame" signal is very critical to  the 

protection of the combustion turblne and associated heat recovery 

equipment 

The system is des~gned t o  detect the presence of ultrav~olet radratron whlch IS 

emitted by a hydrocarbon flame and to provide a signal when the radiation is sensed 

for a sufficient trme period 

6 5 Operation and Maintenance Consrderations 

As wi th  any other piece of machinery, the gas turbine is only as good as the 

maintenance that IS performed on it on a regular basis Several factors are involved in 

terms of both operations and maintenance that should be known to  personnel rnvolved 

in the running of gas turbine power plants This section addresses these operation and 

maintenance factors 

6 5 1 Operat~ng Modes and Thew Effect on Gas Turblne Malntenance 

The effic~ency and performance of gas turbines are very sensltlve to the mode 

in whlch they are operated The best mode by far is steady base load operation, with 

minimum changes In operating parameters However, this is not always possible 

spec~ally if the gas turbines are simple cycle machines designed for cycling or peak 

service only The factors that have the most srgnificant impact on gas turbine 

condition are 

p Cyclrng 

Type of start normal versus fast (emergency) 

Base versus peak (firing temperature) mode of operation 

Steamtwater injection for NO, control/power augmentation 

Fuel and Air quallty 
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The effect of each of these factors on gas turbine condition and maintenance is 

discussed in de ta~ l  in the following paragraphs 

6 5 2 Malntenance Ph~losophy and Plannlng 

Malntenance costs and availability are t w o  of the most important concerns to  the 

equipment owner A maintenance program that optimizes the owner's costs and 

maximizes equipment availability must be instituted For a maintenance program t o  be 

effective the following must occur 

The owner must develop a general understanding of the relationsh~p between 

his operating plans and priorities for the plant 

The skill level of operating and maintenance personnel should be sufficient 

t o  operate and malntain the plant in the optlmum manner 

The manufacturer's recommendations regarding the number and types of 

inspections should be rationalized 

Spare parts planning should be implanted 

The major factors affecting component life and proper operation of the 

equipment should be recognized and addressed 

In t h ~ s  sect~on, operating and maintenance practices are revlewed, wi th  an 

emphasis placed on the types of inspections plus operating factors that influence 

malntenance schedules A well-planned malntenance program results in maximum 

equipment availability and optimal maintenance costs 

Advance planning for maintenance is a necessity for a utility Also, the correct 

control of planned maintenance and Inspection provides direct benefits In reduced 

forced outages and start fa~lures The correct control of planned maintenance and 

inspection reduces unscheduled repair downtime The primary factors that affect the 
maintenance plann~ng process are shown In Flgure 6-49 The owners' operat~ng mode 
also determ~nes how  each factor IS weighted A typ~cai  maintenance program Includes 
a variety of essential Items as iden t~ f~ed  In Flgure 6-50 
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F~gure 6-49 Factors Affecting Malntenance Plannlng 
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Parts unique to  the gas turblne requirrng the most careful attention are those 

associated with the combustion process and those parts exposed to high temperatures 

from the hot gases The parts are also called hot-gas-path parts and include combus- 

tion liners, cross-fire tubes, transition pieces, turblne nozzles, turb~ne stationary 

shrouds and turblne buckets 

The basic design and recommended maintenance of heavy-duty gas turb~nes are 

oriented toward 

Maximum periods of operation between inspection and overhauls 

In-place, on-site inspection and maintenance 

Use of local trade skills to  d~sassemble, Inspect and re-assemble 

In addition to  maintenance of the basic gas turbine, the control devices, fuel 

metering equipment, gas turblne auxillar~es, load package, and other station auxillarles 

also require periodic servicing 

The primary maintenance effort is attributed to  five basic systems, namely the @ controls and accessories, combustion components, turblne, generator, and 

balance-of-plant The unavailability of controls and accessories is generally composed 

of numerous short-durat~on outages, whereas conversely the other four systems are 

composed of far fewer, but usually longer-durat~on outages 

The inspection and repair requirements, outllned by gas turbine manufacturers 

lend themselves to establ~shing a pattern of inspections In addition, supplementary 

information is provided through a system of Technical Information Letters (TIL's) from 

manufacturers Thls updatlng of information, contained in the gas turbine's 

Maintenance and Instructions Manual assures optimum installation, operation and 

maintenance of the turbine Many of the TIL's contaln advisory technical 
recommendat~ons to  resolve problems and Improve the operation, maintenance, safety, 
relrabil~ty or availability of the turbine The recommendations contamed In TIL's should 
be followed and factored into the overall maintenance planning program 
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6 5 3 Maintenance Features of Gas Turb~ne Des~gn 

Heavy-duty gas turbines are des~gned to  withstand severe duty and to  be 

maintained on-site Off-site repair is required only on certain hot-gas-path parts and 

rotor assemblies needing specialized shop service The following features are designed 

into typical heavy-duty gas turbines to  facilitate on-site maintenance 

All casings, shells and frames are split on machlne hor~zontal centerl~ne 

Upper halves may be lifted ind~vldually for access to internal parts 

With upper-half compressor casings removed, all stator vanes can be slid 

circumferentially out of the casings for inspection or replacement without 

rotor removal On most designs, the variable Inlet guide vanes (VIGV's) are 

removed radially with the upper half of the inlet casing removed 

With the upper-half of the turbine shell I~fted, each half of the first-stage 

nozzle assembly can be removed for inspection, repair or replacement 

without removing the rotor On some units, upper-half, later-stage nozzle 

assemblies are lifted w ~ t h  the turblne shell also, allowing inspection and/or 

removal of the turblne buckets 

All turbine buckets are moment-weighed and computer charted in sets for 

rotor spool assembly so that they may be replaced w~ thou t  the need to  

remove or rebalance the rotor assembly 

All bearing housings and liners are split on the horizontal centerline so that 

they may be inspected and replaced, when necessary The lower half of the 

bearing liner can be removed without removing the rotor 

All seals and shaft packings are separate from the main bearing housings and 

casing structures and may be readily removed and replaced 

Fuel nozzles, combustion liners and f low sleeves can be removed for 

inspection, maintenance or replacement without lifting any casings or 

removlng combustion cans 

All major accessories, including filters and coolers, are separate assemblies 

that are read~ly access~ble for inspection or maintenance They may also be 

~ndividually replaced as necessary 

Page 128 



Pr~nc~ples of Comblned Cycle Power Plants MODULE 6 

Inspection a ~ d  provlslons have been bulk into many heavy-duty gas turblnes to  

facllltate conducting several speclal lnspectlon procedures These specla procedures 

provide for v~sual lnspectlon and clearance measurement of the crrt~cal Internal turblne 

hot-gas-path components without removal of the gas turblne outer casings and shells 

These procedures Include gas-path borescope inspection and turblne nozzle ax~al 

clearance measurement 

Borescope lnspect~ons 

Heavy-duty gas turblnes incorporate provlslons in both compressor casings and 

turbine shells for gas-path v~sual ~nspectlon of ~ntermed~ate compressor rotor stages, 

f~rst-, second- and t h ~ r d  stage turblne buckets and turblne nozzle partitions by means 

of the optlcal borescope The provisions cons~st of radially al~gned holes through the 

compressor caslngs, turbine shell, and internal statlonary turbine shrouds The rad~al 

holes are des~gned to  allow entry of an opt~cal borescope Into the compressor or turblne 

flow-path area as shown In Flgure 6-51 

3rd BUCKET LE 

2nd NOZZLE TIE AND 2nd BUCKET LE 

2nd NOZZLE LIE AND -1 i s 1  BUCKET TIE I 
i s 1  NOZZLE TIE AND 1stBUCKET LIE 

COMPRESSOR 17lh STAGE 

PRIMARY INSPECTION ACCESS (NORMAL INSPECTION) UE LU\DINGEDGE 
X SECONDARY INSPECTION ACCESS IADDWNAL STATORS AND N O Z N S )  TIE TRAIUNQEWE 

@ACCESS ALSO FOR EDDY-CURRENT AND NOZLE DEFLECTION INSPECTION 

F~gure 6-51 Borescope lnspect~on Holes 
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An effective borescope ~nspection program can result in removing casings and shells 

from a turbine unit only when it is necessary to repair or replace parts F~gure 6-52 provides 

a recommended interval for a planned borescope inspection program following ~nitial base 

a 
line inspections These borescope inspection intervals are based on average unit operating 

modes Adjustment of these borescope intervals may be made based on operating 

experience and the individual unit mode of operation, the duel used and the results of 

previous borescope inspect~ons 

Flgure 6-52 Borescope lnspect~on Program 

BORESCOPE 

7 

The application of a monitoring program using a borescope allows scheduling 

outages and preplanning of parts requirements, resulting in lower maintenance costs and 

higher availability and reliability of the gas turbine 

Nozzle Clearance Measurements 

GAS AND 
FUEL OIL 

- 

HEAVY FUEL OIL 

Certain axial clearances between the stationary and rotating components within a 

gas turbine can change wlth operation of the turbine The amount and rate of clearance 

changes are dependent on the following 

AT COMBUSTION INSPECTIOh 
OR ANNUALLY WHICHEVER 
OCCURS FIRST 

AT COMBUSTION INSPECTIOh 
OR SE'v IAhNI IALLY 
WPCHEVER CCCURS FIRST 

operating temperatures 

* pressure differentials 

rates of load change 

operating time 

Page 130 



Princrples of Combmed Cycle Power Plants MODULE 6 

Measuring the absolute values of the axial clearances at periodic Intervals provides 

an indication of the rate of change and permit advance planning of required maintenance 

Measurement of the GE 7001 gas turbine section axial clearances between the 

second-stage turbine nozzle sidewall and the second-stage turbine bucket shank, and the 

third-stage turbine nozzle sidewall and the third-stage turbine bucket shank, can be 

accomplished without removing the turbine shell A one-inch-diameter hole is provided 

through the turbine shell and stationary shrouds at the locations The axial clearances found 

at these locations are measured uslng a spec~al taper gauge in conjunction with a borescope 

6 5 4 Major Factors lnfluenclng Maintenance and Equipment Llfe 

There are many factors that can influence equipment life and these must be 

understood and accounted for during maintenance planning As indicated in Figure 6-53, 

starting cycle, power setting, fuel, and level of steam or water injection are key factors In 

determin~ng the maintenance interval requirements as these factors drrectly ~nfluence the life 

of crit~cal gas turbine parts 

FUEL 

FIRING TEMPEQATURE 

STEAM/WA'ER INJECTION 

CYCLIC EFFECTS 

AIR QbALITY 

SERVICE FACTORS DIFFERENT FROM 
THE REFERENCE CONDITION* CAN 

INCREASE MAINTENANCE COST AND 
REDUCE MAINTENANCE INTERVALS 

* GAS FUEL BASE LOAD STEAM/WATER 
INJECTION A T  42PPM 1\10, LEVEL 

F~gure 6-53 Factors Affecting Equipment Llfe 
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One approach to maintenance planning IS to establish baseline conditions that set 

the maximum recommended maintenance ~ntervals For operation that differs from the 

baseline, maintenance factors are established that determine the increased level of mainte- 

nance required For example, a maintenance factor of two would indicate a maintenance 

interval that is half of the baseline interval 

Starts and Hours Cr~teria 

Gas turbines wear out in different ways for different service-duties Thermal-mechanical 

fatigue is the dominant limiter of life for peaking machines, while creep, oxidation, and 

corrosion are the dominant limiters of l ~ f e  for continuous duty machines These mechan~sms 

are considered in the gas turbine design criteria, but to a great extent are second order 

effects For this reason, gas turbine maintenance requirements are based on independent 

counts of starts and hours Whichever criteria limit IS first reached determines the 

maintenance ~nterval A graphical display of one approach is shown in F~gure 6-54 In this 

figure, the inspection ~nterval recommendation is defined by the rectangle established by the 

starts and hours criteria These recommendations for inspection fall within the design life 

expectations and are selected such that components verified to be acceptable for continued 

use at the Inspection point will have low risk of failure during the subsequent operating 

interval 

Recommendainm GE InspectMI 
(Equnmlent Houa Per Start) Recommendabon 

I 
Flgure 6-54 Ma~ntenance Internal Determination for Gas Turblnes 
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An  alternatlve to  thls approach IS to  convert each start cycle to  an equrvalent 

number of operat~ng hours (EOH) The rnspectlon Intervals are then based on the equlvalent 

hours count For the reasons stated above, some manufacturers do notagree wlth thls 

approach The alternatlve approach can create the lmpresslon of longer ~ntervals, whlle In 

reallty, more frequent malntenance lnspectlons are requlred 

Fuel - 

Fuels burned In gas turblnes range from clean natural gas to  resldual 011s and Impact 

malntenance as illustrated In Flgure 6-55 Heavler hydrocarbon fuels, whlch have a 

maintenance factor ranging from three to  four, generally release a hlgher amount of radlant 

thermal energy The hlgher amount of radlant thermal energy results In a subsequent 

reduct~on In combustion hardware llfe Fuels also frequently contaln corroslve elements such 

as sodlum, potasslum, vanadium, and lead that can lead to  accelerated hot corrosion of 

turblne nozzles and buckets 

- 

- 
RESIDUAL 

- 
NATURAL GAS 

I 
J l l  I I I I  I I 1 
7 8 9 1011 12131415 20 

FUEL PERCENT HYDROGEN BY WEIGHT IN FUEL 

F~gure 6-55 Impact of Fuels on Gas Turb~ne Maintenance 

Dlstlllates do not generally contaln hlgh levels of corroslve elements, but harmful 

contaminants can be present In these fuels when delivered t o  the site Two common ways 

of contamlnatlng number t w o  dlstlllate fuel 011 are salt water ballast mixing durlng sea 

transport, and dlstlllate fuel contamlnatlon when transported In tankers that were previously 
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used to transport contaminated fuel or leaded gasoline Experience with distillate fuels 

indicates that the maintenance factor can range from as low as one (equivalent to natural 

gas) to as high as three Unless operating experience suggests otherwise, it is recommended 

that a maintenance factor of 1 5 be used for operation on distillate oil Contaminants in 

liquid fuels can also affect the life of gas turbine auxrliary components such as fuel pumps 

and flow dividers 

Gas fuels are considered the optimum fuel with regard to turblne malntenance and 

are assigned no negative impact However, if condensed liquid hydrocarbons are present 

in gas fuel and are allowed to carryover into the gas turbine fuel system, a reduction in 

hot-gas-path component life results While hydrocarbon carryover in very small 

concentrations can be tolerated, the presence of liquid hydrocarbon mist suggests the 

possibil~ty of bulk carryover In the extreme case, liquid hydrocarbon carryover can expose 

the hot-gas-path components to severe over-temperature conditions The overtemperature 

condition can result in significant reductions in hot-gas-path component llves or repair 

intervals Hydrocarbon mist carryover can be controlled by using effective gas scrubber 

systems and by superheating the gaseous fuel prior to use to provide a nominal 50°F (28°C) 

superheat at the turbine gas control valve connection 

Potentially high maintenance costs and loss of availability can be minimrzed or 

eliminated by 

Placing a proper fuel specification on the fuel supplier 

Providing a regular fuel qual~ty sampling and analysis program 

Providing proper maintenance of the fuel treatment system when burning 

heavier fuel oils 

Providing cleanup equipment when there IS a danger of contaminatron to restore 

the fuel to its original quality 

Contaminants can also enter the turbine with the Inlet air or from the steam or water 

Injected for NO, emission control or power augmentation Carryover from evaporative 

coolers is another source of contaminants Gas turbine manufacturer specifications define 

limits for maximum concentrations of contaminants for fuel, air and steamlwater Limits 

from all sources are one ppm sodium plus potassium, one ppm lead, 5 ppm vanadium and 

two ppm calclum on a referred-to-fuel basis 
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@ Flrlna Temperature 

Slgnlflcant operatlon at peak load, because of the hlgher operating temperatures, 

requires more frequent rnalntenance and replacement of hot-gas-path components Each 

hour of operatron at peak load flrlng temperature IS the same, from a bucket parts llfe 

standpoint, as SIX hours of operatlon at base load Peak load flrlng results In a rnalntenance 

factor of SIX 

Hlgher flrlng temperature reduces hot-gas-path parts llves whlle lower flrlng temperature 

Increases parts llves It IS important to recognize that a reduct~on In load does not always 

mean a reduct~on In flrlng temperature In heat recovery appllcatlons, where steam 

generation drlves overall plant efflclency, load IS flrst reduced by closlng varlable Inlet gulde 

vanes to reduce Inlet alrflow For these appllcatlons, flring temperature does not decrease 

untll load IS reduced below approximately 80% of rated output Conversely, a turblne 

runnlng In slmple-cycle mode malntalns full open Inlet gulde vanes durlng a load reduct~on 

to 80% and will experience over a 200°F reduct~on In flrlng temperature at thls output level 

The hot-gas-path parts llfe effects for these dlfferent modes of operatlon are obv~ously qurte 

dlfferent 

SteamIWater ln~ectlon 

Water (or steam) lnjectlon for emlsslons control or power augmentatlon can Impact 

parts llves and rnalntenance Intervals even when the water meets manufacturer 

spec~f~cat~ons Hlgher gas conductlvlty Increases the heat transfer to the buckets and noz- 

zles and can lead to hlgher metal temperature and reduced parts llves 

Parts llfe Impact IS related to the way the turb~ne IS controlled The control system 

on most base load appllcatlons reduces flrlng temperature as water IS Injected By reduclng 

the flrlng temperature, the effect of the hlgher heat transfer on the gas slde results In no 

Impact on bucket hfe On some lnstallatlons the control system IS deslgned to malntaln flr~ng 

temperature constant w ~ t h  water lnject~on level Thls type of control results In addlt~onal unit 

output but decreases parts llfe Unlts controlled In thls way are generally In peaklng 

appl~cat~ons where annual operat~ng hours are low or where operators have determined that 

reduced parts llves are justlfled by the power advantage GE refer to these two modes of 

operatlon as dry control curve operatlon and wet control curve operatlon F~gure 6-56 ~llus- 

trates the wet and dry control curve and the performance differences that result from these 

@ two dlfferent modes of control 
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DRY CONTROL 

= 2 0 2 0 F  (1104C) 

COMPRESSOR DISCHARGE PRESSURE ( p s ~ g )  

NOTE THE WET CONTROL CURVE 
MAINTAINS CONSTANT TF 

F~gure 6-56 Wet and Dry Control Curves 

An addltlonal factor associated wlth water lnjectlon relates to the hlgher 

aerodynamlc loadlng on the turblne components The hlgher aerodynam~c loading results 

from the Injected water lncreaslng the cycle pressure ratlo The addltlonal loadlng Increases 

the downstream deflectlon rate of the second- and thlrd-stage nozzles By reduclng the 

deflectlon rate of the second and thlrd stage nozzles, the repair Interval IS reduced 

Cvcllc Effects 

For cycl~c-related effects, a slngle trip from full load produces a parts llfe effect equal 

to e~ght normal startistop cycles The parts llfe effect of elght relates to the addltlonal 

thermal stram that IS produced In buckets and nozzles dur~ng a trrp HlgRer straln range 

means fewer cycles before cracklng Flgure 6-57 illustrates the difference In straln range for 

a bucket cyclrng through a normal start-up and shutdown cycle as 

Page 136 
12% 



Pr~nc~ples of Combrned Cycle Power Plants MODULE 6 

@ compared t o  the strain range produced during a cycle that termmates with a trip from load 

Similarly, emergency starts where units are brought from standstill t o  full load in less than 

flve minutes have a parts life effect equal to  20 normal start cycles A normal start with fast 

loading produces a maintenance factor of t w o  

NORMAL STARTUPISHUTDOWN NORMAL START AND TRIP 

STRAIN 
1 /K, 
TEMPERATURE 

STRAIN 
-56 

1 TRlP CYCLE = 8 NORMAL SHUTWWN CYCLES 

F~gure 6-57 Bucket Stra~n Ranges for Normal and T r ~ p  Shutdown Cycles 

Air Quality 

Maintenance and operating costs are also influenced by the quality of the air that the 

turbine consumes In addltion to  the effects of airborne contaminants on hot-gas-path 

components, contaminants such as dust, salt and oil can also cause compressor blade 

erosion, corrosion and fouling Twenty micron particles entering the compressor can cause 

significant blade erosion Fouling can be caused by sub-micron dirt particles enterlng the 

compressor from the ingestion of oil vapor, smoke, sea salt and industr~al vapors Corrosion 

of compressor blading causes pitting of the blade surface The pitting increases the surface 

roughness, and also serves as a potential site for fatigue crack initiation The surface 

roughness and blade contour changes decreases compressor airflow and efficiency which 

results in a decrease in gas turbine output and overall thermal efficiency 
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Generally, axial-flow compressor deterioration IS the major cause of loss in gas 

turbine output and efficiency Recoverable losses, attributable to compressor blade fouling, 

typically account for 70 to 85 of the performance losses seen As Figure 6-58 illustrates, 

compressor fouling to the extent that airflow is reduced by frve percent, reduces output by 

13 perc~vnt a d  lrcreases heat rzte by 5 5 percept - On-he-cempressw wash systems are 

available that are used to  maintain compressor efficiency by washing the compressor while 

at load Off-line systems are used to clean heavily-fouled compressors 

HEAT RATE 
INCREASE 4 - 

% 

OUTPUT -6 - 
DECREASE 

% 

-12 - 
1 -2 -3 - 4  -5  -6  -7 8 

PRESSURE RATIO DECREASE - % 

Figure 6-58 Compressor Foullng Effects on Efficiency and Heat Rate Cycles 

There are also non-recoverable losses In the compressor, the non-recoverable 

losses are typically caused by nondeposit-related blade surface roughness, erosion and blade 

t ip rubs In the turbine, nozzle throat area changes, bucket tip clearance increases, and 

leakages are potential causes 

6 5 5 Maintenance lnspectlons 

Maintenance Inspections may be broadly classified as standby, running, and 

disassembly inspections The stand-by inspection is performed during off-peak periods when 

the unit IS not operating and includes routine servicing of accessory systems and device 

calibration The running Inspection is performed by observing key operating parameters 

while the turbine is running The disassembly inspection requires opening the turbine for 

Inspection of internal components and is performed in varylng degrees 

Page 138 



Principles of Combined Cycle Power P/ants MODULE 6 

D~sassembly inspections progress from the combustion lnspect~on to the hot-gas-path 

inspection to the major inspection as shown in F~gure 6-59 Details of each of these 

inspect~ons are described below 

F~gure 6-59 Gas Turb~ne Ma~ntenance lnspect~ons 

Page 139 



Principles of Combined Cycle Power Plants MODULE 6 

Stand-by lnspections are performed on all gas turb~nes Stand-by rnspectlons are 

primarily used on gas turbines used in peaking and intermittent-duty service where starting 

reliability is of prlmary concern The stand-by Inspection includes routinely servicing the 

battery system, chang~ng filters, checking oil and water levels, cleaning relays and checking 

devlce calibrations Servlc~ng can be performed In off-peak periods wlthout Interrupting the 

availability of the turbine A periodic start-up test run IS an essential part of the stand-by 

inspection 

Running Inspections 

Running inspections consist of the general and continued observations made while a unit 

IS operating The running Inspection starts by establishing baseline operating data during 

lnit~al start-up of a new unlt and after any major disassembly work The baseline serves as 

a reference from which subsequent unit deterioration can be measured 

Data should be taken to  establish normal equipment start-up parameters Data 

should also be taken t o  establish key steady-state operating parameters Steady-state IS 

defined as conditions at which no more than a 5"F/3"C change in wheelspace temperature 

occurs over a 15 minute time per~od 

Data must be taken at regular intervals and should be recorded to  permit an 

evaluation of the turbine performance and maintenance requirements as a functlon of 

operating time The operating inspection data, includes 

9 load versus exhaust temperature 

vibration 

fuel f low and pressure 

lubrication oil pressure 

exhaust gas temperatures 

exhaust temperature spread variation 

* start-up time 
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Each of these factors are d~scussed below 

Load Versus Exhaust Temperature 

The general relat~onsh~p between load and exhaust temperature should be observed 

and compared to  prevlous data Amb~ent temperature and barometr~c pressure have some 

effect upon the absolute temperature level H~gh  exhaust temperature can be an ~nd~cator 

of deter~orat~on of Internal parts, excessive leaks or a fouled alr compressor For mechan~cal 

dr~ve appl~cations, ~t may also be an ~nd~ca t~on  of Increased power requ~red by the dr~ven 

equipment 

V~brat~on Level 

T k  vkxat~or slgratcrre of the unlt should be ebswvd and r e c ~ r d e d  Mlnnr changes 

w ~ l l  occur w ~ t h  changes In operat~ng cond~t~ons However, large changes or a cont~nuously 

Increasing trend, give ~nd~cat~ons of the need to apply correctwe actron 

Fuel Flow and Pressure 

0 The fuel system should be observed for the general fuel flow versus load 

relat~onsh~p Fuel pressures through the system should be observed Changes In fuel 

pressure can ~nd~cate the fuel nozzle passages are plugged, or that fuel meterlng elements 

are damaged or out of callbration 

Exhaust Temclerature and Spread Varrat~on 

The variations In turb~ne exhaust temperature spread should be measured and 

mon~tored on a regular baas Large changes or a cont~nuously lncreaslng trend In exhaust 

temperature spread ~nd~cates combust~on system deter~orat~on or fuel d~st r~but~on problems 

If the problem IS not corrected, the l ~ f e  of downstream hot-gas-path parts IS reduced 

Start-Up T ~ m e  

Start-up time IS an excellent reference against wh~ch  subsequent operat~ng 

parameters can be compared and evaluated A curve of the start~ng parameters (speed, fuel 

s~gnal, exhaust temperature and cr~t~cal  sequence bench marks versus t~me) prov~des a good 

~ n d ~ c a t ~ o n  of the cond~t~on of the control system Dev~at~ons from normal cond~t~ons help 

p~npo~nt  ~rnpend~ng trouble, changes In cal~brat~on or damaged components 
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Coast-Down T~me 

Coast-down time IS an excellent lnd~cator of bearlng al~gnment and bearlng 

condlt~on The tlme per~od from when the fuel IS shut off on a normal shutdown untrl the 

rotor comes to a standstlll can be compared and evaluated 

Close observat~on and mon~torlng of these operating parameters serves as the bass 

for effectively plannlng rnalntenance work and mater~al requlrements needed for subsequent 

shutdown per~ods 

The combust~on ~nspectron IS a relatively short d~sassembly shutdown lnspectlon of 

fuel nozzles, Ilners, transltlon pleces, crossf~re tubes and retainers, spark plug assembl~es, 

flame detectors and combustor flow sleeves The combust~on lnspectlon concentrates on 

the combust~on llners, combust~on pleces, and fuel nozzles These components are 

recsvmb as bemg dhe-fmt -to requ~re replacement and repair In a good malntenance 

program Proper Inspection, malntenance and repair will contr~bute to a longer life of the 

downstream parts, such as turblne nozzles and buckets 

F~gure 5-60 rllustrates a sectlon of an MS7OOl unlt that IS d~sassembled for a 

combust~on ~nspectlon The combust~on Ilners, transltlon pleces and fuel nozzles are 

removed and replaced wlth new or repalred components to  mlnlmlze downt~me The 

removed Ilners, transltlon pleces and fuel nozzles are then cleaned and repalred after 

the unit IS returned to  operation and are made available for the next combust~on lnspectlon 

Interval Typ~cal combust~on Inspection requirements for the MS7001 machlnes are 

lnspect and ~dent~ fy  combust~on chamber components 

lnspect and ~dent~ fy  each crossf~re tube, reta~ner and combust~on llner 

lnspect combust~on chamber Interlor for debrls and fore~gn objects 

lnspect flow sleeve welds for cracklng 
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CbmbuSiGfi Lfiiii~ - 

Comburnon Covers 
Fuel Nozzles 
Transitions P~eces 

Cross F~re Tubes 
Row Sleeves 
Check Valves 

Spark Plugs 

Flame Detecton 
flex Hoses 

- CForesCj:: 0 ~ ~ s  - 

Abnormal Wear 
Cracking 
L~ner Cooling Hale Plugglng 
TBC Coating Condition 

) (3xldat1on/Corros1onlEroslon 
Hot SpotslBumIng 

* Missing Hardware 
Clearance bmrts 
Borescope Compressor 
and Turbine 

Llners 
Crack~ng/Erosion/Wear 
TBC Repar 

Transtion Pieces 
Wear 
TBC Repa~r 
Dlstonion 

Fuel Nonles 
Pfugglng 
WearlErosion 

Cross Fire Tubes 
WeariBumlng 

Cr~teria Inspe~on Methods 
Op & In* Manual 
TIL's 
GE Field Engineer 

Availability of On S~te 
Spares Is Key to 

Mln~rnalng Downtime 

Figure 6-60 MS7001 Combust~on Inspection 

lnspect transition piece for wear and cracks 

lnspect fuel nozzles for plugging at tips, erosion of t ~ p  holes and safety lock of 

tlps 

lnspect all f lu~d, air, and gas passages In nozzle assembly for plugging, eroslon, 

burn~ng, etc 

lnspect spark plug assembly for freedom from blndlng, check condition of 

electrodes and ~nsulators 

Replace all consumables and normal wear-and-tear Items such as seals, 

lockplates, nuts, bolts, gaskets, etc 

Perform vlsual ~nspectlon of f~rst-stage turblne nozzle partltlons and a borescope 

lnspectlon of the turblne buckets to  mark the progress of wear and deter~orat~on 

of these parts The borescope inspection helps to  establ~sh the schedule for the 

hot-gas-path ~nspectlon 
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Perform borescope lnspectlon of the bladlng In the aft end of ax~al-flow 

compressor by enterlng through the combust~on wrapper 

V~sually lnspect the compressor Inlet and turblne exhaust areas, checklng 

condlt~on of IGVs, IGV bushings, last-stage buckets and exhaust system 

components 

Measure the axral clearance between the nozzle Inner stdewall and the bucket 

shank at the second and thlrd stage The measurement of axial clearance 1s 

accomplished w ~ t h  a speclal tape gauge and a borescope 

Hot-Gas-Path lnspect~on 

The purpose of a hot-gas-path ~nspectlon IS to examlne those parts exposed to h ~ g h  

temperatures from the hot gases discharged from the combust~on process The hot-gas-path 

lnspectlon includes the combustion ~nspect~on and a detalled lnspectlon of the turblne 

nozzles, statlonary stator shrouds and turblne buckets To perform thls Inspection, the top 

half of the turb~ne shell must be removed 

For ~nspectlon of the hot-gas-path all combust~on transltlon pleces and the f~rst-stage 

turblne nozzle assembly are removed Removal of the second- and th~rd-stage turblne nozzle 

segment assernbl~es IS opt~onal, depend~ng upon v~sual observat~ons and clearance measure- 

ment The buckets can usually be Inspected In place Also, ~t rs usually worthwhile to 

fluorescent penetrant inspect (FPI) the bucket vane sections to detect any cracks In 

add~tlon, a complete set of Internal turblne rad~al and ax~al clearances (openlng and closlng) 

are taken durlng any hot-gas-path lnspectlon Pyp~cal hot-gas-path ~nspectlon requirements 

for MS7001 machlnes are 

lnspect and record condrt~on of flrst-, second- and th~rd-stage buckets 

lnspect first-stage bucket protectwe coat~ng for remaining coat~ng llfe 
* lnspect and record condrt~on of f~rst-, second- and th~rd-stage nozzles 

lnspect and record condrt~on of later-stage nozzle d~aphragm packlngs Check 

seals for rubs and deter~orat~on of clearance 

Record the bucket t ~ p  clearances lnspect bucket shank seals for clearance, rubs 

and deterrorat~on 

Check the turblne statlonary shrouds for clearance, eroslon, ox~datron, rubbrng, 

and bulld-up 
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Check and replace any faulty wheelspace thermocouples 

Enter compressor Inlet plenum and observe the cond~t~on of the forward sect~on 

of the compressor Inspect lGVs for corrosion and bushlng wear ev~denced by 

excessive ciearance and vane r r a r k ~ r i i  

Enter the combust~on wrapper and with a borescope, observe the cond~t~on of 

the blading In the aft end of the ax~al-flow compressor 

V~sually inspect the turblne exhaust area for any signs of cracklng or 

deter~orat~on 

The f~rst-stage turblne nozzle assembly is exposed to the direct hot-gas discharge 

from the combust~on process and IS subjected to the h~ghest gas temperatures In the turblne 

sectlon The h~gh  temperature frequently cause nozzle cracklng and ox~dat~on The second- 

and thlrd- stage nozzles are exposed to h~gh  gas bendlng loads The hlgh gas bendlng loads, 

In comblnat~on w ~ t h  the operat~ng temperatures, can lead to downstream deflect~on and 

closure of crltical ax~al clearances Some nozzle d~stress can be tolerated and criteria have 

been establ~shed for determlnlng when repair IS requlred A general rule is that f~rst-stage 

nozzles will requlre repalr durlng the hot-gas path lnspectlon The second- and th~rd-stage 

@ nozzles may also requlre refurb~shment to re-establish the proper ax~al clearances Normally, 

turblne nozzles can be repalred several tlmes to extend l ~ f e  It IS generally repalr cost versus 

replacement cost that d~ctates the replacement declslon 

Coatlngs play a cr~t~cal  role in protect~ng the first-stage buckets to ensure that the 

full capability of the h ~ g h  strength superalloy is malntalned and that the bucket rupture l ~ f e  

meets des~gn expectations Thls 1s particularly true of cooled bucket des~gns that operate 

above 1985°F (1 085°C) flrlng temperature Sign~f~cant exposure of the base metal to the 

envlronment accelerates the creep rate Accelerating the creep rate can lead to premature 

failure through a comblnat~on of increased temperature and stress and a reduct~on in mater~al 

strength 

When deallng with coatings, ~t IS recogn~zed that the best coatings have a flnlte llfe 

and the cond~t~on of the coatlng plays a major role In determining bucket replacement life 

Refurbishment through strlpplng and recoat~ng IS an optlon for extending bucket l ~ f e  
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Recoating is not considered an option for buckets with uncoated cooling holes The 

economics of recoating buckets must look at the cost to recoat versus the cost to replace 

buckets at more frequent intervals Economic evaluations of this trade-off suggest that 

recoating may make sense for the larger designs but less so for the smaller frame slzes 

Visual and borescope examination of the hot-gas-path parts durrng the combustion 

inspections and nozzle-deflection measurements allow the operator to monitor dlstress 

patterns and progresslon Monltorlng d~stress patterns and progresslon Increases the 

accuracy of part-l~fe pred~ctlons More accurate part-life pred~ctions allows adequate time 

to plan for replacement or refurbishment at the time of the hot-gas-path inspection 

Major Inspection 

The purpose of the major inspectron is to examine the internal rotating and 

stationary components from the inlet of the machine through the exhaust section The work 

scope involves inspect~on of all of the major flange-to-flange components of the gas turbine 

that are subject to  wear during normal turbine operation The major Inspection includes 

prevrous elements of the combustion and hot-gas-path inspections The major inspection 

~nvolves laying open the complete flange-to-flange gas turbine to  the horizontal joints with 

inspections being performed on individual items Depending on the coating condition, 

first-stage bucket replacement may be necessary at the major inspection 

Typical major inspection requirements for MS7001 machines are 

All rad~al and axial clearances are checked against their original values (opening 

and closing) 

Casings, shells and frames/diffusers are inspected for cracks and erosion 

Compressor inlet and compressor flow-path are inspected for foul~ng, erosion, 

corrosion, and leakage The lGVs are inspected, looking for corrosion, bushing 

wear, and vane crackrng 

Rotor and stator compressor blades are checked for tip clearance, rubs, bowing 

and cracking 

Turbine stationary shrouds are checked for clearance, erosion, rubbing, cracking, 

and build-up 
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Seals and hook f ~ t s  of turbine nozzles and diaphragms are inspected for rubs, 

erosion, fretting, or thermal deterioration 

Turblne buckets are removed and a nondestructive check of buckets and wheel 

dovetails is performed (first-stage bucket protective coating should be evaluated 

for remaining coating life) First-stage buckets that were not recoated at the 

hot-gas-path inspection should be replaced 

Bearing liners and seals are inspected for clearance and wear 
* Inlet systems are inspected for corrosion, cracked silencers, and loose parts 

E u h a u s t  s y s t ~ m  are inspected for cracks, broken silencer panels or insulation 

panels 

Check alignment - gas turb~ne to generator1 gas turbine to  accessory gear 

6 5 6 Parts and Manpower Plann~ng 

Parts Planninq 

Lack of adequate on-site spares can have a major effect on plant availability 

@ Therefore, prior to  a scheduled disassembly type of inspection, adequate spares should be 

on site A planned outage such as a combustion inspection, which should only take two to 

five days, could take weeks 

Typical expectations for estimated repair cycles for some of the major components 

are shown in F~gure 6-61 Many engineering judgments are factored into this table The 

actual repair and replacement cycles for any particular gas turbine should be based on the 

user's operating procedures, experience, maintenance practices and repair practices The 

maintenance factors previously described can have a major impact on both the component 

repair interval and service life For this reason, the intervals shown in the Table should be 

used only as guidelines for long range parts planning Operating factors and experience 

gained during the course of recommended Inspection and maintenance procedures will be 

a more accurate predictor of the actual intervals 
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MS6001 B/MS7001 WMS9OO1 E 
Hours 

Repar Replace 

Combust~on hers  
Transmon P~eces 
Fuel Nonles 
Cross Fire Tubes 
1st Stage Nozzles 
-rage Nonles 
3rd Stage Nozzles 
1st Stage Buckets 
2nd Stage Buckets 
3rd-Stage Buckets 
Flow Dtv~der (D~strllate) 
Fuel Pump (D~stlilate) 

interval 

C1 
C1 
C1 
CI 

HGPl 
HGPl 
HGPl 
HGPl ' 
HGPl 
HGPl 

CI 
CI 

interval 

5 ('3 
6 (CI) 
3 (CI) 
3 (CI) 
2 (HGPI) 
2 (HGPI) 
2 (HGPI) 
2 (HGPl)i3 (HGPI)" 
3 (HGPI) 
3 (HGPI) 
3 GI) 
3 GI) 

Operatlon/Mmntenanca/Repa~r In Accordance Wflh 
GE Specficatms and lnsmrct~ons Is Key to 
M~ntmmng R e p r  and Replacement Casts 

a =  Comkrsllon hsp.cbon lntslvsl 
%PI= mGasPamlrupectionm~ 

When Recmtmg Perkm After One Haun-Basbd Hot G8s Path Interval 
2 Hot Gas Paih In- Without Rawat 3 HoI Gas Gst Intervals With Recwl 

Figure 6-61 Est~mated Repa~r Cycles for Major Components 

Manpower Plann~nq 

When s~gnif~cant premiums are placed on unit downt~me, certaln bas~c assumptions 

must be considered In plann~ng maintenance These are prlmar~ly twofold ensure that a spare 

part IS ava~lable for each Item that w~l l  be Inspected during the outage Even though planned 

tlmes may be ach~eved In d~sassembly, an extended outage can st111 occur because of 

component d~stress observed after d~sassembly or some other unant~clpated problem Also, 

employ the rnaxlrnum number of people on the job when needed and reduce the number of 

people when needed Tasks can be expedited when exper~enced personnel are ava~lable 
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6 5 7 Inspection Intervals 

F~gure 6-62 lists the recommended combustion, hot-gas-path and major inspection 

intervals for current production GE turbines operating under  deal conditions of gas fuel, base 

load and water injection Considering the maintenance factors discussed previously, an 

adjustment from these maximum intervals may be necessary, based on the specific operating 

conditions of a given application Initially, this determination is based on the expected 

operation of a turbine installat~on, but thls should be reviewed and adjusted as actual 

operating and maintenance data are accumulated While reductions in the maximum intervals 

will result from the factors descr~bed previously, increases in the maximum interval can also 

be considered where operating experience has been favorable 

Factors That Can Reduce Ma~ntenance Intervals 
Fuel Tnps from Load 
Load Settmg Startcycle 
Steam~Water lnlecbon HGP Hardware Deslgn 
Peak Load TF Operabon 

Type of 
Inspection 

Cornbushon 

Hot-Gas Path 

, M w  

Figure 6-62 lnspect~on Intervals 
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6 6 Gas Turbine Performance and Reliability 

Gas turbine performance as defined here is concerned only with output and heat 

rate Standardized performance testing procedures have been developed by gas turbine 

manufacturers and by the American Society of Mechanical Engineers 

Rel~abllrty as drscussed here IS the probablllty of a gas turblne not berng forced out 

of servlce when the unit IS needed Reliability is a measure of the time a unrt would be 

forced off line as a result of component/system failures, whether the unit was operational 

or on reserve standby duty Relrability provides information on possible failure rates and 

mechanisms for the unit The information is then used to  focus on specific problem areas 

In an attempt to  Improve overall ura~tlplant reliability In the following sections, factors 

affecting gas turbine reliability, performance, and performance improvements, emrssions 

reduction, performance measurement and impact of operating mode on gas turbine 

performance and reliability are discussed 

6 6 1 Factors Affecting Gas Turbine Reliability 

Heavy duty gas turbine reliabrl~ty has shown considerable improvement during the 

last t w o  decades In achiev~ng t h ~ s  Improvement, several factors were taken Into 

consideration These factors were based on operational experience gathered over several 

years and analyzed to  determine the root cause of low reliability In gas turbine power plants 

Analysrs of gas turblne operational data lnd~cated that the major factors causing 

forced outages and thereby adversely affecting gas turbrne reliabll~ty included 

Control system failures 

Fa~lure of critrcal sensors 

Failure of accessory drive gear and/or related components 

Failure of hot gas path components 

Failure of load gear 

Failures associated w ~ t h  starting equipment 

- -- 
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Control system fa~lures, fallures of crltlcal sensors and accessory drlve gear 

components have been addressed by using redundant components For control systems, 

a trlple redundant architecture IS used that allows the system to  remain In operation even ~f 

one of the rnlcroprocessors IS out of servlce The deslgn also allows on-line maintenance 

and replacement of rnlcroprocessors and other components wlthout gas turblne shutdown 

Slmllarly, crltlcal sensors are trlple redundant The use of trlple redundant sensors provldes 

for a h ~ g h  level of fault tolerance by enabling t w o  out of three voting In software log~c Two 

out of three voting ensures that one faulty sensor will not result In a false trlp of the gas 

turblne 

The problem of accessory drlve gear and related component low rellablllty was 

addressed by ellmlnatlng the accessory drlve gear By golng from shaft driven accessorles 

to  independent electrlc motor driven accessories, gas turblne manufacturers have been able 

t o  remove another source of forced outages Motor drlven accessorles are located In 

separate compartments and redundant backups are also provlded The redundant back-ups 

allow on-line maintenance and replacement of auxiliary equlpment, contrlbutlng to a 

slgnlflcant increase In operational reltablllty 

Hot gas path components see some of the severest servlce condrtions In gas 

turblnes Use of new hlgh temperature resistant mater~als, speclal ceramic coatings, and 

coollng techniques adapted from the alrcraft Industry have contributed t o  a reduction In 

rellablllty problems assoc~ated wlth hot gas path components 

Load gears on large lndustrlal gas turblnes have been another cause of low rellablllty 

In gas turblnes The load gears typically operated under very hot condltlons and had to  have 

a forced-feed lubrlcatlon system Load gears were prlmarlly needed to  step down the speed 

from the drlver speed to  the speed of the drlven equlpment Manufacturers have ellmlnated 

the need for load gears by deslgnlng the turblnes to operate at synchronous speeds of 3,600 

rpm 

Startlng equlpment failures were more prevalent wi th diesel engine startlng devlces, 

although electrlc motor starting devlces also had thelr share of problems One source of 
problem assoclated wl th electrlc motor startlng devlces was the restrrctlon on number of 

starts per hour, and the need to cool down the armature before attempting addltlonal starts 
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Percent 
Des~gn 100 

Heat Rate 

Exhaust Flow 
Heat Cons 
output 

Compressor o 20 40 60 80 100 120 
Inlet O F  

Temperature J I 
I I I I 1 

-1 8 -7 4 16 27 38 49 

F~gure 6-63 Gas Turblne Output versus Air Temperature 

The power and efflc~ency improvement w ~ t h  lowered air temperature IS due to the 

fact that cold alr IS easier to compress to a glven pressure ratlo than hot alr Compressing 

the air easler means that less power IS requ~red to drrve the compressor for a given we~ght 

flow and pressure ratlo The result of t h ~ s  1s that more power 1s available to drlve the maln 

load 

For thls reason, intercoolers are often Installed In systems whlch normally requlre 

h~gh-pressure rat~os By lntercoollng at one or more stages of the compression cycle, power 

requirements are substant~ally reduced 
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These llrnltatlons have been ellmlnated by adaptlng a static start system that uses the 

generator as a condenser to provde4he startlng torque for accelerating the gas turblne to 

flrlng speed and then t o  self-sustalnlng speed 

6 6 2 Performance lmprovements 

The prlmary gas turblne performance factors over whlch turblne designers have an 

Influence are the flrlng temperature (turblne Inlet temperature), compresslon ratlo, 

aerodynamlc deslgn of the compressor and turblne, and alrlgas seal (leakage) clearances 

In recent years, advances In hlgh temperature materlal technology, hlgh temperature ceramlc 

coatings and more effectlve turblne nozzle and blade coollng techniques, have Increased 

turblne flrlng temperatures by an average of 300°F Even though the turblne flrlng 

temperature has Increased by 300°F, lower average metal temperatures have been 

malntalned Gas turblne efflclency and output IS dlrectly related to  the turblne flrlng 

temperature Hlgher flrlng temperatures mean greater output and efflclency Better part load 

exhaust temperature control for optlmlzlng comblned cycle performance has resulted from 

the addltlon of modulating Inlet gulde vanes 

a 
Heavy duty gas turblne compresslon ratros have Improved due to  aerodynamlc 

deslgn of the compressor blades, and tlghter runnlng clearances between the statlonary and 

rotatlng parts of the machlne lmprovements In the deslgn of the seal between combustion 

h e r s  and transltlon pieces has also contributed to  lmprovements In compressor dlscharge 

pressure By uslng Improved alrlgas slde seals, the leakage of air Into the gas path has been 

mlnlrnlzed As a result, compressor dlscharge alr does not bleed off Into the gas flowpath 

and dllute its temperature 

Capacltv Improvement 

Gas turblne power capabllrty IS strongly Influenced by air temperature changes, as 

IS shown In F~gure 6-63 for a slngle-shaft non-regeneratwe turbine 
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The rncreased mass flow of the colder arr also Increases the power capab~lrty of the 

turbrne Durrng cold weather operatron, a load or turbrne mechanrcal power lrmrt may be 

reached before excessrve turbrne rnlet or exhaust temperatures are encountered 

Srnce a turbrne's abrlrty to generate power depends drrectly on its mass flow (we~ght 

flow) (prov~d~ng other cond~t~ons are held constant) a decrease of alr Inlet dens~ty w ~ l l  

decrease turb~ne power A turb~ne will have less power capac~ty at h~gher elevatrons where 

the air IS thrnner than an rdentlcal turb~ne at sea level 

In addrtron to mass flow, the power developed by a turblne also depends on turbrne 

rnlet temperature often known as "frr~ng" temperature The hrgher that the frrrng temperature 

IS marnta~ned, the more power the turbrne develops Materral hrgh-temperature strength 

characterrstrcs are what Impose maxrmum allowable temperature Irmrts, the hrgher the 

temperature the shorter the lrfe of the hot parts berng the general rule 

Whrle the srngle-shaft type machrne IS srmple, powerful, and good on thermal 

effrcrency, some applrcatrons require even more flexrbrlrty and hrgher thermal effrcrencres 

For thrs reason, the two-shaft machrne was developed The two-shaft machrne has the load 

turbrne and the compressor turbrne on separate shafts wrth a controllable angle nozzle In 

between Some of the advantages of thrs type of constructron are 

Better part load thermal eff~c~ency 
* Ab~lrty to run compressor and load shafts at drfferent speeds so that best results 

can be achreved 

Lower start~ng power requlred 

Hrgher overall thermal effrcrencres may be achreved by the addrtron of a regenerator 

In the regenerator, turbrne exhaust gas IS allowed to give up some of ~ t s  heat to compressor 

d~scharge air The heat that would otherwise be wasted IS returned to the cycle resultrng In 

an rncrease In thermal effrcrency and reduced fuel requrrements 

Some add~tronal methods to  increase power and effrcrency are 

Precool~ng the compressor rnlet arr by evaporatrve cool~ng or other means 

lntercool~ng dur~ng compression 

Injectton of steam or water In the cycle to rncrease mass flow 

Reheatrng turbrne gas by fuel addrt~on between expansron stages 

-- 
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6 6 3 Combustlon System lmprovements 

Combustlon system improvements Include the abll~ty to flre harder In the combustlon 

cans (hlgher flrlng temperatures), Improvement In seal deslgn between combustlon hers  and 

transltlon pleces, Improved alr flow from compressor outlet to combustlon cans and from 

combustlon cans to the flrst stage nozzles, Improvement In Interstage seal deslgn, and tlghter 

runnlng clearances In the gas turblne 

Wlth these Improvements, the net output of the gas turblne can be Increased by 

10% to 40% over deslgn output slnce the gas turblne exhaust temperature stays the same 

Another beneflt of combustlon system lmprovements has been the decrease In frequency 

of varlous gas turblne lnspectlons The decrease In lnspectlons IS made posslble because the 

average metal temperature of the turblne nozzles and blades stays the same as before as a 

result of Improved coollng techniques 

Over the last several years, there has been a dramatlc Increase In regulatory 

requirements for low NO, emisslons and other pollutants from gas turb~nes Turblne 

manufacturers presently use three different methods to control gas turblne emisslons 

lnjectlon of a dlluent such as water or steam Into the burnlng zone of a 

conventional (dlffuslon flame) combustor 

Catalytic clean-up of NO, and CO from the gas turblne exhaust (usually used 

wlth the other two methods) 

Design of the combustor to llmlt the formation of pollutants In the combustlon 

zone 

The third method Includes both catalytic combustors and "Dry Low NO," or DLN 

combustors whlch use lean-prem~xed combustlon technology 

Slngle nozzle combustors are generally llmlted In thelr ablllty to reduce NO, levels 

below 42 ppmvd Consequently, gas turblne manufacturers have recently developed multl- 

nozzle qulet combustors that are capable of achieving NO, levels of 25 ppmvd using e~ther 

water or steam Injection Reduced combustion lnspectlon Intervals and reduced combustlon @ hardware llfe are undesirable slde effects of water or steam lnjectlon Into gas turblnes 
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Select~ve Catalytic Reduction (SCR) IS a method f ~ r  converting NO and NO, In the 

gas turblne exhaust stream to molecular nitrogen, water and oxygen by reactrng NO, wlth 

ammonla In the presence of a catalyst SCR can remove up to 90% of the NO, contalned 

In the gas turb~ne exhaust stream SCR systems are sens~tlve to fuels contalnlng more than 

1,000 ppm of sulfur (Ilght dlstlllate may contain up to 0 8% sulfur) Thls IS because the 

sulfur polsons the catalyst used In the SCR's, and the ammonla reacts wlth sulfur In the 

presence of the catalyst and forms arnrnonlum b~sulfate Ammonlum blsulfate IS extremely 

corrosive spec~ally near the d~scharge of a heat recovery steam boller 

Drv Low NO, Combustors 

To overcome the llmltatlons of the NO, reduct~on systems descr~bed above, turblne 

manufacturers have developed dry low NO, combustlon systems The heart of the dry low 

NO, system IS a two staged premlxed combustor deslgned for use wlth natural gas fuel and 

capable of operation on llquld fuel The main components of the two stage prem~xed 

combustor are 

* Fuel ~nject~on system 

Llner 

Venturl 

Caplcenterbody assembly 

The components are arranged to  form two stages In the combustor, F~gure 6-64 

In the premlxed mode, the f~rst  stage serves to thoroughly mix the fuel and air and to dellver 

a unlform, lean, unburned fuel-a~r mlxture to the second stage A typlcal dry low NO, 

combust~on system operates In four dlstlnct modes durlng natural gas operatlon 

1 Pr~rnary Ignltlon, accelerat~on, and operation to  20  percent load (fuel to 

f~ rs t  stage only) 

2 Lean-Lean 20  percent to approxrmately 40 percent load (fuel to both 

stages, flame In both stages) 

3 Secondary Staglng at 40 percent load (fuel to second stage only) 

4 Premixed 4 0  percent to 100 percent load (fuel to both stages, flame In 

second stage only) 
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F~gure 6-64 Dry Low NO, Combustor 

The premlxed two stage combustors can consistently malntaln NO, emlsslons below 

@ 40 ppmvd on natural gas 

6 6 5 Control System Rel~ablllty Improvements 

H~stor~cally gas turblne control systems demonstrated poor relrablllty and were a 

prlmary reason why these machlnes were not accepted In power generation appllcat~ons on 

a large scale Startlng In the late 1 9701s, gas turblne manufacturers made a concerted effort 

to Improve control system rellabll~ty and thus galn greater acceptance for thelr machlnes for 

base load power generation applications 

Current gas turblne control systems employ digital technology ~ncludlng tr~ple 

redundant microprocessors, two-out-of-three voting redundancy on crltical control and 

protection parameters, and software implemented fault tolerance Crltical control and 

protection sensors are trlple redundant and voted by all three control mlcroprocessors 
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System output signals are voted at the contact level for critlcal soleno~ds, at the logic level 

for the remaining contact outputs, and at three coil servo valves for analog control signals 

thereby maximizing both protective and running reliability An independent protective 

module prov~des triple redundant hardwired detection and shutdown on overspeed together 

with detecting flame 

Backup power supplies are also provided as well as an auxiliary display that allows 

the operator to  bring up process parameters when the main display IS out of service Built-in 

diagnostic capabilities are prov~ding for troubleshooting and can identify both panel and 

sensor faults These faults are identified down to  the board level for the panel and to  the 

crrcuit level for the sensor or actuator components The abil~ty to  replace components on- 

line is built ~ n t o  the panel design, and is built in typically for those sensors where system 

access and physical replacement are feasible 

6 6 6 impact of Qperatlng Mode on Gas Turblne Heat Rate, Reliabll~ty, and Performance 

Maintenance costs, reliability and availability are the most important considerations 

for an equipment owner For an equipment owner to maximize his return on the investment, 

the owner must develop an understanding of the relationship between plant operat~ng 

modes, maintenance practices, and equipment performance and availability 

The major factors that affect equ~pment performance and plant availability are 

* Quality of fuel 

Firing temperature 

* Steamlwater Injection 

* Cyclic effects 

* Air quallty 

Among these, the effects of cycling operation are those directly related t o  operating 

mode For cyclic-related effects, a single trip from full load produces a parts life effect equal 

to  eight normal startlstop cycles This IS due to  the additional thermal strain that is produced 
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@ 
In blades and nozzles durlng a trlp condition Hlgher strain range means fewer cycles before 

cracklng Slmllarly, emergency starts where unlts are brought up from standstill to full load 

In less than flve mlnute have a parts llfe effect equal to 20 normal start cycles A normal 

start w ~ t h  fast loadlng produces a maintenance factor of only two 

in summary, the fallure mechanisms associated wlth different servlce-dutles Include 

thermal-mechanical fatlgue, hlgh cycle wear, rubstwear, and forelgn object damage 

Thermal-mechan~cal fatlgue would be the predominant mechanism for peaklng machlnes 

whlle creep, ox~datlon, and corrosion would be the domlnant limiters for continuous duty 

machlnes 

Page 159 



Combined Cycle 
Principles Course 

Module 7 

Plant Controls 

Columb~a, Maryland a 



Comb~ned Cycle Power Plants MODULE 7 

TABLE OF CONTENTS 

7 0 COMBINED CYCLE PLANT CONTROLS 

7 1 Gas Turblne Controls 

7 1 1 Controls Overvlew 

7 1 2 Control Funct~on 

7 1 3 Alarms and Protectlon 

7 1 4 SPEEDTRONIC Hardware and Software 

7 2 Heat Recovery Steam Generator Controls 

7 2 1 Prlnclpals of Operatlon 

7 2 2 Control Philosophy and Appllcatlon 

7 3 Steam Turblne Controls 

7 3 1 Overvlew 

7 3 2 Control Purpose and Functlon 

7 3 3 Alarm and Protectlon 

7 4 Generator Controls 

7 4 1 Electrical Generator Control System 

7 4 2 Generator Operational Llrnltat~ons 

7 4 3 Generator Capabll~ty Curves 

7 4 4 Generator Protectlon 

7 5 Plant Dlgltal Control System 

7 5 1 Control System Overvlew 

7 5 2 Bas~c System Functlon and Prlnclples 

7 5 3 Operator Interface and Functions 

7 5 4 DCS Funct~ons and Operatlon 

7 5 5 Types of D~splays 

Paae 

Page I 



Comb~ned Cycle Power Plants MODULE 7 

@ 7 0 COMBINED CYCLE PLANT CONTROLS 

7 1 Gas Turb~ne Controls 

For the purposes of this module, it IS assumed that gas the turbine utillzes a 

digital control system known as the G E SPEEDTRONIC Mark V This control system 

offers complete control, protection, and monltoring functions of the gas turbine and 

~ t s  aux~l~aries during all stages of operation This includes sequencing the startup, 

operation, and shutdown of the unit, NO, emissions monitoring, and firing rate, all in 

an integrated fashion This section IS provided to  give an overview of the 

SPEEDTRONIC Mark V control system For deta~led information on the construction 

or operation of the gas turbine, refer to  Module 5 of this course, Gas Turbine 

7 1 1 Controls Overv~ew 

The Mark V control system is a triple redundant, sixteen-bit, microprocessor 

based digital control system designed for G E gas turbines The Mark V combines @ electronic hardware and software with the gas turbine electro-hydraulic control 

system to  provide control, protection, trip, and operator interface functions The 

system employs two-out-of-three voting redundancy on critical control and protection 

parameters, and Software Implemented Fault Tolerance (SIFT) to  differentiate signals 

of good and bad quality 

The Mark V control system IS designed to  fulfill all gas turbine requirements, 

including 

Control of fuel supply for speed or load control 
t Control of temperatures under start-up or rated load conditions 

Control of air supply through the operation of inlet guide vanes (IGVs) 

Control of emissions using steam injection, water injection, or lGVs 
t Control of low NO, fuel staging for combust~on 

Mon~toring all gas turbine auxil~ary systems 

Alarrn~ng all off-normal conditions associated with gas turblne and 

aux~liaries 
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7 1 2 Control Function 

The Mark V controls all aspects of gas turbine and aux~liary equipment 

operation Th~s control system ensures that the gas turbine and all of ~ t s  auxil~ary 

subsystems are operated in a safe and reliable manner and protects against unsafe 

and adverse operating cond~tions The prlmary control functions provided ~nclude 

Speed and Load Control 

Overspeed Control 

Synchronizing 

Flame Scanners 

Emissions Control 

Operating Sequencrng 

Speed and Load Control 

Speed and load control acts to control the fuel flow under part or full load 

conditions to satisfy the needs of the governor The unit temperature l~mits the fuel 

to a maxlmum consistent flow while achiev~ng rated firing temperatures The inlet air 

guide vanes are modulated to optimize part load heat rates 

Overspeed Control 

Overspeed control is provided with two sets of triple redundant, separate 

magnetlc speed pickups The flrst set of magnetic plckups prov~de the SPEEDTRONIC 

turbine speed, while the second set of pickups provide overspeed protection The 

SPEEDTRONIC cards are provided with standard on-line and off-line, primary and 

emergency overspeed tests 

Synchronization of the gas turbine generator IS accomplrshed through the 

regulation and monitoring of generator voltage and frequency output to the system 

To obtain synchronous power, the generator voltage and frequency output is matched 

to the grld and the output breaker IS automatically closed When match~ng the line 

frequency, a small positive differential is provided to prevent the generator breaker 

from tripping on reverse power at breaker closure 
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Flame Scanners 

Flame scanners supply the SPEEDTRONIC w ~ t h  posrtlve lnd~cat~on of flame 

propagatlon or flame fallure In the event of flame fallure, the gas turblne will 

shutdown ~mmedrately untll the startlng sequence can be restarted 

Em~ss~ons Control 

es rely on mult~ple 
Emlss~ons control using dry low NO, combust~on techn~qu 

combustron staglng to  optlm~ze fuel/a~r ratios and ach~eve a thorough premlxlng In 

varlous comb~nations, depending on the flrlng temperature The emlsslons control 

system regulates the fuel dlvls~on among the combustron stages, whlle monltorlng the 

actual combust~on system to  ensure complete compl~ance of €PA regulat~ons 

Steam or water ~ n j e c t ~ o n z e  prov~ded to  the combust~on chambers to  asslst In 

I ~ m ~ t l n g  the emrsslon of nltrogen ox~des (NO,) Steam or water lnlectlon IS the most 

w~dely  used method for reduclng NO, format~on In the combustor S~mply, steam or 

water IS Injected into the combustor flame zone to  "cool" the flame The turbrne @ thermal efflc~ency IS reduced based on the addltonal amount of fuel requlred to  heat 

the steam to  the temperature of the combustors Consequently, turblne output 1s 

rncreased because of the addlt~onal mass f low through the turblne 

Operat~ng Sequence 

The SPEEDTRONIC prov~des complete operat~onal sequencing t o  brlng the unit 

from standstlll to  full load and from full load to  standstrll 

The startup control IS an open loop system that Increases the fuel stroke 

reference as the turblne startup sequences progresses t o  pre-ass~gned polnts These 

polnts rnclude startup, purge coast down, flrlng time, and accelerat~on Durlng 

startup, the fuel stroke reference algorrthms In the SPEEDTRONIC l ~ m ~ t  the amount 

of fuel adm~tted t o  the combust~on chamber untll alr flow IS established to  handle 

add~t~onal  fuel After fuel IS adm~tted to  the combust~on chambers, the acceleratron 

control adjusts the fuel stroke reference to the rate of change of the gas turblne 

speed to reduce thermal shock to  the hot gas path equipment 
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After warm-up, the fuel limit raises to  accelerate the gas turblne to  the 

maxlmum fuel l ~ m i t  Once the turbine has reached full operational speed, the 

generator breaker IS closed and the fuel stroke reference is maintamed at ~ t s  maximum 

l ~ m l t  

The speed reference signal is calculated by ramping or stepping to assigned 

levels as defined In the algorithms When the gas turb~ne IS In its preset startlng 

sequence, the speed levels are predetermined to accelerate the machine up to ~ t s  

operating speed, 3600 rpm After the machine IS on governor control, speed can be 

raised or lowered by operator selections and feedback in the speedtload algorithms 

Turbine speed is monitored by magnetic pickups mounted near a 60-tooth wheel 

attached directly t o  the turbine shaft These pickups generate voltage pulses as the 

teeth of the wheel pass under them, giving the SPEEDTRONIC its speed inputs for 

speed control 

The speed control fuel stroke reference (FSR) algorithm is used to  determine 

the amount of fuel that IS required for firing the gas turbine, as long as the FSR is 

between the minimum and maximum fuel gas supply limits 

Durlng the startup sequence, turbine speed is raised to approximately 100 3% 

The synchronizing fuel stroke reference overrides the speed control FSR and governs 

the turbine speed based on full speed, no load (FSNL) setpoint After the command 

to  close the generator breaker IS gtven (generator t o  l ~ n e  phase differentral and slip are 

at the predetermined setpoint), the synchronizing fuel stroke reference ramps up until 

the governors FSR is overridden by speed control 

Temperature control is used t o  limit the turbine firing temperature by regulating 

fuel flow The f~r ing temperature IS the hottest temperature in the gas turbine and the 

most difficult t o  monitor due to heat and thermal gradients But, turbine exhaust 

temperature 1s more easily measured and IS proportional to the flring temperature 

The Mark V calculates the temperature control reference as a function of 

compressor drscharge and the FSR The temperature control reference takes into 

consideration the ambient temperature, firing temperature, and barometric pressure 

All of these variables can effect the gas turb~ne firing temperature While Increasing 
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a the temperature can improve the turbrne effrcrency, the machrne must not be 

overfrred Therefore, the temperature control reference acts to  lrmrt the frrrng of the 

gas turblne and IS consrdered In the FSR to the gas turbrne combustors 

The Mark V offers speed protectron usrng addrtronal magnetrc prckups dlrectly 

attached t o  the shaft Algorrthms monrtor the hrgh pressure set speed and the low 

pressure set speed and compare the speeds wrth the setpornts to  establrsh the speed 

lrmrt If the speed exceeds the setpoint, the logrc trrps the gas turbrne The trlp wrll 

remain In place untll the Operator manually resets the latch at the SPEEDTRONIC 

Interface 

7 1 3 Alarms and Protect~on 

The SPEEDTRONIC has a master protectron c~rcul t  (called the "4" bus) that 

provrdes complete protectron functrons usrng rnputs from the < R > , < S > , and <T > 
controllers Any trrp command Issued by the controllers wrll de-energrze a separate 

relay for each controller A two-out-of-three votrng logrc IS performed by contacts to  

decrde whether the master relays should be energrzed or de-energrzed The votrng 

IS performed by the hardware, rather than the software, t o  ensure that no srngle 

program or devrce contarns a srngle point farlure and ensures that the frnal component 

In the crrcurt has a predrctable farlure mode, I e de-energrze a relay 

The SPEEDTRONIC provrdes specrfrc protectrve logrcs and crrcurtry that are 

descrrbed rn more detarl rn module 5 of thrs course, Gas Turblne These are 

Flame Detectron 

Overspeed Detect~on 

Startrng Devrce Bog Down Detectron 

Exhaust Overtemperature Protectron 
Combust~on Mon~tor  

Wheelspace Temperature Monrtor 

Vlbratron Protectron 
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Alarms 

Alarms are typically indicated at the bottom of each display On the "blue" bar, 

the three most recent and unacknowledged alarms are indicated, with the date, time, 

status, drop number, and alarm message 

Alarms for the gas turbine are generated by the SPEEDTRONIC based on Inputs 

from the hardware and software The alarms list, containing up to 512 diagnostic 

messages, IS directly associated with the control sensors and actuators 

7 1 4 SPEEDTRONIC Hardware and Software 

Similar to the DCS, the Mark V IS equipped with both hardware and software 

Software components are not often thought of in the same context as hardware 

because, in general, a software component IS deslgned to provide a certain function 

Pr~mary Operator Interface 

The Operator's primary equipment consists of a color monitor, keyboard, cursor 

posrtlon~ng device, and printer Typically located at the control compartment, it may 

be connected to the SPEEDTRONIC Mark V control panel through an ARCnet cable 

The prlmary operator interface may be used to control up to eight gas and or 

steam turbines, with the operator spec~fically calling up the various units The 

primary operator interface IS used to command the gas turbine, for example START, 

STOP, COOLDOWN, AUTO, RAISE SPEED, or RAISE LOAD The Operator may 

choose from a number of pre-defined, and user-configured displays from the main 

menu It should be noted that the primary operator Interface performs no control or 

protection functions, but only serves as a means of issuing commands to the Mark 

V control panel and monitoring unit operation 
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Backup Operator lnterface 

A backup operator Interface IS typically prov~ded on the door of the Mark V 

control panel The backup operator Interface IS typ~cally used as a backup means of 

control In the event of a loss of commun~cat~ons between the Pr~mary Operator 

lnterface and the Mark V 

Gas turbine commands may be Issued at any t ~ m e  from the backup operator 

Interface regardless of the status of the Primary Operator lnterface and its 

communlcat~on link 

Main Menu 

The maln menu, ~llustrated In Figure 7-1, conslsts of d~splays that an Operator 

may use To access the maln menu from any d~splay or menu, the ESC key on the 

keyboard IS pressed To view one of the d~splays I~sted, point and cl~ck on the 

M a ~ n  Display 

The maln d~splay, illustrated In Flgure 7-2, IS Intended to be the prlmary d~splay 

that the Operator normally mon~tors The marn d~splay IS accessed by clicking the 

MAIN DISPLAY target below the alarm w~ndow The Main D~splay may be user 

def~ned or animated The main d~splay shows all key turbine parameters wh~ch  the 

Operator needs to observe and the main commands necessary to operate the turb~ne 

and generator 

Supervisory Features 

The SPEEDTRONIC has several features which perm~t certaln access to the 

program using passwords In order to modify a control constant or force a logic 

point, the user must f~ rs t  galn access to the program by enter~ng the proper 

password An adm~nistrat~on d~splay IS prov~ded to enable and d~sable various 

rndrv~duals or job categor~es from the log~c The password admrnlstrat~on d~splay IS ' iilustrated n figure 7-3 
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POINT CLICK ON THE DESIRED DISPLRY 

- COHTRDL DISPLtlYS - -- DISPLAY PRffiRRtlS - 
Control bde User Defined Dimlau 
Prodo l l  Uarnmp Looit Forcincr Oisplau 
Swed Setpoint Pre-vote Data Otsplay 
Load 1 Load Llntt Oraqostic filaras 
howatt  Control 

Intwc~ot Ualves -- EtWD DCITR OISPLFlYS - 
Exci tn Inter face Trro Looic 
k t o  Sunchrm~zrna Smed Sronals 
On-Ltne Ualve Tests Proxrnr tor Honl tortnp 
On-Lrne Tests 4-28nCI I w t s  
Of$-Lrne Tests Bewino Twp llonitorrnp 
Turntnp 6 e r  Interface RTD b r t o r i n p  

TC l lon~tor tw - nwl I ~ E R F F ~ C E  - MU'S - General Info 
Stop Ualw Drains Trrp Hrstory Orsplay 
R e h t  Stop Ualve Drains 

m PEL? iCIOI-1.l) 1. Y tt 

POINT #Q1 CLIM DN THE DESIRED OISPUIY 

- UTILITY PROGWVIS - - CONFIGURATIOH P R O G R ~ ~  - 
Data Control Seownce Ed1 tor 
Sw I f l  Canfrourt~m Editor 
T am= t Cwrtrol Conrtmts Mjust 
Unit Card Idontiftut~on EEPROn fbunloadw 
Tuminal Intor face b i  tor Iklve Caltbratim 
UIW Ioaue 
Data Lamer Control Sequence Comprler 
k t i w  RuIp U ~ s p l y  
DIliGC Control Seaam Docuont~r 

Note U111 t t ~  28 r r n  - MINISTRhTIOH rOOLS - 
Passuord ldnrnistration 
Symnyn Rdmrnrstratron 

m mm rnm 

Figure 7-4 Main Menu 
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F~gure 7-3 Password Adrn~nlstrat~on D~splay 0 

- 
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Common D~splay Fields 

The common elements of each dlsplay include the message fleld, the alarm 

window, and the dlsplay targets 

Drs~lay Messaae Fleld 

The area located at the top of the screen IS used to give the Operator 

lnformatlon about the dlsplay berng vlewed, lncludlng but not llmrted to 

Slte Name 

Dlsplay Group / Menu Name 

Date and Tlme 

t Current Drsplay Def~nrtron 

Alarm Wlndow 

The "blue bar" located at the bottom of each screen IS the alarm wrndow Thrs 

wrndow provides the flrst three unacknowledged alarms, wlth date, tlme, alarm 

status, and acknowledgement status 

Drsplav Taraets 

Below the alarm wrndow, as many as elght targets are provided These target 

have functions whlch may be selected by pornting and clrcklng on them or by 

selectrng a functron key Typrcally, two drsplay targets, HELP and MAIN DISPLAY, 

are found on each dlsplay Addltlonally, an ALARM DISPLAY target IS avarlable on 

every menu or drsplay except the alarm display Itself 

A user-defrned drsplay showing each of these items IS shown on F~gure 7-4 
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Alarm Dlsplay 

The alarm dlsplay, lllustrated In F~gure 7-5 llsts all of the devlce alarms Alarms 

are llsted on the dlsplay wlth the most recent alarm on the top of the list When an 

alarm cond~t~on IS annunciated, ~t also appears In the blue Alarm W~ndow of any 

dlsplay 

The ~nformatlon usually displayed wlth each alarms IS 

t DateITlme 

Unlt NumberIDes~gnat~on 

Alarm Status Flag ("1 " lndlcates the alarm condltlon exlsts and "0" 

lndlcates the alarm IS cleared and the message may be reset) 

Alarm Acknowledgement Status 

T r~p  Log Dlsplay 

a The Trlp Log Dlsplay, illustrated In F~gure 7-6 assists In the evaluation of 

circumstances whlch lead to turblne trlp events by provldlng a chronolog~cal record 

of relevant data gathered by the Mark V control panel When accessed, the trip log 

allows the user to view, save, and prlnt turblne trlp data 

7 2 Heat Recovery Steam Generator Controls 

Th~s  sectlon IS prov~ded to give an overvlew of the maln HRSG controls, that 

are typically Implemented through the DCS For detalled lnformatlon on the 

construction and operation of the HRSG, refer to  Module 5 of t h ~ s  course, Heat 

Recovery Steam Generator 

The HRSG ut~llzes the heat from the combust~on turblne exhaust to preheat 

feedwater and to generate steam Heat transfer IS accompl~shed wlthln the varlous 

modules of the HRSG, lncludlng a feedwater heater, economizers, H P evaporator, a superheaters, and reheaters 
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I D i w a ~  
9 CCuP*d t SS-SLL-Aml Ul t S  l 
lrop Oescrtption 
1128 HRNUFlL TRIP 
1167 WKEEPKE T W  DImREHTIRL HIGH 
1067 LUBE OIL PRESSURE SUITCH TROUBLE 
1825 DIESEL FRILURE TO STOP 
846 LOSS OF EXTERNIY. SETPOINT LOFlD SIGNfiL 
808 DIAGNOSTIC KRRH <C) 
875 LOSS OF MRPRESMR QISCHMGE PRESS BIM 
158 #3 ORRIN UUUE POSITION TROUBLE 
147 s m n  INJECTION NOT S E L E C ~  

F~gure 7-5 Alarm D~splay 
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F~gure 7-6 T r ~ p  Log D~splay 
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The heat exchanger segments of each section are arranged to  take maximum 

advantage of the temperature differences between the exhaust gas and tube side 

temperatures The low pressure section serves as a feedwater heater for the 

deaerator The deaerator provides a positive suction head t o  the boiler feedwater 

pumps The high pressure section produces superheated steam t o  drive the H P 

steam turblne, whlle the reheaters prov~de superheated steam to the L P turb~ne 

The HRSG 1s arranged for hor~zontal gas f low across multiple banks of finned, 

vertical tubes The pressure parts are internally insulated and are completely free to  

expand, independently of the outer casing structure The outer casing serves as a 

high pressure boundary for the exhaust gases and is completely welded and isolated 

from the hrgh temperature exhaust gas by internal insulation 

7 2 2 Control Ph~losophy and Appl~cation 

Operation and control of the HRSG includes the coordinated operation of each 

section of the HRSG Operation of the HRSG consists of 

Maintaining proper drum level 

r Monitoring superheater output 

Maintaining proper superheated steam temperature 

Operation of vents and drains 

Drum LevelIFeedwater Control 

Feedwater is supplied to  the steam drum by the boiler feed pumps During low 

load and startup conditions, drum level is controlled by single element level controller, 

based on drum level only When the steam flow from the drum increases to  a preset 

value, the DCS automatically switches to  3-element level control, 1) feedwater flow, 

2) drum level, and 3) steam flow The method of level control, single element or 3- 
element, is displayed at the level control valve MA Stations on the DCS 
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The instruments w h ~ c h  provlde Input slgnals to the DCS for controll~ng the 

posltlon of Drum Level Control Valves and to  lnltlate drum level alarms ~nclude 

Drum Level transm~tters whlch are pressure compensated by Pressure 

Transrnltters 

Feedwater Flow Transrnltters whlch are temperature compensated by 

Feedwater Temperature Elements 

Steam Flow Transrnltters whlch are pressure compensated by Pressure 

Transrnltters and temperature compensated by Temperature Elements 

Malntalnlng proper steam drum level IS a crltlcal functlon and can not be 

overstressed An excess~vely h ~ g h  drum level will flood the moisture separators 

located wlthln the steam drum, result~ng In molsture carry over to the superheater and 

a steam turblne trlp An excess~vely low drum level will result In decreased steam 

output, overheating of the economizer, evaporator, and superheater tubes and a 

combustion turblne trip 

Drum pressure IS a result of drum level comblned wlth the generat~on of steam 

In the evaporators The drum pressure will fluctuate wlth changes of load demands 

on the steam system Durlng a sudden steam load Increase, drum pressure w ~ l l  

decrease Thls will result In a false hlgh level condltlon known as "swell " Durlng a 

sudden decrease of steam demand, steam drum pressure will Increase and result In 

a false low level condltlon known as "shrlnk " In some sltuatlons, the tunlng of the 

steam drum level control loop may not respond qulck enough to  malntaln proper drum 

level durlng such abnormal condltlons In thls event, the operator may be requlred 

t o  take MANUAL control of the level control valves 

Steam Flow Control 

Steam from the superheater IS supplled t o  the steam header for use by the 

steam supply systems and by the steam turblne The control of steam flow from the 

superheater outlet IS typically through a motor-operated stop check valve and steam 

stop valve The posltlon of the valve motor operators IS manually controlled from the 

Operator Keyboard at the DCS 
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Durlng startup of the HRSG, the motor operators for the Stop Check Valve and 

the Steam Stop Valve are moved t o  the OPEN posttlon before the steam drum beglns 

to  develop steam pressure As the HRSG heats up, steam will f low through the Stop 

Check Valve and begln t o  warm the steam header Durlng thls perlod of  the startup, 

the combustlon turblne IS malntalned at mlnlmum load Once the HRSG and the Maln 

Steam System are completely heated and pressur~zed, combustlon turblne load IS 

increased t o  meet the prestart steam requirements of the steam turbrne 

If the steam header IS already pressur~zed by the auxlllary boller prior to  HRSG 

startup, the dlsk of the Stop Check Valve will remaln seated due t o  the already 

pressur~zed steam header Once the steam drum Increases t o  a pressure equal t o  the 

steam header, the check valve will slowly open and steam will begin to  f low through 

the superheater from the drum It 1s very Important that the drum level be closely 

monitored durrng thls transltlon 

Malntaln~ng Proper Steam Temperature 

Steam from the steam drum must be superheated to  a controlled temperature 

before enterlng the steam turblne To accomplish thls, steam from the drum IS routed 

through a superheater, where ~ t s  temperature IS Increased above the saturation point 

Thls lnltlal superheating of the steam br~ngs the steam temperature and pressure t o  

the correct condltlons before the admlsslon of spray water (attemperatlon) which 

provldes downstream temperature control Spray water 1s admltted Into the 

attemperator based on the steam outlet temperature from the HI P Superheater 

Typrcally, a motor operated block valve and temperature control valve are provlded 

t o  malntaln the correct steam temperature t o  the steam turblne 

Permlsslves are usually In place t o  prevent thermal shock t o  the system by not 

allowlng the block valve t o  admit water t o  the attemperator whlle the spray valve IS 

alreadv open A close slgnal IS given to  the block valve ~f attemperator spray demand 

IS small or steam f low IS l ow 
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Operat~on of  Vents and Drams 

Each of the superheater and steam drum vent and drain motor-operated valves 

can be manually OPENED, STOPPED, CLOSED, placed In TAGOUT, or placed In AUTO 

from the DCS Wlth each valve placed In the AUTO mode, the DCS will CLOSE Drum 

Vent Valves and OPEN Superheater Vent and Dram Valves when the steam drum 

pressure Increases t o  between 25 - 30 pslg A t  thls stage of the HRSG startup, the 

superheater vents and drams are opened t o  malntaln steam f low through the tubes 

t o  prevent overheating of the tubes Once the Steam Generation Sectlon IS on-line 

and developing s~gnlf lcant steam flow, the superheater vents and drams are placed 

In MANUAL and CLOSED 

7 3 Steam Turb~ne Controls 

T h ~ s  section IS provlded t o  give an overvlew of the DEH control system For 

detalled lnformatlon on the construction or operatlon of the steam turblne, refer t o  

e Module 3 of this course, Steam Turb~ne 

To control the operatlon of the steam turblne, a DEH dlgltal control system IS 

prov~ded The DEH system controls the steam turbrne uslng a touch screen format, 

slmrlar t o  the SPEEDTRONIC and the WDPF Thls system also commun~cates wl th the 

DCS through a network communlcatlons Ilnk, but actual algorrthm and turblne control 

IS accomplished usrng the DEH 

In the DEH, there are a number of graphlc pages, each of whrch IS dedrcated 

t o  perform a particular function or control specrfrc equipment These ~nclude 
- 

UNIT OVERVIEW 

FEEDBACK STATUS DISPLAY 

CONTROL MODE 

VALVE MODE 

CONTROL SETPOINT 

SET LIMITER 
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INDUCTIONiDESUPERHEAT MODE 

VALVE TESTiDISPLAY 

HYDROGEN SYSTEM 

TSIiBRG METAL, CONTROL START, GENERATOR, AND EXCITER TEMPS 

SEAL OIL SYSTEM 

REACTIVE CAPABILITY 

PRESTART AND PRESYNCH CHECKLISTS 

TURBINE ROLL 

WATER DETECTOR TEMPERATURE 

GENERATOR ANNUNCIATOR 

TRIP SYSTEM STATUS AND TESTS 

7 3 2 Control Purpose and Funct~on 

Typ~cally, the steam turblne system has four major subsystems, speed control, 

load control, flow control, and standby control 

Speed Control 

The speed control system uses three Inputs The flrst Input IS the speed s~gnal 

whlch comes from a speed transducer The other two Inputs are setpolnts that are 

operator selected, one for speed and the other for accelerat~on These controls are 

used only dur~ng startup The actual speed of the rotor IS compared with an operator 

selected setpolnt A speed error s~gnal IS generated that "tells" the turblne valves to 

open further The turblne IS smoothly accelerated to the new setpolnt where, since 

the speed and the setpolnt are the same, the speed error s~gnal IS essent~ally zero 

When the turblne IS synchron~zed, the speed setpolnt IS f~xed at a f~xed rate For a 

two pole machine, thls speed IS 3600 rpm 

Load Control 

The load control unlt has several ~nputs, lncludlng the speed error s~gnal from 

the speed control unit Those lnputs are comblned to calculate the valve posltlon for 

the main steam valves Durlng startup, load IS controlled uslng the speed error s~gnal 
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from the speed control unit The load control unit simply passes through the signal 

from the speed control unit t o  position the main steam valves 

After the turbine IS synchronized, the speed error signal IS near zero, and the 

load setpoint and the loading rate setpoint are the principal inputs to  the load control 

unit A loading rate setpoint IS also selected The load control unit then generates 

a signal to  open the main steam valves in an effort t o  reach the load setpoint 

Flow Control 

The f low control unit is made up of individual control loops for each of the 

controlling main steam valves The valve positioning signal from the load control unit 

IS used to  generate the current signal that positions the main steam valve The load 

control electronic circuit that compares the valve positioning signal from the load 

control unit with the actual valve position signal When there IS a change in the valve 

position signal from the load control unit, the difference between the load control 

posltion signal and the actual valve position s~gnal from a linear variable differential @ transformer (LVDT) produces an error signal The percentage of error is converted 

into a current signal which moves the valve to  the desired position 

Standby Control 

Some steam turbine systems have a standby control feature that is used to  

generate valve position signals that are sent directly to  the f low control unit, 

bypassing the speed and load control units The signal from the standby control unit 

is input directly by the Operator The purpose of the standby control unit is t o  allow 

maintenance on the speed and load control units while the turbine IS in service 

7 3 3 Alarm and Protect~on 

To protect personnel and the steam turbine from abnormal operating 

conditions, the steam turbine IS provided with several protective control schemes 
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Emergency Trip System 

The functron of the emergency trrp system IS to provrde alarms to alert the 

Operator of abnormal condrtrons when they frrst develop and to trrp the turbrne rf 

those conditrons exceed preset parameters Thrs system consrsts of a number of 

drfferent devrces In the event of a trlp, these devrces prov~de srgnals to trip the main 

steam valves closed The following parameters are monrtored and can trip the 

turb~ne 

Overspeed 

Thrust bearrng wear 

Low bearrng or1 pressure (also equrpped wrth mechanrcal backup trrp 

devlce) 

Low condenser vacuum (also equrpped w ~ t h  mechanrcal backup trrp devrce) 
a Low EHC hydraulrc flurd pressure (also equrpped wrth mechanrcal backup 

trrp devrce) 

Mechanrcal Overspeed Trrp 

The mechanrcal overspeed trrp provrdes a trrp srgnal to close the main steam 

valves rn the event of a turbrne overspeed rncrdent The mechanrcal overspeed trrp, 

consrsts of a bolt whrch slrdes Into a hole In the turbrne rotor that IS perpendrcular to 

the axis of the turbrne rotor (or secondary shaft for the secondary emergency 

overspeed governor) During normal operatron, the center of gravrty of the bolt IS 

drsplaced from the center of rotatron of the shaft so that when the shaft IS spinning, 

centrrfugal force on the bolt tends to force ~t out of the hole In the shaft The bolt IS 

prevented from flyrng out of the hole durrng normal operatron by a sprrng that IS 

strong enough to overcome the centrrfugal force at speeds below the trrp speed 

Normally, trrpprng the overspeed trrp would result In trrpprng of the turbrne 

The emergency trip system is equrpped wrth a test valve In the overspeed trrp relay 

to make this test possrble on-lrne wrthout trrpprng the turbrne 
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Electr~cal Overspeed Tr~p 

The electrical overspeed trip is provided as a backup to  the mechanical 

overspeed trip It senses turbine speed electronically using a toothed wheel and 

magnetic probes It cannot be tested by operators It  can be effectively disabled for 

actual testing of the mechanical overspeed trip This is done by temporarily setting 

the electrical overspeed trip setpoint far above its normal setpoint (to 11 5% of rated 

speed) for the mechanical overspeed trip test 

Overspeed Protect~on Controller 

The overspeed protection controller (OPC) IS not part of the emergency trip 

system The function of the OPC IS to  trip the controlling valves closed in the event 

of an overspeed event The design of the OPC is such that it closes these valves 

before the speed of the turbine actually reaches the mechanical overspeed or 

electrical overspeed trip setpoints The OPC reduces the peak overspeed of the 

turbine to  prevent the turbine from reaching these trip setpoints 

Condenser Low Vacuum Tr~p 

The function of the condenser low vacuum trip IS t o  protect the turbine from 

operation under low vacuum conditions that would damage the turbine blades, 

particularly in the L P turbine It consists of t w o  pressure switches that monitor 

condenser pressure There are normally-closed solenoid-operated test valves in the 

sensing lines to  each pressure switch that port the pressure switches to  atmosphere 

when energized to  open Opening a test valve causes the pressure switch to trip 

without affecting the condenser vacuum because of the orifice 

Low Bearrng Oil Pressure Tr~p 

The functron of the low bearing oil pressure trip is to protect the turbrne from 

operation with loss of lube or1 It consists of two  pressure swrtches that monrtor lube 

oil header pressure The sensing lines from the lube oil header t o  the pressure 

switches have orifices in them There are normally-closed solenoid-operated test 

valves in the sensing lines to each pressure switch that port the pressure swrtches 

t o  drain when energized to  open This causes the pressure switch to  trip without 

affecting the lube oil header pressure because of the orifice 
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Low EHC Hydraulic Flu~d Pressure T r~p  

The function of the low EHC fluid pressure trip is to protect the turb~ne from 

operat~on with loss of EHC hydraulic system pressure It consists of two pressure 

switches that monitor EHC hydraulrc system h~gh  pressure header pressure The 

sensing lines from the EHC high pressure header to the pressure switches have 

orif~ces In them There are normally-closed solenold-operated test valves In the 

sensing lines to each pressure switch that port the pressure swltches to dram when 

energized to open Opening a test valve causes the pressure switch to trrp wlthout 

affecting the EHC hlgh pressure header pressure because of the orifice 

Thrust Bearing Wear Trip 

The thrust bearrng wear trrp utll~zes the TSI rotor pos~tron transducers as rnputs 

to the two  trip channels The test crrcu~try IS arranged so that when the rotor 

position for one channel is being tested, that channel is disabled If rotor pos~tion 

changes excessrvely dur~ng the test the turbine is tripped 

Remote Trip 

The turbrne can be tripped remotely by a signal from the turbine trip pushbutton 

and from srgnals from outside of the turbine such as cross trrps from lockout relays 

for erther the HRSG or the main generator breaker 

7 4 Generator Controls 

7 4 1 Electrical Generator Control System 

The basic components of a generator control system rely on the prrncrples of 

electromagnet~sm and induction to produce electricity A basic principle of 

electromagnetism IS that current passing through a conductor produces an associated 

magnetic f~eld around the conductor In the generator, a magnetic field is created 

around the rotor coils by DC flowing through the rotor coils 
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Another bas~c pr~nc~ple of electromagnet~c ~nduct~on states that when a 

conductor (w~re) moves through a magnet~c f~eld (or when a magnet~c f~eld moves 

across a conductor) a voltage IS Induced In the conductor In the generator, the 

stator has a large number of w~ndlngs and as the rotor turns and the magnetlc f~eld 

rotates, a voltage 1s Induced In the stator wlndlngs 

The strength of the magnetlc f~eld surround~ng the rotor depends on the 

amount of current f low~ng through the co~ls and the number of cod turns The 

amount of electr~c~ty produced In the generator IS d~rectly related to the magnet~c f~eld 

produced by the rotor and the rotat~onal speed of the rotor The generator term~nal 

voltage IS controlled and matched to the g r~d  voltage by varylng the strength of the 

rotor's magnet~c f~eld Thls IS performed by regulat~ng the exc~ter's DC current 

suppl~ed to the generator rotor The generator IS controlled automat~cally by the 

Automat~c Voltage Regulator and requlres m~nrmal Operator attent~on under normal 

operating condrtrons 

S~nce the frequency of the electr~c g r~d  must be held constant at 60 Hz, the @ speed of the generator must be ma~nta~ned constant as the generator load varles 

The speed of the generator IS held constant by controlling the speed of the turbrne 

using a governor 

Control of the KW and KVARs be~ng produced by a generator IS only poss~ble 

when the generator IS synchronrzed to the grld The amount of KW produced IS 

regulated by ~nject~ng a b~as~ng s~gnal to the governor The amount of KVARs 

produced IS regulated by a b~as s~gnal to the voltage regulator 

Generator Voltage Control 

Generator voltage IS measured uslng a potent~al transformer and compared to 

the set polnt s~gnal ~ n s ~ d e  the voltage regulator The voltage regulator then changes 

the current to the excrter to correct any error In the generator's output voltage 

Generator voltage control IS only poss~ble when operating the generator Isolated from 

the g r~d  
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Laaaina Power Factor 

When an inductive load (lagging power factor) is applied to a generator, the 

flux generated by the armature directly opposes the flux of the main field This tends 

to reduce the saturation of the iron and reduce the generator's output voltage The 

exciter compensates for this by increasing the current supplied to the field poles on 

the rotor 

Leadina Power Factor 

When a capacitive load (leading power factor) IS applied to a generator, the flux 

generated by the armature reacts positively with the flux of the main field This tends 

to increase the generator's output voltage The exciter compensates for this by 

decreas~ng the current supplied to the field poles on the rotor 

Generator Frequency Control 

Generator frequency is measured using a potential instrument transformer and 

converted to a voltage that is compared to the set point signal inside the governor 

The governor then changes the position of the fuelisteam control valve allowing more 

or less fuellor steam to  the turbine This changes the speed of the turbine and 

corrects the frequency of the generator Generator frequency control is only possible 

when operating the generator isolated from an infinite grid 

Generator KVARIMVAR Control 

The generator's voltage regulator can not, by itself, change the voltage on an 

infrnite grid, but the output function of the voltage regulator still remains to control 

the current In the exciter field and thus the relationship of the main magnetic f~eld 

with the armature's magnetic field To pick-up or produce VARs (lagging pf), it is 

necessary to over-excite the main field This is because lagging VARs tend to 

desaturate the field To absorb VARs (lead~ng pf), it is necessary to under-excite the 

main field This is because leading VARs tend to over-saturate the field 
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The generator KVARIMVAR load IS measured uslng potent~al and current 

transformers Thls value IS compared to  the set polnt slgnal lns~de the KVARIMVAR 

controller The KVARIMVAR controller sends a blaslng slgnal to the voltage regulator 

The voltage regulator then changes the current t o  the exciter to  correct any error in 

the generator's KVARIMVAR load 

Generator KWIMW Control 

Load Anule 

Load angle IS the angle between the centerllne of the pole axls of the generator 

with respect t o  the pole axis of the systemlgrid From an electrical polnt of vlew, 

load angle can be deflned as the angle by whlch the voltage wave of a generator 

leads the voltage wave of the system lncreas~ng the load angle causes more 

KWIMW load to  be plcked up by the generator 

The currents flowing In the three stator wlndlngs produce a magnetic fleld 

whlch rotates at synchronous speed The rotor is bonded t o  thls magnetic f~e ld  * because of the attraction between the rotor's magnetlc fleld and the stator's magnetic 

f~eld There IS an equll~br~um between the torque drlvlng the rotor ahead of the stator 

(suppl~ed by the prlme mover) and the torque whlch tends to  pull the rotor back In 

step wlth the stator (suppl~ed by the g r ~ d  and mutual attractlon) increasing steam 

or fuel to  the turbine upsets thls equil~brlum As the rotor advances sl~ghtly w ~ t h  

respect to  the stator, a new equlllbrlum posltlon IS established The increase In the 

load current will Increase the strength of the stator's magnet~c field causing a 

stronger attractlon between the stator and rotor magnetlc fields The maxlmum 

power occurs when the load angle IS 90" If the turbine supplles enough torque that 

the bond between to  t w o  magnetlc f~elds IS broken, the generator becomes unstable 

and will lose synchronlsm 

There is a theoretical p o ~ n t  in the opposlte direction where the stator's 

magnetic field IS stronger than the rotor's magnetic field This occurs when the rotor 

field IS reduced because of a leadlng power factor, as d~scussed In the prevlous 

section, causlng loss of synchron~sm The loss of synchron~sm IS usually not 

considered a problem slnce excessive heatlng of different generator parts will occur 
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Generator power (KWIMW) IS measured using potent~al and current 

transformers The power s~gnal IS converted to a voltage that IS compared to  the set 

p o ~ n t  s~gnal ~ n s ~ d e  the KWIMW controller The KWIMW controller sends a b~as~ng  

s~gnal t o  the governor The governor then changes the p o s ~ t ~ o n  of the fuellsteam 

control valve allow~ng more or less fuel to  the turb~ne Thls changes the torque of the 

turbine and corrects the load angle of the generator 

Generator Synchron~z~ng 

The generator frequency IS mon~tored using a potent~al transformer The 

frequency s~gnal IS compared to  the set polnt signal (Gr~d Frequency) ~ n s ~ d e  the 

autosynchron~zer The autosynchronizer sends a b~as~ng  s~gnal to  the governor The 

governor then changes the p o s ~ t ~ o n  of the fuellsteam control valve allowrng more or 

less fuellsteam to  the turb~ne This changes the speed of the turb~ne and corrects the 

frequency of the generator before ~t IS paralleled to the g r ~ d  

Governor Control 

The governor controls the speed or torque be~ng appl~ed by the turbine to  the 

generator Ideally, ~t IS expected that when the load changes, the governor w ~ l l  

respond by rncreaslng or decreas~ng fuel/steam to maintain frequency at a spec~f~c set 

polnt (Load Reference Set pornt) A governor character~st~c called "droop" means 

that when load exceeds supply, governor control results In a frequency decrease, and 

when supply exceeds demand, governor control results In a frequency Increase 

F~gure 7-7 shows a typrcal governor characterrstrc curves for two  generators 

S~nce the character~st~c curves for each governor IS d~fferent, each governor will 

response to load changes differently Governor control l lrn~ts frequency dev~at~ons, 

but the governor control range IS Ilmrted, and so IS the governors a b ~ l ~ t y  to  return the 

unlt to  the set polnt 
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F~gure 7-7 Governor Character~st~c Curves 

FREQUENCY (Hz)  FREQUENCY (Hz)  

- ----------- 
I I 
I I 
I I 

Durlng start-up, as the generator speed Increases, the generator term~nal 

voltage IS established by flrst closlng the fleld breaker and then lncreaslng the f~eld 

current The generator termlnal voltage IS gradually Increased un t~ l  the generator's 

output voltage matches grld voltage Once the voltages are matched, the Automatic 

Voltage Regulator IS placed In service 

I 1 
I I 
I I 
1 I 
I I 
I I 

The generator must be In synchron~zatlon wlth the grld before the circuit break- 

er between the generator and the grld can be closed There are three requlrements 

for proper synchronlzatlon of the generator to the grld 

I I 
I 1 
I I 
I I 
I I 
I I 

Generator frequency matches grld frequency 
c Generator voltage matches grld voltage 

The generator voltage peaks at the same tlme as the grld voltage (phase 

angle IS close to zero) 

20 22 3 0 3 6 

UNIT A GENERATOR UNIT B GEVERATOR 
LOAD (Mw) LOAD (MW) 

LOAD PICK-UP FOR A LOAD PIC<-UP FOR B 
2MW FOR 0 01 Hz EMW FOR 0 01 H z  

m u m  01 

Page 29 



Combined Cycle Power Plants MODULE 7 

Generator voltage IS Increased t o  match g r ~ d  voltage usrng the Automatrc 

Voltage Regulator Llkew~se, generator speed IS Increased untll the generator 

frequency matches the g r ~ d  frequency Nomlnal frequency IS 60 Hertz, whlch 

corresponds t o  a generator speed of 3600 RPM for a 2 pole f~eld Normally, 

generator frequency should be sl~ghtly hlgher than the grid frequency prior to  

synchron~zation T h ~ s  ensures that the generator assumes KW loadlng when the 

clrcult breaker is closed, Instead of becomlng a load to  the system 

If generator frequency IS lower than g r ~ d  frequency at synchron~zat~on, current 

will f low lnto the generator from the g r ~ d  Under these cond~t~ons, the generator w ~ l l  

act as a synchronous motor, thls phenomenon IS called motoring Motorlng of a 

generator can cause overheating and damage If the generator frequency IS h~gher 

than g r ~ d  frequency, the synchroscope needle will rotate In the clockwrse drrect~on 

The slower the rotation, the more closely generator frequency matches g r ~ d  

frequency 

By observing the synchroscope, the Operator can determine when the phase 

angle between the generator and the g r ~ d  approaches zero As the synchroscope 

needle approaches the 12 o'clock (up, vert~cal) posltlon, the phase angle approaches 

zero and the crrcult breaker can be closed The generator manufacturer generally 

places a l ~ m ~ t  of + 10" on the phase angle for synchronrzat~on Most plants, 

however, have protectlve relaylng whlch prevents the main generator breaker from 

closlng unless the system and generator are w~thrn about 5" 

Generator Temperature Monrtor~ng 

Temperature IS perhaps the most crrtical parameter of generator operation 

Nearly all of the operat~onal lrm~tat~ons and recommendat~ons drscussed thus far are 

des~gned to  ensure that generator temperatures are kept within acceptable I~mrts 

One problem w ~ t h  mon~torlng generator temperatures IS that ~t IS only pract~cal to  

measure temperatures In some areas of the generator One major area whlch IS not 

monrtored directly is the generator rotor surface 
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Another cons~derat~on in monltorlng generator temperatures IS that ~t IS 

generally not suf f~c~ent  to  monltor temperatures to ensure that they do not exceed or 

fall below f ~ x e d  l ~ m ~ t s  In many ~nstances, such as stator bar RTDs, ~t IS necessary 

to mon~tor d~fferentials and, In some Instances, dev~at~on from averages For these 

reasons, generators seldom have h ~ g h  temperature trlps In general, the attention of 

a knowledgeable operator IS necessary to  determine when a problem exists and the 

proper course of actlon t o  follow M~croprocessors are be~ng used on some newer 

unlts to ald the Operator In temperature mon~tor~ng by perform~ng calculat~ons 

cont~nuously t o  average temperatures and calculate d~fferent~als 

Core Mon~tor 

If a generator overheats or develops hot spots, the insulating mater~al w ~ l l  beg~n 

to  thermally decompose and release small part~cles Into the hydrogen The core 

mon~tor IS used to  constantly mon~tor the gas for ~nsulat~on part~cles suspended In the 

gas Most core monltors are very s~m~ la r  to  household lon~zatlon smoke detectors 

Dur~ng normal operation there should be no part~cles In the gas 

S~nce hydrogen IS mon~tored, the monitor has t o  be purged w ~ t h  CO, In the 

same manner as the generator The monltorlng system has ~ t s  own gas control 

system (slm~lar to  the generator) to fac~l~tate removal, maintenance, or d ra~n~ng of the 

d r ~ p  legs 

The monitor has a test system that simulates generator overheat~ng Thls IS 

accompl~shed w ~ t h  two  spec~ally coated f~laments When the f~laments are energ~zed, 

they overheat and the coatlng thermally decomposes, emlttlng part~cles and enabl~ng 

a real test of the monitor 

Monltor output IS directly proportlonal to  gas flow A constant gas flow and 
pressure results in a constant current slgnal An Increase In gas flow causes an 

Increase In the current output slgnal and vice versa When partlculates pass through 

the Ion chamber, they produce the same affect as reduc~ng the gas flow, result~ng In 

a lower current s~gnal The current s~gnal IS proport~onal to the number of part~culates 

In the gas flow and the percentage of overheat If the current s~gnal drops low @ enough, an alarm will sound in the control room and at the remote monitor panel 
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The reduction of generator speed causes a drop in the generator fan d~fferential 

pressure, result~ng rn a lower gas f low to  the monltor, giving a false alarm indication 

Most monitoring systems are equipped w ~ t h  a gas filter and a two-way solenold 

valve to  bypass the frlter Normally the filter is bypassed To place the f~l ter in 

service, press the filter pushbutton to energize the solenoid valve and direct the gas 

f low through the filter When the filter is in service, it removes all particulates from 

the gas and the monitor meter reading should reflect that If the meter does not 

~ndicate a good reading, the monitor is malfunctioning 

7 4 2 Generator Operational Limitat~ons 

The generator nameplate commonly provides the essential design parameters 

for the generator There are three areas in which there are operational l~mi ts  

associated w ~ t h  generator operation temperature, current and voltage 

Brestartup Temperature L~m~tat ions 

The only limrtation before startup is that the generator temperature is at least 

20°C (68°F) before exceeding 3000 RPM This IS required to  ensure that the 

generator rotor IS above its transition temperature prior t o  Imposlng the stress of full 

speed operation Normally, keeping the stator w ~ n d ~ n g  liquid cooling system in 

service during shutdown will provide adequate heating because the liquid will be 

warmed by pump friction If the temperature IS not high enough before the unit is 

"rolled", speed must be held at 3000 RPM until the temperature increases to  an 

acceptable value 

Voltage and Current Limitat~ons 

The manufacturer imposes limitations on the amount of field and armature 

voltage and current which are acceptable for operation These IimiPations are 

described In several different ways The generator armature IS usually designed to 

operate continuously at voltages of plus or minus 5% of rated voltage when the unit 

is synchronized and a t  3600 RPM During startup, before the main generator breaker 

IS closed, the armature voltage may vary by plus or minus 7 5% according to  most 

manufacturers In the event that the unit is at a speed of less than 3600 RPM, the 

voltage must be reduced to  prevent overheating the armature 
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7 4 3 Generator Capabll~ty Curves 

Real and reactlve power are generated by a three phase, AC generator Both 

types of power cause current t o  f low In the generator armature wlndlngs, and so ~t 

IS necessary t o  monltor both The generator's manufacturer provldes a capablllty 

curve t o  glve llmlts on how much of each type of power may be generated 

The capablllty curve IS just as the name lmplles It IS a plot of the loadlng 

Ilmlts, at d~f ferent power factors and hydrogen pressures, that  the generator IS 

capable of operating at w ~ t h o u t  overheating F~gure 7-8 shows a typ~ca l  capablllty 

curve The capabll~ty curve IS actually three curves In one The lndlvldual curves 

deplct 

1 Fleld wlndlng heatlng llmlt (segment AB In F~gure 7-8) 

2 Stator (armature) wlndrng heatlng llmlt (segment BC In F~gure 7-8) 

3 Stator (armature) core end Iron heat~ng llmlt (segment CD In Flgure 7-8) 

To use the capab~llty curve, plot the load In watts on the horrzontal axls and 

then extend a vertlcal arrow up (or down) by the length shown on the vertical axis 

for the amount o f  VARs be~ng generated or used If the polnt of the KVARIMVAR 

arrow IS lns~de the curve, then all IS well as the generator IS belng operated w ~ t h l n  its 

capablllty If the arrow IS outs~de thecurve, the watts and/or VARs m u x b e  reduced 

~mmed~ate ly  because the generator IS belng operated outslde of its capablllty and 

serious damage may result It IS Important t o  note that the generator's capablllty can 

be exceeded even ~f the megawatts are less than the turb~ne ratlng, by excesslve 

reactlve power 

The generator produces t w o  types of electrlcal power commonly referred to  as 

reactlve power (vars or volt-amps-reactlve) and true power (watts) Reactwe power 
IS supplled In the generator because the load current and voltage are not In phase 

T h ~ s  IS due t o  the fact that In any AC electrlcal clrcult, some loads are lnductlve and 

others are capacltlve In nature lnductlve loads cause the current t o  lag behlnd the 

voltage Capacltlve loads cause the current t o  lead the voltage When the generator 

load has a greater lnductlon load, the lnductlve load will generate vars and have a 

lagglng power factor When the generator has a greater capacltlve load, the * capacltlve load absorbs vars from the grid and will have a e a d ~ n g  power factor 
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F~gure 7-8 Typlcal Capablllty Curve 

The total power produced by the generator IS the vector sum of reactive power 

and true power and is referred t o  as apparent power (volt-amps) The power factor 

1s the ratlo of true power to  apparent power If the voltage and current are exactly 

in phase, the power factor will equal 1 0 If they are not In phase, the power factor 

will vary between 0 0 and 1 0 If the generator has a nominal power factor of 0 85 

lagging, t h~s  Indicates that by deslgn, 85 percent of the total power produced by the 

generator IS Watts and 15 percent IS VARS 
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Kilowatts (true power) are shown on the horizontal axis while kilovars (reactive 

power) are shown on the vertical axis The overall capability curve is composed of 

three separate curves because different parts of the generator limit overall operation 

The limiting factor depends on the loading condition During high lagging reactive 

load conditions, the field winding overheats first During high leading reactive load 

conditions, the core end Iron and instability are the llmitlng factors During high KW 

load conditions, the stator IS the limiting factor 

Generator Vee Curve 

A "Vee" curve shows the effect of excitation current on the VAR generation 

or absorption (Flgure 7-9) A t  low excitation (field) currents, the generator is 

absorbing VARs This is a leading power factor condition As excitation is increased, 

the armature current decreases until a point is reached at which the generator is 

neither generating or absorbing VARs This point is when the power factor is 1 0 

As the excitation is further increased, the generator supplies VARs to the grid This 

is a lagging power factor condition 

Saturation Curve 

The Saturation curve (Figure 7-10) IS composed of t w o  curves, the No Load 

Saturation and Synchronous lmpedance curves There are two  points (AFNL and 

AFSI) Identified on the curves AFNL indicates a condition where the Amps Field IS 

at No Load AFSI indicates a condition where the Amps Field is at Synchronous 

lmpedance A no load condition is a thevenin circuit A condition, in this case, 

where the generator requires a fleld current of 1 120 amps to  obtain the rated voltage 

of 22,000 volts The synchronous impedance condition is a short circuit condition 

In this case, a field current of 1850 amps IS required to  obtain a rated output of 

10,234 amps If these t w o  f~e ld  current conditions are added you obtain the 

maximum field value of 2970 amps 
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F~gure 7-9 Vee Curve 
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Negatlve Phase Sequence Curve 

F~gure 7-1 1 shows a negative phase sequence curve When the loads on a 

three phase generator are not balanced, negative phase sequence currents are 

produced These currents cause circulating currents on the surface of the rotor 

These circulating currents generatekeat that damages and degrades the flew 

Another less important result of this unbalanced condi t~on is the production a shaft 

torque pulsating at tw ice the line frequency The pulsating torque also appears on 

the stator core If the core is r~gidly mounted t o  the frame as it is on 1800 rpm 

generators, the palsatlng torque 1s transm~tted through the frame to  the foundation 

The negative phase sequence curve IS simply a graphical representation of the 

relationship between the negative phase sequence component and the phase 

currents The negative phase sequence curve applies only when there are no zero 

phase sequence currents A helpful rule when negative phase sequence currents are 

less than 5%, is that the positive phase sequence component is approximately equal 

t o  the average of the three phase currents, and the negative phase sequence 

component is approximately equal t o  the maximum dev~ation of any of the phase 

currents from the average 

7 4 4 Generator Protection 

Operation at lower frequencies without reduction In generator voltage is made 

possible by des~gn t o  allow the unit t o  withstand fault conditions The quantity 

"volts-per-hertz" is used t o  deflne the limitations imposed for such operation Volts- 

per-hertz is simply the voltage of the armature, expressed as a percentage of rated 

voltage, divided by the actual speed expressed as a percentage of rated speed 

Thls may also be expressed as shown below 
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CCfWOD7010  

F~gure 7-1 0 Saturat~on Curve 
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l 2  = NEGATIVE PHASE SEQUENCE CURRENT 

I, = LARGEST OF THREE PHASE CURRENTS 

l b  = SMALLEST OF THREE PHASE ClJRRENTS 

I C  = INTERMEDIATE PHASE CURRENT 

F~gure 7-1 1 Typical Negat~ve Phase Sequence Current Nomograph 
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The maximum volts-per-hertz allowable is usually about 120% for a maximum 

duration of two seconds Automatic volts-per-hertz relaying is often provided t o  trip 

the generator if these l im~ts  are exceeded 

When generators are operated at less than normal speed or frequency, the 

resistance to AC current (impedance) IS reduced The resistance t o  AC current 

reduces because impedance rises with increased speed and falls with decreased 

speed If the frequency goes down and the armature voltage remains the same, the 

armature current increases Because of this phenomenon, generator manufacturers 

recommend that the KVA of the generator be reduced as the frequency decreases 

Volts-per-hertz regulation is a process where the voltage regulator reduces the 

field current and thus the output voltage when the frequency drops If a large load 

IS applied t o  an isolated generator, the following sequence occurs 

Additional load increases current in the statorlarmature 

An increase of stator current, increases the magnetic pull between the rotor 

and stator fields reducing the speed of the prime mover 
b Reduced speed causes fewer magnetic lines to be cut resulting in a lower 

voltage output and less efficient cooling of the prlme mover 
b Voltage regulator Increases current to the field to  compensate causing more 

drag on the prime mover 

Loss of he ld  

Loss of field IS a term used to describe operation of the generator with the main 

generator breaker closed and no excitation Loss of fleld usually occurs because the 

f~eld breaker opens When this situation occurs, currents are induced on the surface 

of the rotor Currents are induced because without excitation t o  keep the unit 

synchronized, the rotor does not turn at the same speed as the rotating magnetlc field 

In the stator Since the rotor "sees" a changlng magnetic flux, a voltage IS induced 

and currents flow on the surface of the rotor These currents cause heating of the 

rotor surface 

Page 40 



Combined Cycle Power Plants MODULE 7 

Usually, generators are provided with loss of excitation relays These relays 

t r ~ p  the main breaker and field breaker when the generator loses excitation Operating 

the generator with the main generator breaker closed, but without excitation, causes 

overheating of the generator field It takes only a few seconds for the overheating 

t o  cause damage 

Operating with loss of field should not be confused with "motoring" When a 

generator is motored, both the field breaker and main breaker remain closed, but 

instead of generating power, the generator uses power from the system and acts as 

a synchronous motor There IS not a loss of f~e ld with motoring Motoring is not 

harmful to  the generator provided that normal limitations on voltage, current and 

temperature are observed Motoring can, however, be harmful to the prime mover 

Operat~on W ~ t h  Unbalanced Phase Currents 

During normal operatlon, the currents in each phase of the generator are about 

a the same and are said t o  be balanced When the phase currents are balanced, a 

symmetric, rotating magnetic field IS created in the stator which rotates at the same 

speed as the generator rotor 

If  an imbalance of phase currents in the stator occurs, the stator's rotating 

magnetic fleld becomes distorted and asymmetric As the generator rotor spins, the 

rotor "sees" a change of magnetic flux once each revolution Any time a conductor 

experiences a change in magnetic flux, a voltage is induced and, if there is a complete 

circuit, currents will f low That is exactly what happens to  the generator rotor The 

asymmetric magnetic field from the stator induces a voltage and causes currents to  

circulate on the surface of the rotor If the there is enough current, there will be 

heat~ng of the rotor surface 

Generators are designed to withstand operation with some unbalanced current, 

since In actuality, the three phase currents will never be exactly balanced 

Manufacturers guarantee that their equipment can operate continuously with from 5% 

to 10% negative phase sequence current The negative phase sequence current IS 

usually expressed as a percentage of rated armature current 
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If the negative phase current exceeds the maxlmum allowed, manufacturers 

commonly recommend the following actions be taken 

1 Reduce the generator load 

2 Reduce the voltage without exceeding the underexcited reactive 

calculation 

3 Take the generator off lrne 

Generally, the limits on vibration of the generator closely parallel those of the 

turbine Maximum vibration levels for continuous operation are generally around 4 

mrls for the shaft, 6 mils for the couplings, and 5 mils for the collector rings 

7 5 Plant D~gital Control System 

The Digital Control System (DCS) is responsible for the automatic control and 

monitoring of most of the plant systems, which are operated in unison to provide 

efficient, reliable operation The DCS may be considered to be an integrated control 

system, that IS all plant controls are integrated Into a common system 

7 5 1 Control System Overv~ew 

Many computer control systems in power plants used a s~ngle central computer 

for all functions One of a class of systems is called the distributed digital control 

system In such a system, there are many d~gital computers that are linked together 

so that they can communicate The means by wh~ch communications take place IS 

referred to as the "data highway" in nomenclature 

The data highway prov~des the different digital computers wlth a means for 

exchanging data The data highway cons~st of either coaxial cable or f~ber-optic cable 

which is routed throughout the plant over which data IS continuously broadcast and 

received from the "drops" on the highway One of the key "drops" on the h~ghway 

IS the Dlstrlbuted Processing Unit (DPU) The DPU's recelve process Inputs (I e , 
temperatures, flows, pressures, and levels), and transmits them as data onto the 

highway for other users The DPU's also provide an output to a control device (I e , 
valve actuator, damper, electr~cal relay) to operate (startlstop) equipment or 

- 
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Implement a control functlon (malntaln a process var~able setpolnt) Numerous DPU's 

are Installed on the data h~ghway, each wlth specrf~c respons~bll~t~es for process 

control and data acquisition The design of the data highway allows every drop to 

s~multaneously "llsten" t o  the broadcast of all process polnt values A backup DPU 

IS prov~ded for each DPU The backup DPU automatically takes over operation In the 

event of a failure of the operatlng DPU 

As each drop "hears" the process polnts, the drop acqulres ~nformatlon 

requlred to perform ~ t s  functlon For example, a controller may Increase a 

temperature on the process or alarm an "off normal" condition to  the Operator 

lnformatlon broadcasted on the hlghway IS s~multaneously avallable to every drop on 

the hlghway S~nce the process polnt IS avallable, the hlghway provldes a global data 

base that IS always avallable and current to  any user on the hlghway 

A very Important aspect of any computer system IS the user interface, generally 

referred t o  as the man-machlne Interface (MMI) The MMI IS, from the perspective 

of the user, the end of the system The MMI for the DCS system utlllzes multlple e computer term~nals that have three elements, a "touch screen" CRT (Cathode Ray 

Tube), a membrane type key board, and prlnters These elements are all provlded In 

a central control room 

As d~scussed, the central control system IS tasked wlth monltor~ng and 

operatlng the entlre plant, ~ t s  systems, subsystems, and lndlvldual components 

However, there are certain plant systems and equipment that the DCS only monltors 

and has llmlted or no control functions To ellmlnate any confus~on, the DCS shall 

be considered the prlmary source of control and ~nformatlon While the control 

systems architecture at each plant and unlt vary, typically the DCS does not have 

dlrect control over 

Gas Turblne and Generator 

Steam Turblne and Generator 

t Auxil~ary Bo~ler 

Demlnerallzed Water System 

Zero Discharge Water Collection and Treatment 

Gas Compressors 

Cont~nuous Em~sslons Monltor~ng System 

Page 43 



Comb~ned Cycle Power Plants MODULE 7 

For the purposes of thls module, only an overview of the controls for the power 

components (gas turbine, steam turblne, HRSG, and electrical generator) are 

discussed Speclflc control of varlous plant components are covered wlthln thew 

respectwe system T h ~ s  module d~scusses the functlon and appllcatlon of the DCS 

as ~t applles t o  a comblned cycle power plant 

7 5 2 Bas~c System Funct~on and Pr~nc~ples 

The DCS has many functlons A summary of the hlgh level functlons IS as 

follows 

Collect and store data from three types of sources 

Analog - An  analog source IS typrcally a transducer that converts the 

value of a parameter llke generator load t o  a dlgltal quantlty The 

nature o f  the parameter IS that ~t varles cont~nuously over a range of 

values rather than havlng only t w o  dlscrete values 

D~a~tal-  A dlgrtal source IS a devlce llke a llmlt swrtch that has only t w o  

values such as open or closed, runnlng or stopped, on or o f f  

Calculated- A calculated value IS one that is determined by calculation 

In an algorlthm (an algorlthm IS slmply a mathematical formula or serles 

o f  formulae that are used t o  determine a value) In some cases the 

calculated value may be as slmple as an average of  several Instruments 

that  measure the same parameter and In other cases the calculated 

value may be more complex, such as determlnlng plant heat rate 

Make data avallable t o  the users - The DCS system makes data avallable 

in several different ways The prlnclpal means IS through the CRT, 

however the printers are also an Important element In dlsplay It IS also 

poss~ble t o  access data and man~pulate ~t using other computers 
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Provide the Operator w i th  alarm information - One specific and important 

area that  comes under the broad category of making information available 

t o  the user that deserves special attention is the display of alarms In 

conventional power plant control rooms, alarms are annunciated by alarm 

panels that  light up and provide audible alarm in the event that an alarm 

condition exists (such as high HRSG drum level) The DCS alarms are 

annunciated through the CRT and printers 

Provide the Operator wi th  the means to  control the various systems and 

components in the plant Those controls may be automatic or manual and 

the capability t o  adjust automatic control setpoints and change the mode 

of operation from automatic t o  manual are also provided 

Makes stored data available for historical analysis Typically, the DCS is 

equipped with a Historical Data Recorder or Historian which consists mainly 

o f  a dedicated computer hard disk wi th  an enormous amount of storage 

capability Equipment STARTS and STOPS as well as alarm conditions are 

stored by the Historian for future reference and analysis by the plant staff 

Provides for maintenance and modification to  the system at engineer work 

stations 

To achieve the above functions, the DCS use the same princ~pals which are 

seen in any digital computer system, for example the SPEEDTRONIC or DEH All 

information is represented in binary form (ones and zeros, for instance) While the 

computer and processors need this binary information, the representation which the 

user sees "insulates" the details and provides a user interface that displays 

lnformat~on and allows the user t o  enter commands eas~ly and without know~ng  (or 

needlng t o  know) about the underly~ng pr~nc~ples of computer sclence 

An  understanding of the " low level" aspects o f  computer hardware and 

software is not  necessary to  use the DCS effectively As wi th  other components in 

the plant, however, a good understanding of the system, the principles, and 

components of the system is necessary for the Operator t o  use the system effectively 

and solve system problems 
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The heart of the system is the data highway Typically, there are t w o  

redundant data highways, one of which is a "hot backup " Hot backup means that 

both data highways are In operation all of the time, but one is not being used In the 

event that the prrmary data h~ghway  fails, the backup automat~cally takes over 

The reason for the data h~ghway IS to  make ~t poss~ble for dlg~tal computers and 

other dev~ces t o  communicate by sendlng data to  and from one another Each dev~ce 

on  the data hlghway IS asslgned a unique address so that messages reach their 

intended destination There are many drgital computers in the system distributed in 

such a way as to  dedicate a single computer to  a particular function or area T h ~ s  

approach is different from more traditional computer systems in whlch there is a 

central computer where all calculations and control functions are preformed 

DPU's generally perform control functions as well as providing for InputtOutput 

(110) Several control aspects t o  consider include, performing calculat~ons associated 

w i th  control loops or acting through devlces such as MCC contactors t o  start and 

stop a pump motor 

The Operator does not see any of these details when usrng the DCS The 

screen IS displayed on the operator control console (OCC) associated with the area 

that  requires attention In doing thls, the OCC communicates wi th  the DPU 

associated wl th that area and displays a screen which is usually graphic That is, the 

component or system IS represented as a simplified schematic If the screen IS 

associated wi th  control (rather than display o f  data only), the Operator can issue 

commands t o  the system through the CRT by touching the screen which has pictures 

rndrcating what areas must be touched t o  perform certain control operations such as 

opening a valve The message is then sent from the OCC over the data hlghway to  

the approprlate DPU whlch then executes the control action by generating a s~gnal 

that 1s sent through the It0 circuitry t o  the approprlate devrce 
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7 5 3 Operator Interface and Funct~ons 

In any computer system, there IS hardware and software Software 

components are not often thought of In the same context as hardware because In 

general a software component IS deslgned to provlde a certain functlon Accordingly 

thls section addresses hardware components Software components are descrlbed 

In terms of thelr functlon In sectlon 7 5 4 

Operator Control Consoles and Pr~nters 

As descrlbed earller, the MMI conslsts of CRT's, wlth keyboards and printers 

A CRT together wlth its keyboard IS referred to  as a Operator Control Console (OCC) 

Typically, CRT's have 19 rnch, color, hlgh resolution screens wlth touch screen 

features The consoles are Integrated In a central control room A touch screen IS 

one that allows the Operator to  Issue commands (operate equ~pment) by actually 

touchlng an area of the screen wlth h ~ s  flnger Graphlc screens are dlsplayed on the 

CRT so that the Operator can see what area of the screen to  touch t o  enter a 

command For Instance, a graphlc screen for control of a temperature control valve 

mlght have a plcture of a controller wlth A (Increase) and V (decrease) "push buttons" 

dlsplayed on the screen The Operator would touch the A (increase) on the screen 

to  Increase the temperature setpolnt 

The OCC's are the maln polnt of Interface wlth the DCS From the OCC, the 

Operator can 

Tune modules 

Transfer mode of operation (from AUTO to  MANUAL for Instance) 
t Adjust setpolnts In control loops 

Monltor all I/O and alarm polnts 

Observe trend data 

Vlew Interactive dlsplays 
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The OCC's are located In the control room Addrt~onally, there are personal 

computers that are capable of controllrng spec~fic plant equrpment, erther combustron 

turbrnes or the HRSG The PC's are not equrpped wrth the same touch screens and 

membrane keyboards as the OCC's In the main control room 

Eng~neer~ng Work Stat~on and Pr~nter 

Any large computer system like the DCS requires marntenance Some of t h ~ s  

marntenance is related to  the software as opposed to the hardware A typical 

marntenance functron mrght be the change of mathematrcal coeffrcrents used In 

calculatron or control of a devrce Other types of marntenance mrght rnclude the 

development or modrf~catron of graphrc screens for operator display and addrtron of 

new funct~ons The Engrneerlng Work Stat~on (EWS) IS provrded for that type of 

marntenance It also provrdes for the capabrlrty of analysrs of data The EWS has all 

the funetrons of the OCC as well as the added capabrlltres of system confrguratron 

development and rmpiementation The EWS IS equipped wrth a color prrnter and a 

mouse 

Clock Interface U n ~ t  

The clock rnterface IS used to  synchronrze system time throughout the 

subsystems Thrs functron is automatrc and requires lrttle or no attentron 

Redundant Data Hrghway Commun~cat~ons Link 

The data h~ghway IS a computer network that utrlrzes a hybrrd of both frber- 

optrc cable and conventronal coaxral cable The data hrghway provrdes for 

communrcatron between all of the varrous elements of the DCS 

The data hrghway IS common to  every other element of the DCS If the data 

hrghway were to fall, the entrre system would cease to functron The rmmedrate 

effect of thrs to an Operator In the control room would be loss of hrs rndrcatrons of 

the status of the plant and h ~ s  abilrty to  control the plant 
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In view of the importance of the data highway, a "hot backup" IS provided 

Hot backup means that the backup data highway is always in service but not 

processing data The "hot backup" is always available to assume the function of the 

primary data highway in the event that it were to fail 

Distributed Process~ng Un~ts  (DPU) 

Distributed Processing Units, or DPU's are digital computers that are generally 

dedicated to the control of a certain system or area of the plant A typical DPU 

provides the following functions 

Read inputs through the I10 hardware from devices such as limit 

switches and thermocouples 

Accept inputs from the data highway, ~ncluding commands from the 

operator control console 

Determine control outputs by calculation such as the proper position for 

temperature control valve 

Send outputs such as those required to start or stop a pump motor 

(d~gital) and those required for control loops such as a temperature 

control loop (analog) to the I10 hardware 

The DPU's, together with the other elements of the system such as the data 

h~ghway, are deslgned so that the failure of a DPU cannot result In the failure of the 

data highway or any other component Accordingly, all DPU's are dual redundant 

Dual redundant means that there are two DPU's, each wlth its own power supply, 

commun~cations to the data highway, and so on In the event that the primary DPU 

falls in service, the backup automatically comes lnto service to prevent loss of control 

or commun~cat~ons The backup DPU "tracks" the ~n-servlce DPU so that In the event 
the backup comes lnto service there IS "bumpless" transfer In the control loops 

Termlnat~on Cablnets w ~ t h  Input/Output Hardware 

Termination cabinets house the inputloutput (110) hardware and field wlring 

terminations for the devices in the plant The 110 hardware IS capable of reading both @ digflal signals such as those from I lmt  switches and analog devlces such as 
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thermocouples For analog slgnals, analog to dlgltal (AID) conversion IS performed 

to represent the analog data dlgltally for processing In the DPU The I10 hardware 

has slmllar output capabllltles lncludlng dlgltal to analog (DIA) conversron Outputs 

Include swltchlng capabllltres for both 125 VAC and 125 VDC control clrcults 

Un~nterruptable Power Supply (UPS) 

The normal source of power for the DCS IS the 120 VAC power d~strlbutlon 

system wlthln the plant Fallure of the DCS In the event of AC power farlure IS not 

acceptable The un~nterruptable power supply (UPS) assures that power IS avarlable 

to the DCS even durlng a loss of AC power throughout the plant The UPS conslsts 

of an Inverter that converts 125 VDC power from the statlon battery to 120 VAC 

power 

Auctloneered Redundant 110 Termlnatlon Cablnet Power Supplles 

Connections from equipment In the plant to the DPU's are made In termlnatlon 

cablnets Auctloneered, redundant I10 cablnet power supplles are located In each I10 

termlnatlon cabinet The backup power supplles are operational at all tlmes, provrdlng 

a hot backup to the prlmary power supplres These are used to supply power to 

much of the control lnstrumentatlon and all of the I10 hardware These power 

supplres are fed from the UPS system 

7 5 4 DCS Functions and Operat~on 

The DCS IS made up of both hardware and software components The 

prevlous sectlon described the hardware components Thrs sectlon describes what 

may be thought of as software components These software components are 

"generic" functlons that make it posslble for the Operator to dlsplay data and Issue 

control commands The same functlons may be used In many different areas For 

rnstance, a bar chart type data dlsplay may be used on the C T or the HRSG graphlc 

dlsplays 
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OCC CRT D~splays 

The prlnclpal means of dlsplaylng data and control IS through the OCC CRT's 

Thls sectlon describes the use of the CRT's and the data that IS dlsplayed CRT 

dlsplays are access~ble by dlrect functlon button, by menu, by paging between 

"adjacent" dlsplays, or by placlng the CRT cursor on a currently dlsplayed plcture 

element for alarm llne and pushlng a "select dlagram" button Paglng IS llnked In four 

d~rect~ons, left, rlght, up, and down 

The system typ~cally supports spllt screen dlsplays so that plant lnformatlon or 

alarms may be d~splayed cont~nuously on the maln screen whlle detalled lnformatlon 

and/or operator entry flelds are dlsplayed concurrently on a subscreen of the same 

CRT The system will also supports a wlndow dlsplay that may be opened on any 

part of the maln screen The wlndow may cover up t o  one fourth of the area of the 

maln screen and may be used for detalls, control, or trendlng related t o  the main 

screen dlsplay 

Changlng Screens and Creatlng New Screens 

The DCS IS supplled wl th  the EWS whlch has the capablllty t o  create new 

dlsplays and modlfylng exlstlng dlsplays (f low diagrams, schemat~cs, etc ) 

Mod~flcatlons of thls sort requlres that the user of the EWS enter a password The 

EWS can be used t o  create full graphlc macrosymbols or shapes normally used In 

graphical deplctlon of power plant and process equipment Once created, the shapes 

are access~ble by maklng reference t o  a slngle name 

A DCS supplrer will typically provlde a standard set of shapes whlch can be 

modlfled or extended from the EWS 

The Operator can make changes t o  the following types of parameters 

Tunlng constants 

Alarm llmlts 

Setpolnt llmlts 

Parameters of any loop (control algorithm, slgnal type, and Input 

source) 
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For many parameters of the type llsted above, it IS necessary for a key switch 

at the OCC to be "turned on" to allow the Operator access to change the parameter 

The Operator can address parameters associated with a single loop and make 

adjustments provided the keylock switches are activated The Operator can also call 

up any analog or digital point in the system to verify its current value or logic state 

(the term logic state applies to a digital input and may be on or off, running or 

stopped, opened or closed and so on) The Operator can configure graphic displays 

using both standard and customized symbols This library of symbols is available on 

screen listings Graphic displays are interactive, allowing process changes to be 

made (such as changing the setpoint for a control loop) 

Alarm Displays 

The current alarm display consists of a header and up to 20 full-line alarm 

messages per page Over 2000 lines of alarm and return to normal information are 

available to the-Operator, and they are accessible by paging backward and forward 

as many times as necessary to display all current alarms Alarm priority and status 

are differentiated by color, reverse video, and blrnklng as appropriate for each 

parameter 

Each line of alarm information contains the following 

Tlme of the alarm (hour, minute, second) 

Process descriptive tag name (8 characters minimum) 

Process variable description (30 characters minimum) 

Code to indicate alarm limit violated 

Current value of process var~able with quallty 

Value of alarm setpoint for the alarm annunciated 

Engineering units of the process var~able 

Time that the alarm clears 

Any OCC CRT may be ded~cated to alarm messages Any other OCC CRT can 

show any page of the alarm display upon request Alarms are sorted and displayed 

by system, subsystem, plant area of any other attribute desired, on a per screen 

basis 
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A prlorlty alarm dlsplay mode IS avallable that allows the Operator t o  disregard 

lower prlority alarms by pushlng a "prlorlty alarm mode" button for each screen This 

mode IS selectable for each screen 

A n  alarm hlstory dlsplay IS available by slngle keystroke The alarm hlstory 

repeats a mlnlmum of 2000 alarm, return, status messages page by page on the CRT 

In chronolog~cal order I t  dlsplays lnformatlon In the same format as the current alarm 

dlsplay 

An  alarm subscreen IS avallable t o  dlsplay the oldest three unacknowledged 

alarms In the system Thls dlsplay presents lnformatlon In the same format as the 

current alarm dlsplay 

The alarm summary alerts the Operator when points are In alarm The crltlcal 

alarms re-alarm after a speclfled tlme perlod A polnt that 1s In alarm appears on the 

alarm summary dlsplay untll it IS acknowledged by the Operator from the keyboard 

The DCS provrdes the ability t o  search the system for alarms that occurred 

previously (resldrng In memory of long term storage optlcal disk) 

All alarm values and states may be asslgned different prlor~tles The prlorltles 

are flagged and dlfferenttated by color on the CRT alarm dlsplay prlntout 

Alarms 

A separate graphlc alarm dlsplay feature IS provlded for monitoring cablnet 

power, communlcatlon, and hardware operation Addltlonal dlsplays accessed from 

thls dlsplay shall allow the Operator t o  identlfy 

Module's locat~on (address on communlcatron bus) 

Type of  module 

Dlagnostlc descrlpt~on 
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The DCS provides alarms on the operator CRT's and Interface with alarms from 

other systems such as CTG (Combustion Turbine Generator), STG (steam Turbine 

Generator), BOP (BOP), water treatment, electrical power systems, and so on 

A record of all alarms IS available in hard copy from the OCC printer This 

Includes alarm description, time of occurrence and time the event returned to normal 

status 

Cutout Loa1c 

Cutout logic (logic to prevent an alarm from annunciating needlessly) 

associated wlth the operating alarms IS assignable to process variables so that when 

a spec~fic condition exists (e g , equipment is taken out of service) alarm monitoring 

of the process variables havlng cutout logic stops Alarming is automatically restored 

when the condition no longer exists The cutout logic may use the state of any dig~tal 

process variable or a calculated result of the Boolean equation using analog and digital 

process variables 

An audible alarm sounds cont~nuously when any new alarm is generated The 

alarm IS sllenced when it IS acknowledged by the Operator Different audible alarms 

may be assigned to different alarm prrorities or different units The Operator can 

acknowledge or silence any alarm from OCC 

Pictorial or schematic displays of plant systems, flow diagrams, equipment 

sketches, single line diagrams, and so on are used extensively to display data Each 

d~splay includes alphanumeric and graph~c symbols that can be programmed to 

change color or shape, or blink, as a function of different states of the process 

variables All process variable values and states can be dynamically updated each 

second Overview, faceplate and detail (single loop) displays are provided as part of 

the control system initialization 
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Bar Charts 

Bar charts are programmable t o  show process var~able prof~les such as CTG 

exhaust temperatures In bar chart form Process var~able scales and group alarm 

l rm~ts  can also be displayed Var~ables In alarm can be d~splayed In a d~fferent color 

than var~ables w ~ t h ~ n  alarm-lrm~ts Bars can be d~splayed hor~zontally or vert~cally 

Bar charts can handle up t o  4 0  po~nts  horizontally or 6 4  po~nts  vert~cally per screen 

Bar chart colors are f ~ e l d  programmable 

The DCS IS capable of d~splay~ng trends In several d~f ferent ways These 

d~fferent types of  d~splays are 

The system can trend any polnt def~ned on the data highway The user can 

select a sample whose update cycle w ~ l l  be as fast as ~ t s  scan update cycle and can 

select mul t~ple trends on the same scale w ~ t h  top and bottom scales In englneerlng 

unlts Real t ~ m e  trends can be Included w ~ t h ~ n  faceplate and custom graph~c d~splays 

and can be of any slze 

Short-Term Trend~nq 

CRT trends can graph~cally d~splay the relat~onsh~p of up t o  four analog 

var~ables (Y-ax~s) vs t ~ m e  Alphanumer~c ~n fo rmat~on  can be d~splayed on the same 

screen t o  ~dentrfy points, scales, current values and related lnformat~on X vs Y plots 

are also avallable The DCS system malntalns a 2 4  hour hlstory of up t o  200  process 
var~ables for short durat~ons (startup another 2 0 0  process var~ables are avallable for 

one hour history) Any standard or custom graphic d~splay using CRT trends 

automatrcally retrieves the full hlstory of a plotted var~able ~f ~t IS one of the 400  

active po~n ts  The DCS system assigns ~ t s  own  set of 400 process variables for 

col lect~on and IS f ~ e l d  selectable Ten seconds, one minute, one hour and one day 

display intervals are ava~lable 
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Lona-Term - Trend Capabll~tv 

The user can trend any value stored In the h~stor~cal data base, lncludlng 

analog, calculated, and d~g~ ta l  values Capab~lrt~es Include 

Trend~ng of up to four variables s~multaneously at scales ranglng from 

one minute to 72 hours, and up to data available on opt~cal d~sk 

* Compress~on and expansion of trends between predef~ned scales 
* Scroll~ng back and forth In time In full page and half page Increments 

Copylng any trend In color to a pr~nter w ~ t h  one keystroke 

Predef~ned sets of long-term trend screens are access~ble from the 

keyboard or custom graph~c d~splays 

7 5 5 Types of D~splays 

There are a number of d~fferent types of d~splays available In the DCS The 

d~fferent types of d~splays have d~fferent capab~l~t~es Th~s sectlon descr~bes the types 

available and thew uses 

Group D~splav 

Group d~splays show a trend line of h~storical ~nformatlon for any SIX po~nts In 

the system The Operator can choose a t ~ m e  based for display to a maximum of 72 

hours All ava~lable t~me-base select~ons are noted Th~s trend display IS 

automat~cally updated d~rectly from control processor and Input modules 

Alphanumer~c Group D~splavs 

Groups of up to 96 points can be d~splayed on the CRT w ~ t h  current updated 

values The groups may be both predeflned and operator ass~gnable The mlnrmum 

~nformat~on d~splayed includes process variable name, descr~pt~on, value, englneerrng 

un~ts and current status All polnts in a group can be d~splayed through paging keys 
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The overvlew dlsplay can dlsplay control loop tag names and thew associated 

values or loglc states Alarm condltlons for each tag name drsplayed are lndlcated by 

Hlgh, Low, Devlatlon, or Loglc descriptors 

Performance Calculations 

The DCS performs a number of performance calculat~ons on-line Thls IS an 

Important feature because ~t allows the plant staff to  ldentlfy problems as they 

develop and often before they result In catastrophrc fallure that mlght cause a forced 

outage On-line performance monltorlng also makes ~t posslble t o  operate and 

dlspatch the plant more efflclently slnce comparison of efflclency In dlfferent modes 

of operation can be determined durlng plant operatlon 

Logs 

The DCS can collect, dlsplay, and store data In the form of a log A number 

of dlfferent types of logs are avarlable Thls sectlon descrrbes these logs The 

collection and prlntlng of these logs IS lnltlated automatically at prescrrbed tlme 

Intervals, and can also be lnltlated on Operator demand or by the occurrence of 

predefrned events (such as the trip of the main generator breaker for a unlt) 

Programmed log formats Include a header contalnlng log tltle, subtitle, date and tlme 

of prlnt out Column orlented logs also contaln a 30-character descrlptlon of each 

process varlable In the header Column headlngs Include the process varlable name 

and engrneerrng unlts of 12 polnts per page All logs are page orlented, that IS, one 

page of data IS accumulated In memory and output wlthout lnterruptlon on the prlnter 

In general, any process varlable can be ass~gned to  any log or logs on line 

through the EWS In add~t~on, a restricted set of logs are available for Operator 

assignment for short term dlgltal trendlng The number of data values collected, the 

frequency of collect~on, and the tlme of prrntout are all assignable The Operator can 

prlnt out the accumulated data of any log at any tlme 
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The instantaneous value of any process variable can be collected In addition, 

the average, integral over specified time, maximum or minimum value can also be 

collected for each variable A set of summary lines IS available at the end of the log 

t o  define for the entire log period the average, total sum, maximum or minimum value, 

and time of maximum or minimum value for each column of data collected 

Totally free format reports may be specified Free format reports may be 

generated through the EWS using a Report Builder which allows the user t o  combine 

real time data, historical data, entered data, and arithmetic combinations of these data 

on a single prlnted page The page provides a field size of 132 by 60 characters By 

use of a PC interface, the data is available as dlsplays in D-base software format 

Sequence of Events Loa (SOEL 

The system has the capability for high speed sequence of events recording 

Upon detecting a change of state of any of the sequence of events contact inputs, 

the system stores the event Subsequent change of state of any sequence of events 

contact inputs IS stored in proper sequence The stored events are available for 

printing automatically after a fixed t ime delay The first change of  state entry 

~ncludes the time of  Initiation wi th  subsequent entries showing elapsed time (in milli- 

seconds) from the t ime of  the first trip 

Each sequence of  events input has the ability t o  be assigned an individual 

programmed t ime delay t o  compensate for response time characteristics of sensing 

relays and other process dev~ces This allows the system t o  list process events in 

corrected sequence rather than detected sequence 

Each ~ n p u t  IS selectable through the EWS as to  whether the sequence of events 

reporting IS t o  occur on a contract opening, or closing, or both The capacity of the 

sequence of events (SOE) IS 240 points for each combined cycle unit and IS able t o  

discriminate between events w ~ t h  a resolution of 1 millisecond To help diagnose 

malfunctions In generating system, the DCS clock is synchronized t o  within 1 ms to  

a satellite synchronized clock system 
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Post Trip Analvs~s Loas 

The system continuously scans and stores in memory the values of preselected 

varrables for a specified time interval before and after a disturbance such as a turbine 

trip, and can generate a post trip analysls log Up t o  twenty pages, twelve points per 

page, are available as a slngle log or as multiple logs wi th  separate triggers Data IS 

saved at ten second intervals up t o  ten minutes before a trip and up t o  ten minutes 

after a trip 

I t  IS possible t o  assign or delete variables to  be included in the post trip analysis 

log and enter the pre-triplpost-trip time intervals from the EWS A plant trip may be 

s~mulated to  obtain a post trip analysis log on demand Each log can save all data 

from a second plant t::pwh;!e-;ndormation IS k i n g  printed f rcm a first trip 

Scheduled Loas 

The system can automatrcally accumulate per~odrc data on an hourly, daily, and @ monthly basis for plant performance monitoring The data accumulated IS 

Instantaneous ~npu ts  or calculated values, or averages or integrations of the data, 

w i th  a summary printed at the end of the log period 

Diaanostic Loas 

The system can accumulate predefined data on major pieces of plant 

equipment Those logs can be initiated upon the occurrence of certain special events 

and collects data for predefined t ime perlods or until the circumstances are no longer 

valid Examples are boiler start-up, turbine shutdown, and various abnormal event 

logs 
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Equipment Operation Loas 

A set of selected digital Inputs associated w ~ t h  the starting and stopping of 

major plant auxiliaries IS monitored The log includes the process varlable name, 

description, number of accumulated system starts or cycles, and number of hours of 

operation These logs can be used to determine the amount of time certain pieces 

of equipment have been operating under normal and abnormal condit~ons Th~s 

lnformat~on is helpful for the schedul~ng of preventative maintenance 

O~erator Trend Lous 

The Operator can assign a group of process variables to a log for trending 

purposes Each group has a unique header and contains up to  12 process variables 

Per page 
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8 0 INTEGRATED COMBINED CYCLE PLANT OPERATION 

Comb~ned cycle plant operations vary significantly from traditional rankine cycle 

power plants Although standard operational considerations are given t o  the balance 

of plant support systems, specific considerations must be given t o  the combustion 

turblne, heat recovery steam generator (HRSG), and steam turbine 

8 1 Startup Considerations 

8 1 1 Normal Startup 

Prior t o  unit startup, all support systems, power sources, and control devices 

must be checked and aligned for operation Typically, these checks depend on 

ind~vidual station operating procedures and requirements, but may include such areas 

as correct valve alignment, correct power supply breaker posit~ons, returning tagged 

out equipment t o  servlce, al~gning control systems for startup/operation, and ensuring 

all safety equipment IS in place and funct~onal 

Upon successful completion of the necessary prestart checks, the u n ~ t  can be 

started and brought up t o  base load operation The operational sequence for a 

combined cycle plant startup consists of the following major steps 

1 Placing the necessary balance of plant support systems in operation such 

as compressed arr, circulatrng water, condensate, boiler feed, etc 

2 Starting the combustion turbine/HRSG 

3 Generat~ng steam 

4 Start~ng the steam turb~ne 

5 Increasing unit load 

Page 1 



Comb~ned Cycle Power Plants MODULE 8 

Combust~on Turbine Startup 

Combustion turbine generators are provided with digital control systems which 

are programmed to sequentially start the unit and place it in service, generally at the 

push of a button The control system also starts and stops base mounted and 

auxiliary equipment wh~ch  supplies cooling, lubrication, fuel and protection for the 

combustion turbine and the associated generator Once a start command is init~ated, 

the control system progresses through an automatic sequence to bring the 

combustion turbrne generator from a standstill condition to a preselected point of 

operation, i e synchronized and electrically loaded For G E Frame 7FA combustion 

turbines, the preselected load options consists of the following 

SPINNING RESERVE - The minimum load control point based on generator 

output The spinning reserve magnitude in megawatts is typically 5 to 

10% of the maximum rated output 

PRE-SELECTED LOAD - A load control point based on generator output 

only, I e a specific megawatt value The pre-selected load point IS 

normally set below the base load point, typically 50 to 60% of the 

maximum rated output 

@ BASE LOAD - The normal maximum loading for continuous turbine 

operation as determined by turbine exhaust temperature levels The actual 

megawatt output during base load operation will vary w ~ t h  ambient 

conditions since the combustion turbine exhaust temperature is utilized as 

the limiting factor 

PEAK LOAD - The maximum allowable output perm~tted for relatively 

short-duration, emergency power requirement situations consistent with 

acceptable turbine parts life Peak loading durat~on IS based on the 

absolute maximum turbine exhaust temperature levels 
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In combined cycle applications, "Splnnlng Reserve" IS typlcally selected as the 

load optlon when startlng the unlt from cold condltlons Automatrc loadlng of the unlt 

t o  the 2 t o  10 megawatt splnnlng reserve setpolnt provldes a posltlve, non-fluctuating 

electrical load on the generator wlthout exhausting excessive heat into the HRSG 

Although each combustlon turblne manufacturer provldes control systems 

programmed w l th  fully automatic start capabllltles, ~t IS extremely Important for 

operating personnel t o  be famlliar wi th the start sequence and t o  be aware of the key 

operating parameters Once a start command IS lnltlated, the combustlon turblne 

startlng devlce will spin the turblne t o  a speclfled speed t o  purge the HRSG of 

combust~ble gases The combustlon turblne IS malntalned at  the purge speed for a 

specifled length of t ime t o  allow 3 t o  4 exchanges of alr In the HRSG caslng 

structure Upon completion of the purge, the startlng devlce will de- 

energlzeldlsengage allowlng the combustlon turbine to  coast down In preparation for 

the startup sequence, I e ignltlon, acceleratlon, synchronization, and loadlng 

Durlng the startup sequence, once the turbine Increases to  lgnltlon speed, the @ operator should closely monltor flame presence, rate of acceleratlon, and combustlon 

temperature Combustlon temperature IS typlcally monitored as e~ther the turblne Inlet 

temperature, turbine outlet temperature, or both Combustlon turblne control systems 

are programmed t o  control fuel f low t o  the combustor to  cont~nuously accelerate the 

turblne wlthout exceeding a speclflc turblne Inlet or exhaust gas temperature Durlng 

a normal startup, the combustlon temperature will Increase at a somewhat gradual 

rate If, however, the combustlon temperature Increases at an extremely accelerated 

rate, the operator should not hesltate t o  trlp turblne Thls may Indicate a control 

system malfunction or a malfunction wlthln the regulation of fuel f low t o  the turblne 

As an overall protectwe function, the control system will trlp the turblne ~f the turbine 

Inlet or exhaust temperature exceeds a speclfic setpolnt 

Durlng the acceleratlon perlod of the startup, the turblne Inlet and exhaust 

temperatures w ~ l l  be much greater than when the unit IS at Idle speed In particular, 

a crltlcal per~od In whlch over-temperature damage can occur durlng the startup phase 

IS before the turbine reaches governing speed Durrng thls perrod of the startup, air 

a f low through the turblne has not yet Increased to  a polnt where the turblne IS able to  

accelerate away from excess fuel As the turbine approaches Idle speed, I e the 
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Increased rotat~onal speed results In the compressor forc~ng more air through the 

turb~ne, the turb~ne Inlet and exhaust gas temperature will decrease t o  a normal 

operat~ng value Because an excess amount of heat IS requ~red t o  accelerate 

combustlon turb~nes t o  Idle speed, one start deterlorates the equivalent of 2 0  - 30 

hours of normal operat~onal l ~ f e  t o  the hot gas path components 

Once the combustion turb~ne reaches ~ d l e  speed, the generator may be 

synchronized t o  the g r ~ d  W ~ t h  automatic generator synchron~zat~on selected, the 

control system w ~ l l  read, compare, and adjust turbrne-generator speed and generator 

voltage t o  match system requirements The generator IS then connected t o  the 

system by closure of the generator breaker Synchron~zat~on of the turblne-generator 

u n ~ t  t o  the d ~ s t r ~ b u t ~ o n  system can be automatic, as stated above, or manual In 

elther case, relay~ng and control components compare and dlsplay on the control 

panel, crltlcal lnformat~on useful In the proper connection of the generator to  the 

system 

Upon automat~c synchron~zat~on, ~f no load polnt IS selected, the u n ~ t  w ~ l l  

automatically load t o  the SPINNING RESERVE load p o ~ n t  The SPINNING RESERVE 

load p o ~ n t  IS s l~ght ly greater than no load, typ~cal ly 8-10% of the base ratlng An  
- L 

~ n t e r m e f i f e  load polnt, PRESELECTED load, and temperature con t rd  load points 

BASE and PEAK can be selected anytlme after a start slgnal has been glven When 

a part~cular load optlon IS selected, the control system w ~ l l  Increase turb~ne generator 

load at a programmed rate, typ~cal ly 3 to  1 0  megawatts per minute 

In the manual synchron~zat~on mode, the operator adjusts turb~ne-generator 

speed and generator voltage before c los~ng the breaker Manual load~ng can be 

accompl~shed by gradually lncreaslng the speed setpolnt from e~ther the control 

system CRT, or from the generator control panel Manual loadrng beyond the 

selected temperature control polnt, BASE or PEAK, IS not poss~ble Manufacturers 

generally del~ver "max~mum load~ng rate" spec~f~catlons wi th each combust~on turb~ne 

generator A t  a maxlmum, combust~on turblne load should never be changed more 

than 2 5 %  of full load In any one minute period 
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HRSG Startup 

The HRSG, located at the exhaust end of the combustion turbine, efficiently 

utilizes the excess thermal energy in the combustion turbine exhaust gases t o  

generate high pressure, superheated steam Because of its location, the HRSG is 

automatically placed in operation in conjunction wi th  the combustion turbine 

In some combined cycle plants, a bypass stack and damper is installed between 

the combustion turbine and the HRSG In the bypass configuration, exhaust gases 

f rom the turbine can be diverted drrectly t o  the atmosphere instead of passing 

through the HRSG Regardless of the specific combustion turbine1HRSG arrangement, 

similar considerations are applicable the startup and operation of all HRSGs 

The HRSG must be prepared for operation prior t o  initiating a start of the 

combustion turbine Preparing the HRSG for operation consists of following 

evolutions 

Filling and venting the feedwater heater 

Establishing deaerator water level and steam pressure 

Filling and venting the economizers 

Establrshing steam drum water level 

Opening the superheater and reheater vents and drains 

When starting the combust~on turbine and HRSG from cold conditions, a focus 

of primary concern must be placed on the operation of the HRSG and its limited 

physical ability t o  withstand a rapid increase of temperature If combustion turb~ne 

load, i e exhaust gas temperature, is increased at an accelerated rate, excessive 

thermal stress IS rnduced on the pressure sectlons of the HRSG If the combust~on 
turblne exhaust gas temperature IS Increased slgnrflcantly above the HRSG tube metal 

temperatures, steamlwater hammerrng and metal fatlgue will result Therefore, upon 

synchronizat~on t o  the electrrcal grid, the combustion turbine must be maintained at 

a minimum megawatt load until the HRSG is sufficiently warmed and the temperatures 

of each pressure section have stabrlized 
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A slmpllfled schematic of a slngle pressure, reheat HRSG IS ~llustrated In 

Flgure 8-1 As ~llustrated, the HRSG feedwater heater 1s located at the back of the 

casing structure, near the exhaust gas exlt t o  the stack Thls locatlon IS Ideal for the 

Intended purpose of  the feedwater heater, whlch 1s t o  utlllze the remaining thermal 

energy from the combustlon turblne exhaust t o  preheat feedwater enroute t o  the 

deaerator When deslgnlng a HRSG, the manufacturer calculates, constructs, and 

locates each bank of tubes t o  absorb a spec~flc amount of thermal energy from the 

exhaust gas flowpath when the combustlon turblne IS operating at "base load" As 

a result of these calculat~ons, the amount of available thermal energy at each 

progressive locatlon, from the ~n le t  t o  the outlet of the HRSG, can be determined 

The heat exchanger segments of each pressure sectlon are arranged, respectlve of 

each other, t o  take mawvccv advaaage of the temperature dlfferencehetween the 

exhaust gas and tube side temperatures 

A basic law of thermodynam~cs states that the rate of heat transfer from hot 

t o  cold IS dependant upon the temperature difference between the objects HRSGs 

are deslgned on the baas of thls thermodynamic prlnclple Durrng base load 

operation, wi th  steam and water flowlng through the respectlve boller tubes, the 

temperature of the combustlon turbrne exhaust decreases as ~t progresses through 

the HRSG By the t lme the exhaust gas reaches the feedwater heater, the exhaust 

gas temperature has been reduced t o  less than 300°F As per deslgn calculat~ons, 

the feedwater heater IS slzed w ~ t h  the appropriate heat transfer surface t o  obtain a 

speclflc water outlet temperature when the unit IS operatlng at base load As 

~llustrated In Flgure 8-1, the pre-heated water IS routed t o  the deaerator 

Upon lnltlal startup of the combustlon turblne, the hot exhaust gases pass 

through the HRSG wlthout a slgnlflcant reduction In temperature Even though each 

pressure section absorbs "some" heat from the exhaust gases during startup, none 

of  the absorbed heat IS removed from the HRSG In the form of  steam Upon 

combustlon turblne startup, the temperature of the gases at the exhaust stack IS 

nearly equal t o  the temperature of the gases at the combustlon turblne exhaust 
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F~gure 8-1 S~mpl~f~ed Schemat~c of HRSG 

-- 
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Therefore, the startup perlod can be basically considered a "preheat stage" In whlch 

the temperature difference between the exhaust gas and the boiler tubes decreases, 

I e they equallze Although thls preheat stage 1s requlred In order t o  prevent 

excessive thermal stress t o  the boller tubes and steam drum, the feedwater heater 

temperature eventually Increases to  well above its designed, base load, inlet 

temperature of 300°F 

Throughout the preheat stage, the " h ~ g h  exhaust stack temperature" c o n d ~ t ~ o n  

remains present even as combustlon turblne generator load 1s Increased and the HRSG 

beglns to  generate steam Untll the steam drum beglns t o  develop slgnlflcant steam 

flow, the removal of thermal energy (steam f low) from the HRSG is lnappreclable 

Llkewlse, feedwater makeup to  the steam drum IS at a mlnlmum durlng thls perlod 

and therefore, the economizer IS absorbing very l~ t t le  thermal energy from the exhaust 

gas flowpath Durlng thls period, makeup water t o  the deaerator IS bypassed around 

the feedwater heater t o  prevent exposing the water t o  the hrgher than normal gas 

temperatures a t  the exhaust stack If the water were allowed to  pass through the 

feedwater heater, ~t would absorb so much heat that some of the water would flash 

Into steam upon enterlng the deaerator Not only would thls condltlon result In 

excess pressure w ~ t h l n  the deaerator, but the "deslgn" temperature l~rnltatlons of the 

boller feed pumps would be exceeded resulting In accelerated wear and damage t o  

the pump lnternals 

Once the HRSG beglns t o  generate steam, the load on the combustlon turblne 

generator can be gradually Increased at the programmed rate of approximately 3 t o  

1 0  megawatts per minute As more load IS placed on the combust~on turblne 

generator, the exhaust gas temperature Increases proport~onately, and the result IS 

Increased steam production When the combustlon turblne generator reaches 40- 

5 0 %  of base load, the transfer o f  thermal energy through the HRSG will have 

Increased t o  a point where the exhaust gas temperature at the feedwater heater IS 

near its normal operating value A t  thls point, the feedwater heater inlet lsolatlon 

valve can be opened, and the bypass closed 

When increasing combustlon turblne load and consequently, HRSG steam 

producalon, the metal temperature dlfferent~al between the top and bottom of the 

steam drum should not exceed 21 0°F An excess temperature dlfferentlal will cause 
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undue stress t o  the steam drum If an excessive temperature difference IS noted, 

changes In combust~on turblne load should cease untll the temperatures stabilize 

Steam Generation 

Steam from the HRSG superheater is supplled t o  the steam header for use by 

the steam supply systems and the steam turblne The control of steam f low from the 

superheater outlet IS generally through a motor-operated stop check valve and steam 

stop valve, as illustrated In F~gure 8-1 The posltlon of the valve motor operators is 

typically controlled f rom the Operator Keyboard at the DCS 

Durlng startup of the HRSG, the motor operators for the stop check valve and 

the steam stop valve are moved t o  the OPEN posltlon before the steam drum beglns 

to  develop steam pressure As the HRSG heats up, steam will f low through stop 

check valve and begin t o  warm the steam header Durlng t h l s e r l o d  of the startup, 

the combust~on turblne IS malntalned at minimum load Once the HRSG and the 

steam system piping are completely heated and pressurlzed, the combust~on turblne 

load can be Increased t o  meet the prestart steam requirements of the steam turbine 

In multiple unit appl~cat~ons, ~f the steam header IS already pressurlzed prlor t o  

HRSG startup, the dlsk of the stop check valve remalns seated due t o  the already 

pressurlzed steam header Once the steam drum Increases t o  a pressure equal t o  the 

steam header, the check valve will slowly open and steam will begln t o  f low through 

the superheater from the drum Once steam f low through the superheater and 

reheaters IS suffic~ent, the applicable vent and dram valves are closed I t  IS very 

Important that the drum water level be closely monitored during the transltlon perlod 

when steam IS lnltlally delivered t o  the system 

HRSG Drum Level Control 

Malntalnlng proper steam drum level IS a crltlcal functlon and can not be 

overstressed An  excessively high drum level will flood the morsture separators 

located wlthln the steam drum, resulting In morsture carry over t o  the superheater and 
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a steam turbine trip An  excessively low drum level wrll result in decreased steam 

output, overheatrng of the economizer, evaporator, and superheater tubes and a 

combustion turblne trip 

Drum pressure is a result of drum level combined w~th  the generation of steam 

In the evaporator tubes The drum pressure will fluctuate wi th  changes of load 

demands on the steam system Dur~ng a sudden steam load Increase, drum pressure 

will decrease Thls will result In a false hlgh level condition known as "swell " During 

a sudden decrease of steam demand, steam drum pressure will Increase and result 

in a false low level condrtion known as "shrink " In some situations, the tunlng of the 

steam drum level control loop may not respond quick enough to  marntain proper drum 

level during such abnormal condrtions In this event, the Operator may be required 

t o  take MANUAL control of the level control valves 

Steam Turbine Startup 

The next progressive step of bringing a combined cycle plant up t o  base load 

operatron, is t o  preheat and start the steam turbine In general, proper warmup of the 

steam turbine may take up t o  several hours If an external source of steam is 

available, preheating of the steam turbine can begin prior to  startup of the combustron 

turblne t o  facilitate the overall startup process In some applrcations however, the 

HRSG may be the only means of producing steam at the plant 

Upon startup of the combustion turbrne and HRSG, the steam generated by the 

HRSG is routed t o  the condenser through the steam turbine bypass valve(s) The 

bypass valve is modulated t o  control steam f low t o  the condenser and consequently, 

HRSG steam drum pressure 

Steam Turbine Prewarminq 

One of the primary concerns of steam turbine operation is the gradual and 

unrform heating and cool~ng of  the rotors, shells, and valves Controlling the rate of 

metal temperature change IS necessary t o  ensure excessive thermal stresses do not 

occur In any portion of the turbine metal Each steam turbine manufacturer provrdes 

starting and loadrng instructions for each specific steam turbine application These 
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instructions are deslgned prlmarlly to  mlnlmlze cycllc damage t o  the turblne rotor, but 

they also have the effect of llmltlng cycllc damage to  the turblne shell In general, the 

startlng and loadlng lnstructlons contaln recommended temperature ramp rates, 

acceleration rates, soak perlods at different holds, and generator loadlng rates If 

properly followed, the startlng and loadlng ~nstructlons will Increase the aval lab~l~ty 

and rellablllty of the turblne components 

Durlng steam turblne prewarmlng and startup, the operator must be aware of 

the following llmltatlons 

Thermal stress and dlstortlon 

Vlbratlon 

Rotor and shell dlfferentlal expansion 

Any of the above l lm~tat~ons may be Introduced by subjecting the turblne metal 

t o  excessive temperature mismatches and/or rates of temperature change One of 

the above lrm~tatlons IS llkely t o  be reached before the others, depend~ng on the 

turblne deslgn and conflguratlon, although the other t w o  may be present to  a 

slgnlflcant degree 

Ramp rates are malntalned durlng steam turbine startup by careful matchrng of 

the flrst stage and reheat steam temperatures to  the correspondrng metal 

temperatures The steam-to-metal temperature dlfference should be malntalned as 

small as posslble The maln steam pressure and temperature should be controlled In 

such a way t o  produce a steam-to-metal temperature dlfference of 50 to  1 OO°F Thls 

match, or sllghtly posltlve m~smatch, IS an Important factor IS establishing and 

malntalnlng the deslred ramp rate Proper control of the thermal ramp IS prlmarlly 

achleved controlllng the main and reheat steam temperature, and by controlllng 

generator load upon synchron~zat~on t o  the g r ~ d  

Flrst-stage steam temperature IS affected not only by throttle steam 

temperature, but by boller pressure and temperature, and the resultant throttling at 

the turblne admlsslon Lower pressures result In a hlgher flrst-stage steam 

a temperature at the same lnltlal steam temperature 
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Malnta~n~na Steam Temperature and Pressure 

Durlng the steam turb~ne warmup process, the steam seals can be placed in 

servlce followed by the appl~cat~on of the condenser vacuum system Once the 

steam flow and temperature from the HRSG has stab~l~zed, the combustlon turbine 

generator load can be gradually increased to  meet the steam turbine prestart 

requirements, I e steam flow, pressure, and superheat W ~ t h  all requirements met, 

the steam turbrne is rolled off the turning gear and brought up t o  synchronizrng 

speed 

As previously illustrated in Flgure 8-1, steam from the HRSG steam drum must 

be superheated to  a controlled temperature before entering the steam turblne To 

accompl~sh this, steam from the drum IS routed through a superheater, where ~ t s  

temperature IS increased above the saturation po~n t  This Initial superheating of the 

steam brlngs the steam temperature and pressure to  the correct condit~ons before the 

adm~ss~on of spray water (attemperat~on) whlch provldes downstream temperature 

control Spray water IS adm~tted lnto the attemperator based on the steam outlet 

temperature from the superheater Typ~cally, a pneumatically operated temperature 

control valve IS prov~ded to  modulate spray water flow lnto the attemperator in a 

effort t o  marnta~n the correct steam temperature to  the steam turblne 

Prlor to  steam turb~ne operat~on, HRSG drum pressure IS controlled through the 

throttled positlon of the steam turbine bypass valves However, once the steam 

turb~ne generator is synchron~zed and electr~cally load, the bypass valves are 

modulated closed to  prov~de full steam flow to  both the steam turb~ne and the steam 

host A t  t h ~ s  point of the plant startup, steam pressure and flow IS controlled by 

increasing the electr~cal load on the combust~on turb~ne generator, I e Increased 

exhaust gas temperatures result in increased steam production and steam superheat 

8 I 2 Fast Starts 

As prev~ously discussed In Section 8 1 1, Normal Startup, there are spec~f~c  

points of a comb~ned cycle plant startup where proper warmup of components must 

take place, i e the HRSG and steam turbine These warmup per~ods are critical to the 

life expectancy of the plant equipment and must never be ignored or bypassed 
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However, upon a plant shutdown or t r~p ,  the HRSG, steam turb~ne, and the 

assoc~ated plplng and components w ~ l l  already be at or near operat~ng temperature 

Only under these c~rcumstances, can a fast start be performed By d e f ~ n ~ t ~ o n ,  a hot 

restart of a steam turb~ne is one in w h ~ c h  the f~rst-stage shell Inner metal temperature 

IS greater than 700°F 

In terms of combust~on turb~ne comb~ned cycle operat~on, a fast start refers t o  

the Increased rate at w h ~ c h  the plant load IS Increased upon a successful start and 

synchron~zat~on of the combust~on turb~ne It must be noted, there is not a means 

of bypass~ng or accelerat~ng the "programmed start sequence" of the combustion 

turb~ne The l ~ m ~ t ~ n g  factor dur~ng a fast start IS the a b ~ l ~ t y  of the HRSG to  accept a 

large mass of thermal energy at an accelerated rate However, ~f the HRSG IS already 

"hot1' from recent operat~on, combust~on turbine load can be safely Increased 

Dur~ng a fast start, once the combust~on turb~ne generator IS synchronized and 

electr~cally loaded, the operator may load the unit t o  e~ther a preselected load value 

or allow the u n ~ t  to  assume base load The actual load~ng rate IS often programmed 0 by the manufacturer t o  protect the combust~on turb~ne and HRSG from thermal 

damage For example, a load~ng rate of 5 megawatts per mlnute is not uncommon 

for an lndustr~al (frame) combustion turbine Aero-der~vat~ve units are generally 

capable of faster loading rates slnce the overall mass of the~r  components IS a fract~on 

of the larger frame unlts When determ~n~ng load~ng rates, each combustion turbine 

manufacturer takes the fo l low~ng parameters Into cons~derat~on 

V ~ t a l  clearances between rotating parts 

Thermal fatigue of metal parts 

The rate of d~f ferent~a l  expansion, not only between parts of different 
mater~als, but between parts of d~f ferent thicknesses 
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8 2 Operat~ng Modes 

The purpose of any comblned cycle power plant w ~ t h  a QF Status (quallfled 

faclllty) IS to, 1) supply steam t o  a thermal host, and 2) generate electrlclty The 

requirement of supplyrng steam to  a thermal host IS the primary varrable In obtalnlng 

a QF status As such, once the plant IS operating, the steam requirements of the 

thermal host must be cont~nuously met in order t o  maintain the QF status 

Although the steam demands of the thermal host are generally wlthln speclfled 

Ilmlts, the actual steam demand may change at any glven t ime To facllltate thls 

variable, the steam turblne stop/control valve IS typically operated In a slldlng header 

pressure mode, I e ~t serves as a back-pressure regulator In thls conf~gurat~on, the 

production of steam from the HRSG can remain constant regardless of the steam 

demands by the thermal host Then, as the steam demands of the thermal host 

change, the steam turblne stop/control valve modulates t o  malntaln header pressure 

at a predetermined setpolnt w l th  the excess steam flowlng t o  the steam turblne 

8 2 1  Base Load 

Manufacturers publish the rated output of thew cornbustlon turblne generator 

sets based on lndustrlal standard operating (ISO) condltlons Two  of the major 

factors deflned In an IS0  rating are a compressor Inlet temperature of 59°F and the 

speclflc altitude, wl th  respect t o  sea level, whlch the unit In Installed Slnce the 

power output of a cornbustlon turblne IS very sens~tlve t o  changes In amblent 

temperature, the use of I S 0  conditions have been standardized throughout the 

Industry t o  insure unlform methods of ratlng cornbustlon turblne shaft horsepower 

and generator output 

As air cools, it's denslty Increases Likewise, warmer alr decreases In denslty 

Cool, dense air at the Inlet of the cornbustlon turblne compressor results In Increased 

mass air f low through the turblne and an Increased coollng of the combustor and 

turblne sectlons As a result, durlng cool amblent condlt~ons, lncreaslng fuel f low to  

the cornbustlon sectlon can be accomplished wlthout exceed~ng the maxlmum 

allowable turblne Inlet temperature The combined effect of Increased mass air f low 

Page 14 

7%3 



Comb~ned Cycle Power Plants MODULE 8 

and Increased fuel f low (Btu's) through the turblne sectlon, results In an Increase of 

combustlon turblne shaft horsepower Consequently, as amblent temperatures 

Increase, a decrease of shaft horsepower occurs even when the turblne Inlet 

temperature IS malntalned at maxlmum allowable value 

The most crltlcal area of a cornbustlon turblne IS the hot gas flowpath through 

the turblne sectlon Experience has shown that wear In t h ~ s  area IS dlrectly related 

t o  the combustlon gas temperature at the turblne inlet Slnce combustlon turblne 

generators operate at a continuous synchronized speed, the combustlon gas 

temperature at the turblne Inlet IS a functlon of, 1) the amount of fuel burned, or level 

of power, and 2) amblent temperature 

Base load operation of a combustlon turblne generator IS not based on 

malntalnlng a constant power output, but on rna~ntalnlng a constant turblne Inlet 

temperature and allowlng shaft horsepower to  vary as changes In amblent 

temperature occur When base load operation IS selected, the combustlon turblne 

control system Increases or decreases fuel flow to  the combustor In an effort to  

malntaln the maxlmum allowable turblne Inlet temperature regardless of ambrent 

condltlons Consequently, the change of fuel flow, and thereby shaft horsepower, 

results In a corresponding change In generator megawatt output 

The hlghest temperature attalned In the combustlon turblne occurs In the 

combustlon chambers and at the turblne Inlet T h ~ s  temperature must be llmlted by 

the control system to  prevent thermal damage to  the turblne sectlon Some 

combustlon turblne control systems are deslgned to measure and control turblne 

exhaust temperature because ~t may be ~mpractrcal to  measure temperatures rn the 

combustlon chambers or at the turblne Inlet d~rectly The lndlrect control of turblne 

~n le t  temperature, called flrlng temperature, IS posslble through known turblne 

performance relat~onsh~ps For example, the exhaust temperature alone does not fully 
determ~ne flrlng temperature, the measured compressor d~scharge pressure IS also 

requ~red 
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In addltlon to exhaust temperature control, there are several other control and 

protectlve functions incorporated Into the combustlon turblne controls to  ensure safe 

operatlon of the unlt These Include such varlables as shaft vlbratlon, bearlng 

temperatures, 011 pressures, etc Although each of these varlables are equally 

Important and crltlcal to  the operation of the combustlon turblne, exhaust temperature 

IS of primary concern when operating the unit at base and peak load It must be 

noted, excessive firing temperature can damage the turb~nes hot gas path 

components 

When operating the combustlon turbine at base load, the control system 

compares the exhaust temperature control setpolnt with the actual combustlon 

turblne exhaust temperature as measured from thermocouples mounted In the exhaust 

plenum These thermocouples are located on the circumference of the turblne 

exhaust and provlde representatwe Input slgnals to  the control system In addition, 

some combustlon turblnes are equlpped w ~ t h  thermocouples whlch sense the 

wheelspace temperatures between each turblne stage 

Dally readlng of the turblne exhaust and wheelspace temperatures ald In 

monltorlng the turbine's combustlon characteristics and In detecting faulty 

thermocouples Aslde from the actual temperature lndlcatlons, the "temperature 

spread" between the hlghest and lowest temperatures around the circumference of 

the turblne exhaust must be closely monitored 

Throughout the llfe of the cornbustlon turblne, it IS Important to deflne a 

"basellne value" of exhaust temperature spreads wlth whlch to  compare future data 

Thls basellne data IS established durlng steady state operatlon after each of the 

following conditions 

lnrtlal startup of unlt 

Before and after a planned shutdown 

Before and after scheduled maintenance 

An Important polnt regarding the evaluation of an exhaust temperature spread 

IS not necessarily the magnitude of the spread, but changes In the spread over a 

per~od of time Accurate recording and plot t~ng of exhaust temperatures on a dally 
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basis can indicate a developing problem Such problems may be the result of faulty 

thermocouples, deterioratedldamaged turbine blades, deterioratedldamaged 

combust~on liners, or a blockage in the cooling and sealing air f lowpath Each 

combustion turbtne manufacturer specifies maxlmum allowable temperature spreads 

and wheelspace temperature operating limits which can be found in the technical 

reference materials delivered wi th  the u n ~ t  In general, an allowable temperature 

spread may be between 30°F and 105°F 

I t  IS important when reviewing exhaust temperature readtngs t o  observe any 

trend which may Indicate deterioration of the combust~on system Gradual and/or 

sudden temperature excursions should be invest~gated as soon as possible t o  

determine the validity of readlngs 

8 2 2 Cycllng Duty 

Cycling duty refers t o  gradual, yet significant changes, either increases or 

decreases, In unit output In combined cycle applications, the electrical output from 

both the combustion and steam turbine generators can be simultaneously changed 

to  a target value However, when making these changes, it must be remembered that 

adequate steam supply t o  the thermal host must be ma~ntarned at all tlmes 

When the unit is operating at or near base load, u n ~ t  output can be changed by 

simply decreas~ng the electrical load on the combust~on turbine generator Doing so 

wil l  reduce fuel f low Into the combustion turbine, and as a result, the exhaust gas 

temperature will decrease A reduct~on of thermal energy into the HRSG will 

consequently result in decreased steam production Assum~ng steam f low 

requirements to  the thermal host remain relatively constant, the reduction of steam 

production directly affects the amount of shaft horsepower developed by the steam 

turbine and consequently, the electrical load of the generator This IS true since the 

steam turb~ne stoplcontrol valve serves as a back-pressure regulator t o  maintam 

steam header pressure at a predeterm~ned setpolnt, wi th the excess steam flowing 

to  the steam turb~ne L~kew~se, unit load can be increased based on the above stated 
concept 
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Load changes, and consequently thermal swlngs, increase equipment wear and 

tear Of the three major components In a comb~ned cycle plant, the combustlon 

turbine and HRSG are not adversely affected by cycllng duty However, the steam 

turblne IS extremely sensltlve to load changes 

Durlng steady state steam turb~ne operatlon, the comblned thermal and 

pressure stresses In the stoplcontrol valves and turblne shell, and comblned thermal 

and centrifugal stresses In the rotor are malntalned at relatively low levels However, 

durlng translent operations such as startups, shutdown, and load changes, large 

thermal stresses can be superimposed on the steam turblne shell, control valves, and 

rotor The llfe expenditure of a steam turblne depends on the level of comblned 

stresses developed durlng each translent swing One of the prlmary concerns dur~ng 

comblned cycle operation IS to  llmlt these stresses to an acceptable level by su~tably 

controlling the rates of temperature change 

Some combustlon turblnes are equlpped wlth var~able Inlet gulde vanes (IGV's) 

which are dynamically posltloned to control the amount of alr flow Into the 

compressor stages In such appllcatlons, the plvotlng stems of the IGV's are 

mechanically llnked together such that the rotation, or angled posltlon, of all the 

vanes IS always the same Durlng normal operatlon, the combustlon turblne control 

system posltlons the Inlet gulde vanes through the use of a hydraulic actuator to 

ensure optlmum combustlon turblne performance However, a manual mode of 

operatlon IS typ~cally available In whlch the operator can take manual control of the 

Inlet gulde vanes at the control system ~nterface 

The ablllty to manually control the posltlon of the combustron turblnes Inlet 

gulde vanes, Increases the flexlblllty of the combustlon turb~ne In a comblned cycle 

appllcatlon For example, tf ~t IS deslred to decrease the combustlon turblne generator 

megawatt load whlle malntalnlng sufflctent steam supply to the thermal host and 

support the mlnlmum steam flow and superheat requirements of the steam turblne, 

the IGV's can be modulated towards the closed posltlon to reduce air flow through 

the combustlon turblne and at the same tlme, malntaln the combustlon temperature 

at the base load value As stated, IGV's offer the flexlblllty to malntaln combustlon 

turblne exhaust gas temperature at the base load value durlng low megawatt loadlng 

of the combustlon turblne generator As a result, steam production and superheat~ng 

wrthln the HRSG IS not adversely affected 
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However, ~t must be noted that cornbustlon turblnes equlpped wlth dry, low 

NOx combustors typically do not have provrslons for manual modulation of the Inlet 

gulde vanes Since the fuel-to-a~r ratio In these units IS extremely crit~cal, random 

changes In compressor alr flow would result In elther a flame out cond~tlon or 

excesslve NOx emissions 

8 2 3 Peak Load~ng 

Manufacturers deslgn combustion turblnes wlth more than ample marglns for 

thermal and dynamlc stresses on the cornbustlon sectlon, turblne sectlon, generator 

ventilation, equrpment coolers, etc As a result, each unit IS designed somewhat 

better than IS strlctly necessary Thls margin of capablllty IS done In an effort to 

ensure relrablllty of the turblnes as well as long llfe and trouble-free operatlon 

Some cornbustlon turblne control systems are equlpped wlth a "Peak Load" 

optron When selected, the maxlmum turblne Inlet or exhaust gas temperature 

setpolnt IS Increased beyond the base load value This allows rncreased flrlng 

temperatures, I e fuel flow, whrch results In increased shaft horsepower and * increased electrlcal output Durrng peak load operation, an rncreased amount of 

thermal energy IS exhausted Into the HRSG whlch results In a sl~ght Increase of steam 

productron However, the overall integrated operatlon of the unlt IS srmllar to  normal 

base load operation 

Although most cornbustlon turbines can safely operate beyond the lrmrts of 

base load cornbustlon temperatures, such operation encroaches upon the relrable 

desrgn margin of the machlne Consequently, a reductron In rellabrllty and Increased 

marntenance can be expected Accordrngly, peak load operatron IS only used durrng 

perlods of hlgh electrlcal demand 

If a combustion turblne IS overloaded to  a point where the turblne exhaust 

temperature schedule IS not followed for reasons of a malfunct~onrng or Improper 

settrng of the exhaust temperature control system, the maxlmum allowable turbine 

rnlet temperature or the maxlmum allowable exhaust temperature, or both, will be 

exceeded Exceeding the manufacturer's flrlng temperature llmrtatlons will result In 

a corresponding Increase In maintenance and, rn extreme cases, mlght result In farlure @ of the hot gas section 
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8 3 Shutdown of  Comblned Cycle Plants 

8 3 1  Normal Shutdown 

Slmllar t o  a startup, the combustlon turblne control system decreases generator 

load at a programmed rate durlng the shutdown sequence The rate of load reductlon 

IS typically the same as the programmed loadlng rate, I e 3 t o  10 megawatts per 

mrnute As combustlon turblne load decreases, HRSG steam production decreases 

proport~onately 

Wl th  respect t o  the thermal llmltatlons of the combustlon turblne and HRSG, 

a load reductlon of 3 t o  10 megawatts per mlnute can be safely performed 

However, In comblned cycle appllcat~ons, the steam turblne temperature ramp rates 

are the llmltlng factor durlng the shutdown sequence When decreasing steam 

turblne load, steam f low and temperature must be gradually reduced In accordance 

w l th  manufacturer recommendations Consequently, combustlon turblne load, and 

therefore steam production, must be gradually decreased t o  accommodate the 

temperature ramp rates of the steam turblne 

Once the steam turblne IS at mlnlmum operating load, ~t trlps on reverse power 

Upon coastlng down, the steam turblne IS lmmedlately placed on turnlng gear t o  

prevent shaft bowlng 

Wlth the steam turbine removed from servlce, the combustlon turblne IS 

shutdown by init~ating a stop signal at the operator control interface Once lnltiated, 
an automatic shutdown sequence will decrease generator load at a programmed rate 

Once the generator load has decreased t o  a mlnlmum value, the generator breaker 1s 

trlpped open and fuel t o  the turblne IS decreased untll flame can no longer be 

malntalned In the combustlon chambers When the turbine speed decreases t o  a 

standstill, the rotor turnlng devlce IS automatically lnltlated Throughout the 

shutdown sequence, combustlon turblne support systems will be activated or 

shutdown as requ~red 

- - 

Page 20 



Combrned Cycle Power Plants MODULE 8 

lmmed~ately following a shutdown, the combust~on turblne rotor must be turned 

to provide un~form coollng Uniform coollng of the turblne rotor prevents rotor 

bowlng, resultant rubbing and imbalance, and related damage that might otherw~se 

occur when subsequent starts are attempted w~thout cooldown Typically, a 

combust~on turblne can be started and loaded at any tlme durlng the cooldown cycle 

After the combust~on turblne IS shutdown, the HRSG steam pressure should be 

allowed to decrease naturally w~thout  openlng vents or other lntentlonal means of 

taklng steam from the unlt to accelerate the lowerlng of steam pressure A coollng 

rate exceeding 100°F per hour to 150°F per hour by excesslve openlng of vents 

should be avo~ded to l ~ m ~ t  drum dlstort~on and the resulting stra~n on the boller tube 

jolnts Rap~d heatlng or quenching can cause leaklng tube joints In the steam and 

mud drums 

Throttled openlng of the superheater vent valves perm~ts steam flow through 

the superheater and permlts a modest pressure reduction w~th ln  the above stated 

temperature l~rnlts Superheater vents can be fully opened when the steam pressure * decreases to 15-20 psig Simultaneously, the steam drum vent must be opened to 

prevent a vacuum from formlng wlthln the HRSG pressure sectlons If ~t IS requlred 

to dram the boller for maintenance, the water temperature must be allowed to cool 

below 200°F 

8 3 2 Emergency Shutdown 

Emergency shutdowns are the least des~rable method of shuttlng down any 

power plant An EMERGENCY STOP or TRIP pushbutton IS generally prov~ded to 

s~multaneously trip both the combust~on turblne and steam turblne However, a unlt 

trlp should only be performed ~f an emergency cond~tion ex~st  whlch requrres an 

Immediate shutdown If tlme perm~ts, the electr~cal load on both generators should 

be removed over a per~od of approximately 3 minutes prior to trlpplng the unit 

Although thls type of a shutdown IS st111 cons~dered highly undesirable, ~t IS preferred 

over a hlgh load trlp 
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Upon performing an emergency shutdown, both turbmes must be placed on 

turning gear to prevent shaft bowing Similar to a normal shutdown, the steam 

turbine bypass valves will open to route excess steam to the condenser 

8 4 Layup 

When not requ~red for operat~on, the plant equ~pment must be ma~nta~ned In a 

layup cond~t~on to preserve its ~ntegr~ty and to prevent internal deter~orat~on and 

contamlnatlon of the plplng and components The type of layup requlred 1s 

determined by the tlme perlod each system IS estlmated to be out of service If it IS 

estlmated to be out of service less than three months, a short term layup must be 

performed If three or more months IS antlc~pated, a long term layup will be requlred 

Combust~on Turbine 

A short term layup ma~ntalns the combust~on turblne and aux~l~ary systems In 

a state of readlness Durlng a short term layup the combust~on turblne should be left 

on turn~ng gear to prevent rotor shaft bow and the settllng of the rotor onto the 

bearings The auxll~ary lube 011 pump should be operated per~od~cally to supply 

lubrlcatlng 011 to the turbine bear~ngs and to prevent the format~on of rust In the lube 

011 piping The lube 011 reservolr level and temperature should be maintained at the 

normal operating level and temperature The out of service lube 011 heat exchanger 

and d~lter should be f~lled with 011 to prevent the formation of rust All atomlzlng air 

low po~nt  drams should be opened and the booster atomizing air compressor started 

once a week to blow out any condensate from the plplng All space heaters and 

motor heaters should remaln In servlce to prevent condensate format~on 

If the combustlon turbine must be placed In a long term layup, the 

manufacturer should be consulted However, a long term layup for aux~l~ary 

equipment requires the lube oil reservolr be dra~ned, cleaned, and dried out 

Desiccant 1s then placed Into the reservoir to malntaln a dry, molsture free 

atmosphere When closlng up the reservoir one or more of the manways may be 

replaced with a temporary plex~glass window, sealed to prov~de an alr t ~gh t  closure 
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@ A h u m ~ d ~ t y  indicator can then be attached t o  the ins~de of the temporary window to  

monitor the effectiveness of the layup All fuel lines should be drained and purged 

t o  ensure no accumulation of fuel exists thus reducing the possibilit~es of an 

explosion 

Heat Recoverv Steam Generator 

Unless boilers are stored properly, they can corrode rapidly, depending on the 

condition of the metal surfaces The type of lay up requ~red IS determined by the tlme 

per~od the HRSG IS expected to  be out of service If the HRSG IS expected to  be out 

of servlce for several days and will be requlred t o  return to  immediate service, a wet  

lay up should be performed If the HRSG is expected t o  be out of service for longer 

than one week, and will not be required for immediate readiness for return on short 

notice, the boiler should be placed into dry storage 

A we t  lay up can be accomplished wi th or without a nitrogen cap Nitrogen 

provides an oxygen free, inert atmosphere on internal surfaces normally exposed t o  * steam or water First, the boiler should be filled t o  the normal operating water level 

wi th deaerated feedwater Using normal light of f  and warming procedures, raise the 

pressure in each drum t o  about 25  psig The vents t o  the drums should be open to  

the atmosphere This wil l expel dissolved gases, notably oxygen, released from the 

boiling water 

The boiler water should be treated wi th 0, scavenger By adding about 4 8 

pounds of 35% 0, scavenger solution and 0 1 pound of ammonia per 1000  gallons 

of water, the alkalinity level of the boiler water wil l be raised to  about 440 ppm By 
continuing flring the unlt, a circulation will help mix the chemicals and prov~de a 

representative water sample at the sampling panel for further water treatment An 

alternate solut~on 1s t o  use caustic soda t o  raise the alkalinity above 440 ppm 

Typically, thls can be accompl~shed by addlng 3 pounds of caustic soda for every 

1000  gallons of water 

After the appropriate concentrations have been achieved, the boiler should be 

shutdown and allowed t o  cool When the drums have cooled t o  about 200°F, 

feedwater should be added t o  completely fill the boller t o  the top of the highest 
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pressure part The water should be tested weekly to check the alkaline and 0, 

scavenger concentrations Add chemicals as necessary to malntaln the recommended 

values 

In addition to the wet layup, a nitrogen cap can be placed on the boiler drums 

and superheaters The nitrogen cap provides an inert atmosphere to prevent the 

intrusion of oxygen and provides for volumetr~c variations of the water level due to 

temperature fluctuations 

The boiler should be completely dra~ned and dried before establishing a dry 

layup All horizontal tubes and superheater tubes should be blown dry with 

compressed gas Particular care should be taken to purge all water from long 

horizontal tube sectlons If bowed, water may collect at the low pornts To 

accomplrsh the best drying, heat should be applied using combustion turbine exhaust 

After the surfaces are dried, trays of desiccant should be placed in the gas slde 

of the boiler and in each of the drums The desiccant prevents corrosion by 

absorbing moisture from the air (humidrty) Typical types of desiccant which are 

useful include 

Quick lime - used at a rate of six pounds per 100 cubic feet of volume 

S~lica gel - used at a rate of eight pounds per 100 cubic feet of volume 
* Activated alumina - used at a rate of eight pounds per 100 cubic feet of 

volume 

Once dried, a nrtrogen blanket IS Introduced As the nitrogen is admitted, the 

superheater vents should be opened purge air from the boiler tubes A 5 psig 

nltrogen blanket provides an inert atmosphere for the boiler and a~ds in detecting 

potential leaks 

The boiler should be opened at regular ~ntervals (approximately every 3 months) 

for inspection and replacement of the des~ccant If required, the desiccant should be 

renewed, as it looses its effectiveness as it absorbs moisture Once the desiccant IS 

replaced, the boller should be blanked off agaln and the nitrogen blanket 

reestablished 
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Steam Turb~ne 

When the steam turb~ne IS to  be taken out of service for a short t ~ m e  per~od, 

~t IS essent~al that the steam turbine be left on turning gear The turn~ng gear 

mrnlmlzes temporary thermal bowing of the rotor T h ~ s  IS more Important when the 

u n ~ t  1s restarted after a short time Due to the slow cool~ng rate of the caslng and 

rotor, the oil pump and coolers should remain In servlce when the unlt IS on turnlng 

gear 

The 011 system may be shutdown when the rotor IS suff~c~ent ly cool When 

shutt~ng off the 011, the journal temperatures should be mon~tored If the temperature 

of the bear~ngs continues to Increase, the 011 pump should be restarted u n t ~ l  the unit 

IS suf f~c~ent ly  cool 

If the steam turbine must be placed In a long term layup, the manufacturer 

should be consulted However, the lube 011 system and the turning gear should be 

operated for several hours each month During t h ~ s  operational perlod, the operator 

should look and l~sten for any signs of deter~orat~on and abnormal operation Any 

water w~ th ln  the lube 011 tank should be dra~ned off and d~scolorat~on of the 011 should 

be checked, sampled and the corrective actlons taken 

A long term layup requires dramage of the condenser hotwell and ~solatlon of 

the surface condenser and steam turb~ne Once ~solated and dra~ned, warm alr IS 

blown Into the condenser t o  purge all molsture and dry the Internal surfaces 

Des~ccant IS then placed Into the condenser to  maintaln a dry, mo~sture free 

atmosphere When clos~ng up the condenser, one or more of the manways may be 

replaced w ~ t h  a temporary plex~glass w~ndow, sealed to  prov~de an alr tight closure 

A hum~dlty ~ndicator can then be attached to  the Inside of the temporary w ~ n d o w  to 

monitor the effect~veness of the layup 
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9 0 COOLING TOWERS 

9 1 lntroductron t o  Cool~ng Towers 

Waste heat, which must be rejected from the Rank~ne cycle, needs to be 

transferred from the primary system to  a secondary system that phys~cally removes 

it to  a heat s~nk, e~ther air or water, where it is dissipated This secondary circuit is 

commonly - called a cool~ng system, and there are three d ~ s t ~ n c t  types 

Once-through cool~ng, In w h ~ c h  the flow of water from rivers, lakes, or the 

sea serves as the cool~ng medium 

t Evaporat~ve cool~ng, In whlch most of the waste heat IS dlss~pated to the 

atmosphere by evaporation of a small portion of the coollng water 

Dry cool~ng, In w h ~ c h  heat IS d~ss~pated directly to  the atmosphere 

The last two, of course, requlre cool~ng towers as the agent for heat diss~pat~on 

With dry cool~ng, smaller dev~ces are frequently termed air-cooled heat exchangers 

Evaporat~ve towers are somet~mes called wet towers 

If once-through cool~ng IS not feas~ble evaporative cooling is the next log~cal 

optlon For large power plants, the cho~ce is between hyperbol~c, natural-draft (F~gure 

9-1) and mechan~cal -draft towers (F~gure 9-2) 

The latter use fans, w h ~ c h  boost operating cost, but glve better control and cost 

less to erect Select~on depends upon coollng requ~rements, cl~mate, and economics 

- -- C d i n g m w e r s  marcutate water, w M c a n  be an advantage over once-through 

cooling because better control of water qual~ty is poss~ble However, towers usually 
cannot prov~de temperatures as low as once-through cool~ng 

Another op t~on is dry-cool~ng-cooling towers Because alr IS not an e f f~c~en t  

cool~ng medrum, more cooling tower capac~ty is needed to do the same job This may 

be expensive, but so IS water In water-short areas, wet cool~ng becomes a problem 

a because of the makeup required Dry cool~ng towers may be the only pract~cal way 
to provide the cool~ng needed 
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t $Alr out 

t-- ~ o t a r  ,n 

F~gure 9-1 Natural-Draft Tower 

Water 

F~gure 9-2 (A) Induced-Draft Tower - Counterflow Type 

(B) Induced-Draft Tower - Crossflow Type 
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9 2 Cool~ng Tower Term~nology and Theory 

Important terms associated wlth coollng tower theory and operation are glven 

below 

Approach - Dlfference between cold water temperature, and the measured wet- 

bulb temperature, O F  

Blowdown - Water lntentlonally discharged from the system to  control 

concentratlon of salts or other lmpurltles In the clrculatlng water 

Cell - Smallest tower subdlv~slon whlch can functlon as an Independent unlt - 
w ~ t h  regard t o  alr and water flow, ~t IS bounded by exterior walls or partltlon 

walls Each cell may have one or more fans or stacks and one or more 

dlstributlon systems 

Cold water temperature - Temperature of the clrculatlng water leavlng the 

tower, O F  

Coollnu ranae - Dlfference between the hot-water temperature and the 

Coldwater temperature, O F  

Cvcles of concentratlon - Compares dissolved sollds In makeup wlth sollds In 

the clrculatlng water Slnce chlorldes are soluble, for example, cycles of 

concentratlon are equal to  the ratlo of chlorldes In the crrculatlng water to 

chlorldes In makeup 

Drlft - Water lost from the tower as llquld droplets entrained In the exhaust alr - 
It IS independent of water lost by evaporatlon Ellmlnators control t h ~ s  loss In 

coollng towers 

Heat load - Heat removed from the clrculat~ng water by the tower It  may be 

calculated from the range and the clrculatlng water f low and IS generally 
expressed In Btulhr 

Hot-water temDerature - Clrculatlng water temperature enterlng the dlstrlbut~on 
system, "F 

-- - -  
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Makeup - Water added to the circulating water system to replace water lost 

from the system by evaporation, dr~ft, blowdown, and leakage 

DH - Number between zero and 14  Indicating degree of acidity (below 7) or 
alkalinity (above 7), 7 denotes a solution that is neutral 

Pumpina head - Minimum pressure required to lift water from basin level to the 

top of the tower and force it Into the water-d~stnbution system Pumping head 

IS equal to static head plus frictlon loss and pressure drop through the 

d~stribution system 

Recirculation (recycle) - That portion of the exhaust air which reenters the 

tower Unit percent of total entering-air quantity which IS exhaust air 

Relative humlditv - Cons~der a cubic foot of moist air at 70°F containing 

0 0004 pounds of moisture Table 1 shows that at 70°F, a cubic foot of air 

wlll hold 0 001 1 pounds of steam Since there IS less, the steam must be 

superheated, and the table tells how much 70°F- 40°F, or 30°F 

Table 1 

pressure of saturated 

The cubic foot holds less moisture than it could hold Relative humidity IS the 
ratio of the amount of water air holds to the maximum amount of water the air could 

hold If ~t holds 0 0004 Ibs and it could hold 0 001 I Ibs , the ratio IS 4 11 or 36 

percent This is the relative humidity Notice that it is based on volume, cubic feet 

of mo~st  air The term percentage humldity expresses the same general idea in terms 
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of mo~st  alr The term percentage h u m ~ d ~ t y  expresses the same general Idea in terms 

of we~ght  It IS the we~ght  of mo~sture actually m~xed w ~ t h  one pound of dry air, 

compared to  the we~ght  of mo~sture that could be m~xed w ~ t h  one pound of dry alr at 

the same temperature 

Dew Po~nt - The m~xture, w ~ t h  0 0004 pounds of molsture In a cub~c foot, can 

be cooled Referr~ng to the table agaln, ~f ~t IS cooled to  4O0F, ~t w ~ l l  be hold~ng 

all the mo~sture a cub~c foot can hold at that temperature It has 100 percent 

relat~ve h u m ~ d ~ t y  Such a m~xture IS called saturated If t h ~ s  m~xture IS cooled 

further, some of the mo~sture w ~ l l  condense The temperature at w h ~ c h  t h ~ s  

condensat~on starts, In t h ~ s  case 40°F, IS the dew polnt temperature The dew 

polnt of any mlxture of alr and water vapor depends ent~rely on how much 

mo~sture IS present For example, a cub~c foot contaln~ng 0 0006 pounds of 

water vapor has a dew point of 50°F 

TDS - Total d~ssolved sol~ds conta~ned In solut~on In cool~ng-system water 

Water loading - C~rculat~ng water flow, expressed In gpmlsq f t  of effectwe 

hor~zontal wetted area of the tower, a factor In the un~t 's  a b ~ l ~ t y  to meet des~gn 

cold water temperature 

Wet-bulb temperature - Temperature, OF, ~nd~cated by a psychrometer Also 

known as the thermodynam~c wet-bulb temperature or the temperature of 

ad~abat~c saturation Wet-bulb temperature can be measured w ~ t h  a wet-bulb 

thermometer w h ~ c h  IS made by covering the bulb of an ord~nary thermometer 

w ~ t h  wetted s~ lk  gauze and plac~ng ~t In a movlng air stream Some of the water 

In the gauze w ~ l l  evaporate S~nce vaporization takes heat, ~t w ~ l l  come from the 

remaining water and its temperature w ~ l l  drop How much, depends on how dry 

the air IS and Its temperature When th~ngs settle down, the thermometer reads 

wet-bulb temperature If the wet-bulb and dry-bulb temperatures are known, 

the relat~ve h u m ~ d ~ t y  of the air can be read from a psychometr~c chart 

Page 5 



Comb~ned Cyc/e Power P/ants MODULE 9 

9 3 Coollng Tower Heat Transfer Factors 

There are four mechanisms of heat transfer from water to  air conduct~on, 

evaporatlon, radiat~on, and advection Conduction or convection IS drrectly 

proport~onal t o  the amount and characterlstlc of the water-a~r surface Interface and the 

dlfference between the water temperature and the amblent-a~r by bulb Heat transfer 

by evaporatlon 1s proport~onal to  the difference between the water temperature and 

the amb~ent-a~r wet  bulb Rad~atlon and advect~on are negl~g~bie In a cool~ng tower 

Quantltatlve calculations of cooling tower performance by treating mass and 

heat transfer separately are cumbersome, therefore, slmpl~fied approxlmatlons are 

normally used 

The rate of heat transfer, by  both conduct~on and evaporation, increases w~th 

increases In a~r-to-water Interface surface, relative velocrty, contact time, and 

temperature drfferentral Packing and frll In a cooling tower serve t o  increase the 

interface surface, the tower -chimney or fans create the relatlve air-to-water veloc~ty, 

contact tlme IS a functlon of tower slze These three factors all may be Influenced by 

the tower design 

The fourth factor, temperature dlfferentlal, IS related to  ambrent wet- and 

dry-bulb temperatures These are functions of natural condltlons and Independent of 

tower deslgn variations of a parameter such as wet-bulb temperature can have a 

signlflcant effect on coollng tower thermal performance 

9 4 Wet-Bulb Temperature Effects 

Amb~ent  air wet-bulb temperature may vary in several ways 

1 Geographically at a given time For example, summer wet-bulb readlngs 

range from 62°F In the west t o  81 O F  In the south 

2 Chronolog~cally at a glven locatlon A 26-year record from Belleville, Illlnols, 

showed that rn~dsummer wet-bulb read~ngs had a spread of 42°F over that 

perlod 

-- 
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3 By frequency In different locations and seasons The wet-bulb 

temperature frequency pattern for a speclflc slte need t o  be recorded In 

order to  determine the range and duratlon of wet-bulb readlngs used to  

deslgn the coollng tower 

The wet-bulb temperature, selected for use In deslgnlng a tower can Influence 

its cost appreciably 

Wet-bulb temperature also affects tower performance In producing cold water 

Discharge water temperature goes up wlth wet-bulb temperature It IS characterlstlc 

for natural draft towers to have relat~vely better output at lower wet-bulb temperature 

and for mechan~cal draft towers to have better performance at h~gher, wet-bulb 

temperatures Relatlve humldlty Influences plume buoyancy and chlmney effect In the 

natural draft tower, therefore, performance Improves at hlgher relat~ve humldlty Thls 

effect IS absent In mechan~cal draft towers 

9 5 1 Natural Draft Hyperbol~c Coollng Towers 

A typlcal power plant cycle whlch incorporates a natural-draft hyperbollc 

coollng tower IS shown In F~gure 9-3 

About 45  percent of the energy put In ends up belng discharged to the 

condenser coollng water In order to reject large quant~tles of heat to the atmosphere, 

coollng towers for a 1,000 M W  plant must handle flows of more than 400,000 gpm, 

w ~ t h  makeup of 12,000 gpm and prov~de a coollng range of 20  to 27°F 

Even though hyperbollc coollng towers are evaporative In design, they contaln 

no fans Flow of air through the shell IS created by the denslty difference between 

atmospheric air and the alr lnslde the tower T h ~ s  air IS warmed by flowlng through 

the hot clrculatlng water 
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ffock losses 0 Y r t 0 9  Btu/br Generotor lOO0llW 
t t  -, 13 4 ~ 1 0 9  B U ~ )  I 1 / FOSSI/-,~/ steom plont I Atr flow 

3 , evoporohon 
ond dr~ft 8955gpm 

P 
at ZOF 
e- 

Condensate rr turn 

Condenser flow 430000 
losse~ 

Fossil fuel slnam-electnc plant uslng hyperbd~c tower has a heat 
balance as sllown for 1000 MW capaclty 

Flgure 9-3 Heat Balance for a 1,000 Mw Fossll U n ~ t  

As w ~ t h  the mechanical-draft type, two bas~c alr flow schemes In relatron to  

water flow are cross-flow and counterflow (Figure 9-4) The cross-flow cooling tower 

has fill In a ring outs~de the tower Although t h ~ s  arrangement may seem t o  produce 

a lower water pumplng head than the counterflow, f ~ l l  lns~de the counterflow tower 

IS spread out over a much larger area, thus, its depth is shallower and vert~cal water 

risers are shorter 

The air pressure drop through the fill In a cross-flow cool~ng tower IS less than 

In a counterflow cool~ng tower, however, lead~ng to  less res~stance t o  alr flow 

The counterflow des~gn prov~des the more e f f~c~en t  means for heat transfer 

because the coolest water contacts the coolest air ~n~trally, although un~form~ty  of air 

and water distrlbut~on ach~eved In cross-flow type may offset this advantage In the 

cross-flow des~gn, alr flow IS normal t o  water movement, and usually more f ~ l l  IS 

requ~red to transfer a glven amount of heat, however, the crossflow tower has a lower 

alr-pressure drop Select~on of e~ther arrangement depends pr~mar~ ly  upon operatrng 

cond~t~ons requ~red 

Page 8 



Combrned Cycle Power Plants MODULE 9 

F~gure 9-4 (A) Cross-Flow Hyperbol~c Cool~ng Tower 

(Bl Counterflow Hyperbol~c Cool~ng Tower 
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Heat transfer takes place within the fill area Cross-flow towers have this 

sectron outside the shell Typ~cally, the area consists of wood, asbestos-cement, or 

plastic fill, glass-reinforced polyester grids for supporting the fill, poured or precast 

support beams and support columns, and asbestos-cement or polyvinyl chlor~de (PVC) 

drift-eliminators, placed behind the fill t o  separate water droplets that may become 

entrained in the air stream Choice of materials depends largely upon requirements of 

a specific installation although asbestos cement fill is being phased out 

Basic fill arrangements are splash packing and film packing (F~gure 9-5) The 

function of both is to  generate as much airiwater interface as possible with minlmum 

air-pressure loss In the splash type, usually selected for cross-flow towers, hot water 

falls over wave-shaped fill In such a way that the droplets are constantly reformrng, 

and thus presenting a fresh surface to  the cooling air In the film type, used most 

often in counterflow towers, the sheet-like fill consists of multiple vertical surfaces 

down whrch hot water flows in thin continuous films Film-type fill occupies less 

volume, generally requires less shell he~ght, but is more subject to clogging, splash 

packing is somewhat easier to repair or replace Splash bar fill has greater 

maldistribution tolerance than does film packing 

A d~stribution system spreads hot water evenly over the fill A typical system 

for a cross-flow tower consists of vertical risers and an open water distr~bution bas~n 

(F~gure 9-6A) Hot c~rculatlng water IS pumped through rrsers to  the bas~n, from whrch 

water flows through holes in a precast-concrete slab A nozzle IS installed In each hole 

with an integral splash plate that distributes hot water evenly over the fill surfaces 

For a counterflow tower, risers deed a closed-pipe -system, cross piping contams 

nozzles for even distribution of water t o  the fill (F~gure 9-6B) 

The tower basin collects the cooled water for return to  the plant condensers 

it is sized to  hold enough water to  permit tower operation for several hours without 

having to  add makeup water A drain system IS normally installed for removal of silt 

deposits This system also acts to  control basin water level 
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Splash F~lrn 

Figure 9-5 Cooling Tower Fill and Drift Eliminators 

Figure 9-6 Dlstrtbution Systems for (A) Cross-Flow and (B) Counterflow Cooling 

Towers 
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Cold water return is most often a sloped canal at the bottom of the basin which 

feeds the circulating pumps Screens are placed ahead of the pumps to  prevent debris 

from entering the pumps 

A hyperbolic tower IS an hourglass-shaped structure sitting on "stilts" in a 

shallow basin of water The stilts or diagonal support columns provide an open area 

through which alr enters the shell In a counter-flow tower, the fill IS located above 

the columns inside the shell, in a cross-flow tower, the flll IS external to  the shell and 

forms an annular ring around the base A canopy seals the ring and the shell 

In either type of tower, hot water from plant condensers IS pumped to  the top 

of the fill and flows or splashes down through the fill to  the basin, while air sweeps 

up or across the fill area Above the f~ll, the remaining 300 feet or more of the tower 

is empty, functioning merely as a chimney 

9 5 2 Mechanical Draft Cool~ng Towers - Crossflow Type 

Themechanlcal ,nduced-draft svaporat l tecross- f loV+fo~~~ls the most prevalent 

type of cooling tower It consists of a series of connected cells about 50  feet high, 

7 0  feet wide, and 4 0  feet deep Each has an individual exhaust fan and stack at the 

top pulling alr through the t w o  louvered sides, horizontally through the fill pack 

The sloped, trapezoidal sides follow the falling water profile pulled toward the 

center by the hor~zontally flowing air This shape eliminates unusable fill and space, 

and reduces basin size and cost Th~s  shape also facilitates ice melting Warm water 

is d~verted onto the louvers by turning off the fans 

The internal support structure may be of redwood, treated fir, concrete, or cast 

iron Glass reinforced polyester fill hangers are grids with 4 x 4-~nches or 4 x 8-inches 

openings They are suspended from the top of the internal support structure, and the 

splash bar slats (fill) are ~nserted into them 

After the fill, air flows through drift eliminators which collect water droplets and 

direct moist air away from the fans Recent designs of drift elim~nators have resulted 

in improvements in drift guarantees from 0 05 percent to  0 0 0 2  percent of the 

circulating water f low 
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a Alr Inlet louvers on the sloped faces of the tower are mounted on 4-foot vertlcal 

centers They contaln the water fall and shield it from outslde vlew 

9 5 3 Fans and Stacks 

SIX or elght lightweight hlgh-tenslle-strength flber glass, 28-feet-d~ameter blades 

In each fan rotate at top speeds of I 2,000 fpm A 200-hp motor wlth extension shaft 

drlves each fan Pan motors have Increased from 25-hp In the 1950's to 200-hp 

today, wlth future expectatlons of 400-hp motors drlvlng 40-feet-d~ameter fans 

Each fan discharges Into a premolded fiber glass vent stack that IS elther 6 feet 

or 18 feet hlgh Each stack recovers 75 percent of the veloclty pressure, thereby, 

reducing power consumption as the moisture-laden heated air exlts at 30 fps 60-foot 

hlgh stacks are available These elevate the discharge 100 feet above grade 

9 5 4 Counterflow-Type 

The counterflow mechanical draft tower IS seldom used The counterflow-film @ type theoretically IS more effluent thermally than the cross-flow tower, but w hlgher, 

alr-slde pressure drop IS an offsetting penalty Generally thls tower stands hrgher 

because its fill must be located hlgher wlthln ~t to allow for air to enter horizontally and 

flow vertically through the fill Thls tower has stralght sldes since no horizontal air 

flow forces the water fall proflle Inward 

9 5 5 Dry-Type Towers 

A s  me SIZES Increase and sources sf once-thoughco~lrng warer suppiy 

dwlndle, dry-coollng towers Increase In popularity A major advantage of using 
dry-type cooltng towers IS that they do not add large amounts of waste heat to rivers 

and lakes, nor do they create fogglng or icing condltlons Dry towers are less 

expenslve to malntaln than evaporative towers, whlch requlre chemlcal addltlves and 

perlod~c cleanlng 

Use of dry coollng permits sltlng wlthout regard for large supplles of coollng 

0 
water Typically, sltes would be at a source of abundant fuel for the steam-electrlc 

plant or be near the plant's load dlstrlbution center Thls sltlng flexlblllty could slash 
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existing stations wishing t o  expand but without sufficient water t o  accommodate 

conventionally cooled units 

The main disadvantage of the dry tower is that it IS not as thermally efficient 

as once-through and evaporative cooling Therefore, to  do a comparable job, the dry 

tower is more expensive t o  build and operate 

9 5 6 Key Des~gns Dlrect and lndlrect 

Basic types of dry towers are the direct and indirect (F~gure 9-7(A) and F~gure 

9-7(B) for nuclear-station cooling The latter type uses a surface or "jet" condenser 

at the turbine t o  condense exhaust steam, water from the condenser is Pumped to the 

dry tower for cooling and recirculation t o  the condenser In the direct system, steam 

is condensed In the cooling coils without interfacing with a condenser 

Choice of a mechanical-draft or natural-draft tower depends on the economics 

for the particular plant 

In indirect condensrng, if a jet condenser is used, cool water from the dry tower 

is sprayed into the condenser and mixes intimately with exhaust steam from the 

* 
turbine The mixture falls to  the bottom of the condenser and is removed by 

crrculating-water pumps The greater part of this water flows to  cooling coils and an 

amount equal to the exhaust steam from the turb~ne is directed back to  the feedwater 

circuit through condensate polishers to  the steam generator Because of the intimate 

mixing, circulating water must be of condensate purity 

After passlng through a water-recovery turbine (an optional component), 

circulating water is again ~ntroduced into the condenser and recycled through the 

cooling system The recovery turbine is coupled to  the drive shaft of the 

circulating-water pump to  recover some of the pressure head between cooling coils 

and condenser Circulating water does not come into direct contact w ~ t h  cooling air, 

thus, no evaporative lose occurs as with the wet-type tower To prevent oxygen from 

leaking Into the system, the coils are under pressure 
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F~gure 9-7 (A) Dlrect and (B) lndlrect Type Dry Coollng Towers 

In direct condensing, turblne exhaust steam IS conveyed through a trunk (as the 

schematic shows), large In dlameter to  mlnlmlze pressure drops, to  the alr cooled colls, 

where coollng alr, passlng over the ftnned coil surfaces, condenses the steam Steam 

enters the top of cod sectlon and condenses as ~t travels downward, wlth steam and 

condensate flowlng In the same dlrectlon, mlnlmtzlng pressure loss and increasing the 

heat-transfer coefflclent 

In practice, provlslons are made for removal of noncondenslble gases and air, 

and for prevention of freezlng durlng cold weather An excesslve bulldup of 

noncondenslble gases In the main condenser would prevent effectlve condensation 

Freeze protection IS usually accomplished by warm-alr reclrculatlon and/or fan control 

Condensed steam from coollng colls flows by gravity to  condensate receivers and IS 

pumped back to the feedwater clrcult by a condensate pump 

The prlnclpal difference between the two systems IS the large volume of exhaust 

steam that must be handled In the dlrect system as compared to  the smaller volume 

of c~rculat~ng water In the lndlrect system Also, coolrng colls In the dlrect system 

operate under a hlgh vacuum, perhaps a disadvantage when compared to  an lndlrect 
system that malntalns posltlve water pressure In the coollng colls Because of 
requirements for large steam pipes from turblne to  condenser, dlrect systems are 

llmlted to  small and ~ntermed~ate-slze plants, whlle lndlrect systems are expected to  

be more econom~cal and techn~cally feaslble for larger plants 

0 
Schematics (F~gure 9-8) show outllnes of a mechan~cal-draft and a natural-draft 

by tower and Flgure 9-9 shows fln tubes and thelr arrangements 
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675 ff --------I 

Flgure 9-8 Dry-Tower Shells, Mechanical-Draft (Left] and Natural Draft (Right) 

L-shape 
footed ftn 111 

Emtnddod fin 

F~gure 9-9 Maln Fln Tube Types for Dry Tower Heat Exchangers 
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Capital cost of a dry cooling tower is a function of the initial temperature 

difference (ITD) between the hot fluid entering the cooling coils and cool~ng air entering 

the tower If tower size IS increased and heat rejection remains the same, IDT IS 

reduced The temperature of the turbine exhaust steam reduced, thus lowerlng turbine 

back pressure and boosting plant effic~ency Conversely, if tower slze is reduced and 

the heat load remains constant, a greater ITD IS needed to dissipate the heat load 

9 5 7 Effect on Turblne Back pressure 

In the eastern part of the U S , typical design temperatures might be 90°F dry 

bulb and 76°F wet bulb, equaled or exceeded during only 1 percent of the 2928 hours 

of June through September of an average year An evaporative tower serving an 800 

M W  fossil-fuel plant might have these design criteria 24°F cooling range, 18°F 

approach, 6°F condenser terminal temperature difference (CTTD) 

With 76°F wet bulb at a full load, condensing temperature for the wet-tower 

plant IS the sum of the wet-bulb, cool~ng range, approach and CRTD values or 124°F 

For the same plant equipped with a dry tower at 60°F ITD (most usual value), 

condensing temperature for 1 percent of summer hours could be expected to  be 150°F 

(60°F ITD plus 90°F dry-bulb) 

The 124°F wet-tower condensing temperature corresponds t o  3 8 Inches Hg 

back pressure, as compared to 7 6 Inches Hg-for 150°F with the dry tower Thus, for 

about 29 hr/yr, the wet-tower plant would suffer a 3-MW loss of capability (0 4 

percent - not a major factor), while the dry-tower plant would lose 47 M W  (5 9 

percent) Moreover, a number of specific areas exist in this country where 90°F by 

bulb is exceeded at the 1 percent level With 50 to 60°F apparently the most 

econom~cal des~gn ITD range, condensing temperatures will be 145 to  155"F, 

corresponding to  6 7 t o  8 6 inches Hg back pressure, with a loss of rated generating 

capabrl~ty of 5 percent t o  7 percent Dur~ng extremely hot weather, back pressures 
could be as h ~ g h  as 14 rnches Hg 

It IS necessary, therefore, that large turbines capable of operat~on at h ~ g h  back 

pressures are made available before opt~mum-sized dry-cooling towers can be teamed 

wlth them The alternative is to have wet-tower coolrng at peak loads or oversized dry 

towers, neither of which IS economically attractive F~gure 9-10 shows operating 

condenser pressures versus ambient air temperatures for various dry-tower slzes 
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Figure 9-10 Operat~ng Condenser Pressures vs Ambient Air 

Temperatures for Var~ous Dry-Tower S~zes 

Approaches that are taken by (1) eliminate the last row of blades in current 

designs, (2) design a new line of turbines t o  operate at high back pressure, or (3) 

modify a present turb~ne - for example, strengthen the last-stage blades-so it would 

be suitable for operation at high back pressures 

9 4 8 WetIDry Cooling Towers 

Combination of evaporatlve and dry cooling is achieved In the tower shown In 

Figure 9-1 I Design arrangement enables amblent air t o  be drawn through both the 

dry and wet portions In parallel paths, air streams converge and are mixed within a 

cooling-tower plenum before discharging to atmosphere 

Water to  be cooled 1s passed through the dry air-cooled section, then through 

the wet section of the cool~ng tower The heated, dry air stream mixes with and 

dilutes the wet air stream to  provide a less vlslble plume above fan discharge 

During favorable weather conditions, a visible plume is virtually eliminated, during 

more adverse condit~ons, plume dens~ty and persistence are substantially reduced 
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F~gure 9-1 1 WetlDry Type Coollng Tower 

Besides plume control, another advantage IS water conservation For reduced 

water consumption, the unit will have a larger by than wet sectlon, In contrast to  * tower above, but will operate similarly For most effectwe performance, a control 

device to regulate air f low through the wet section is necessary Evaporation in wet 

section can be reduced by blocking the wet section air passage 

The design feature which permits economic application of the wetldry tower IS 

the summer damper component, a door-like airflow restrictor, located in the heated 

dry air stream between the air-cooled heat exchangers and fan The purpose of the 

damper is to  reduce alr flow through the dry section, while boosting air flow In the wet 

section, thereby enhancing wet-sectron thermal performance In summer Damper 

doors must not be completely closed, however, or plume-control capab~lity would be 

lost 

Common problems of excess capacity and freezlng hazards for winter operation 
are slashed by using Inherently free-dralning exchangers and by cap~tal~zing on a lower 

wlnter ambient temperature t o  operate the section for nearly 100 percent cooling 

Generally, the design ambient temperature is in the range of 20°F to  70°F Posltive 

drainage IS assured because air-cooled heat exchangers deliver water directly to  the 

wet section without using a manifold It neatly covers the in-between sltuatlon of 

moderate, but not cri t~cal water availability, whlle also promising plume control 
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9 6 Cooling Tower Test Codes 

The purpose of cooling tower test codes is to  set up a procedure for determining 

the thermal capability of water-cooling towers There are currently t w o  test codes 

available that deal w i th  water-coolrng equipment These are CAI Code AT-105, 

Acceptance Test Code for Water-Cool~ng Towers, published by the Cooling Tower 

lnst~tute and P C 23-1 986, Power Test Code for Atmospheric Water-Cooling 

Equipment published by ASME Both codes essentially prescribe the same 

measurements of water flow, water temperature, wet-bulb and dry-bulb temperature, 

wind velocity, tower pumping head, fan driver power, and water analysis The ASME 

Performance Test Code (P C -23) also calls for measurement of entering and exhaust 

air temperatures, measurement of air flow, and measurement of sound level The 

frequency of readings requ~red by CAI Code AT-1 0 5  and ASME-P C 23  are given in 

Table 9-2 

ASME P C -23 calls for measurement of average exhaust air temperatures from 

the stack This is not  considered practical, especially in the case of natural draft 

towers which can have a height of 500  feet or more Therefore, all further references 

rn t h ~ s  text wil l be t o  the CAI Code AT-1 0 5  

CRI Code ACT-105 (The Code) is primarily intended for acceptance testlng, 

however, all or part of it may be used for other purposes, such as determ~natisn of any 

of the ~ndividual measurements described 

The Code specifies that at the time of the test, the tower shall be In good 

operating condition Its water d ~ s t r ~ b u t ~ o n  system should be clear and free of foreign 

mater~als w h ~ c h  may impede the normal f low of water 

All mechan~cal equipment associated with the tower should be In good working 

order Fan blades should be at a uniform angle that wil l yield w~ th rn  +I 0 percent of 

the spec~fied horsepower loading 

-- - 
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Table 2 

Drrft ellmrnators should be essentrally free of  algae and other deposlts whlch 

may impede normal air f low Fill should be clear of  all forelgn materlal lncludlng 011, 

tar, scale, or algae The water level In the cold water basin should be at  the normal 

operating elevation and should be kept substantially constant durrng the test In order 

t o  prov~de proper alr f low t o  the fill The Code allows-that makeup and/or blowdown 
streams may be stopped durlng the test ~f other test condltlon requirements are not  

adversely affected 
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Measurement 

Wet-bulb Temperature 

Dry-bulb Temperature 

Cold Water 

Temperature 

Hot Water 
Temperature 

Clrculatlng water Flow 

Tower Pumping Head 

Fan Dr~ve Power Input 

Wind Veloclty 

Makeup Temperature 

Makeup Flow 

Blowdown 

Temperature 

Blowdown Flow 

Readlngs per 
Hour 

ASME PTC-23 

6 

1 

6 

6 

3 

1 

1 

1 

1 

1 

1 

1 

Readlngs per 
Hour per Statlon 

CTI ACT-1 05 

12 

12 

12 

12 

3 

1 

1 

6 

2 

2 

2 

2 

Unlts of 
Measure 

" F 

" F 

" F 

" F 

gPm 

f t  

hp 

mph 

" F 

gPm 

" F 

gPm 

Record 

to the 

Nearest 

0 1 

0 1 

0 1 

0 1 

1 

0 1 

0 1 

1 

0 1 

1 

0 1 

1 
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The Code specrfles that the wlnd veloclty durlng the test should not exceed the 

followrng 

c Average wlnd veloclty - 10  mrles per hour 

One-mlnute durat~on - 15 m~les per hour, 

Also, the follow~ng varlatlons from deslgn condrtlons should not be exceeded 

Wet-bulb temperature - ~ 1 0 ° F  

Dry-bulb temperature - ~ 2 0 ° F  

b Range - +20 percent 

Clrculatlng water flow - ~ 1 0  percent 

The total dissolved solrds In the clrculatlng water, as determined by evaporatron, 

shall not exceed the greater of the followrng 

5,000 ppm 

4 1 tlmes the desrgn concentratton 

9 6 2 Constancy of Test Cond~tlons 

The Code specrfres that for a valld test, varlatlons in test condltrons shall be 

wlthln the following llmrts 

C~rculatlng water flow shall not vary by more than 5 percent 

Range shall not vary more than 5 percent 

b Instantaneous arr temperature readlngs may fluctuate, but var~atlons In the 

averages dur~ng the test perlod shall not exceed the follow~ng 

- Wet-bulb temperature - 2°F per hour 
- Dry-bulb temperature - 5OF per hour 
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a The Code also lays down the duratron of the test run as one hour after reach~ng 

steady-state cond~t~ons  If thermal lag t ~ m e  IS greater than f ~ v e  m~nutes, the t ~ m e d  test 

perlod shall be at  least one hour plus thermal lag t ime 

9 6 3 Thermal Lag 

Normally, the Interval from the t ~ m e  the cooled water reaches the col lect~ng 

bas~n  t o  the t ~ m e  ~t reaches the CWT measurement station IS small, and computation 

of  thermal lag IS not  requ~red If t h ~ s  t ~ m e  Interval, determ~ned by  the following 

equat~on, IS greater than 5 m~nutes, the test per~od should be lengthened by  a llke 

amount and the test averages shall be based on compensat~ng t ime spans so that the 

read~ng chosen w~ l l  represent the true tower performance 

where s = Thermal lag tlme, mlnutes 

v I, = Volume of  water rn b a s ~ n  dur~ng  test, f t3  

p vY = Dens~ty  of water ~n bas~n, Ibm/ft3 

(gpm)t = Test water c~rcu la t~on  rate, gallons per mrnute 

For proper compensation for thermal lag, the fo l low~ng read~ngs will be averaged 

over the flrst part (usually 60 m~nutes) of the t ~ m e d  perlod 

Hot water temperature 

Dry-bulb temperature (if required) 

Flow rate and temperature of  makeup 

Flow rate and temperature of water f low Into basin other than circulating 
water f l ow or makeup 

C~rcu la t~ng water f low rate 
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The portions of the followrng data recorded durlng the thermal lag time per~od 

w ~ l l  not be ~ncluded In the test averages, test readlngs w ~ l l  be averaged only over the 

remainder of the test per~od 

r Flow rate and temperature of water leavlng basln other than clrculatlng 

water f low or blowdown 

Flow rate and temperature of blowdown leavlng the basln 

Temperature of maln stream of water leavlng basln 

Thermal lag t ~ m e  less than flve m~nutes may be Ignored 

9 6 4 instruments and Measurements 

The Code allows water flow measurements to  be made by any of the followlng 

recently calibrated dev~ces 

P ~ t o t  tube (traverse) 

O r ~ f ~ c e  

Venturl 

Volumetric or bulk 

Welr 

Flow nozzle 

Turblne meter 

The procedure for uslng any of the above shall be as spec~f~ed In one of the 

followlng 

Instrument manufacturer's spec~f~cat~ons 

ASME "Supplements on Instruments and Apparatus," Part 5 Chapter 4 

(latest revrs~on) 

b ASME Power Test Code on "Hydraulic Pr~me Movers" (latest revls~on) 
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Water temperature measurements may be made by resistance thermometers or 

mercury-~n-glass thermometers and methods prescr~bed In ASME "Supplements on 

Instruments and Apparatus " 

For Inlet air temperature measurement, the Code requlres that the wet-bulb 

temperature be measured for all types of coollng towers whlle dry-bulb temperature 

IS requ~red to  be measured for natural draft and fan-ass~st coollng towers 

For measuring the wet-bulb temperature, the Code spec~fies that a mechan~cally 

asplrated Instrument be used whlch meets the following requirements 

lndlcator should be graduated In Increments of not more than 0 2°F 

The temperature senslt~ve element should be accurate to  +O 1 OF 

The temperature sensrt~ve element shall be sh~elded from dlrect sunl~ght or 

from other s~gn~ f~can t  sources of rad~ant heat The sh~eldlng dev~ce should 

be wlthln 2°F of the surrounding dry-bulb temperature 

The temperature senslt~ve element should be covered w ~ t h  a wlck that IS 

cont~nuously fed from a reservoir of dlstllled water 

The temperature of the dlstllled water used to wet the wlck shall be at 

approx~mately the wet-bulb temperature belng measured Thls may be 

obtalned In practlce by allowlng adequate ventdated wlck between the water 

supply and the temperature sensltlve element 

The wick shall f ~ t  snugly over the temperature sens~trve element and should 

be kept clean whlle In use 

t The air veloc~ty over the temperature sensltlve element shall be ma~ntalned 

between 950 and 1,050 feet per minute 
- 

For measuring the Inlet wet-bulb temperature, the instruments shall be located 

wlthln four feet of the alr Intake The Code spec~f~es the number of measurement 

statlons to  measure wet-bulb temperature a 
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The average of three successive readlngs, taken at ten second Intervals at each 

stat~on, shall be cons~dered the wet-bulb temperature at that tlme at that statlon The 

statlon averages shall be averaged to  obtaln the effectlve wet-bulb temperature for 

that run Such runs shall be made every 5 mlnutes durlng the test per~od, and the 

arlthmetlc average of these runs shall be consldered the Inlet wet-bulb temperature and 

shall be used for the evaluation of results 

For measuring Inlet dry-bulb temperature where required, the Code spec~fles an 

Instrument whose lndlcator IS graduated In Increments of 0 2°F (max) and whose 

temperature sensltlve element IS accurate to  +O 1 " The number and locatlon of 

statlons and the frequency of the readlngs shall be the same as for the measurement 

of wet-bulb temperature 

For tower pumping head, the Code gives the following formula 

Test purnplng head 

PH, = SP, + VP, + D 

Corrected pumplng head 

where PH t = Test (measured) pumplng head, f t  

pHc = Computed pumplng head at deslgn f l u~d  f low rate, 
pred~cted from test measurements, f t  

spt = Test static pressure, measured at the centerl~ne of tower 

Inlet, f t  

v Pt = Test veloc~ty pressure at centerl~ne of tower ~nlet, f t  

Ld = Water flow rate at deslgn, Iblhr 

4 = Water f low rate at test, Iblhr 
D = Vert~cal d~stance from basln curb to centerl~ne of tower 

Inlet, f t  
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In addltion to the above, the Code speclf~es measurement of the followlng 

quantltles 

Wind veloclty 

Fan drlver power 

Water analysls 

The code states that by adherlng to the llmlts of wet-bulb temperature, dry-bulb 

temperature, coollng range, and clrculatlng water flow Imposed In ~t ,  results 

commensurate with the stablllty of test condlt~ons and accuracy of the Instruments 

can be achleved The effects of wide devlatlons from deslgn In the followlng variables 

may not be adequately descr~bed by the equatlonslgraphs used for adjustment of test 

data 

Water clrculatlon rate 

Water temperatures 

Alr flow rate 

Alr wet-bulb temperature 

Air dry-bulb temperature 

Strong or gusty wlnds are llkely to result-ln coollng tower malperformance, as 

will poor alr or water dlstrlbutlon 

9 7 Natural Draft Cooling Tower Test Evaluation 

9 7 I Characteristic Curve Method 

Thls part taken from the Code outllnes a method for evaluat~on of the 

performance of natural-draft cooling towers from test data uslng characteristic curves 
The results are expressed In terms of water coollng capablllty 

Manufacturer's Data - The manufacturer subm~ts performance data as for 

mechanical-draft towers except that the range of L/G values covered shall 

be extended to at least ~ 4 0 %  of deslgn L/G 
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t Determlnatlon of Test L/G Value - The test value of b/G for the natural-draft 

coollng tower cannot be computed d~rectly as for the convent~onal 

mechan~cal-draft type For thls type the alr f low drlvlng force IS the 

pressure d~fferent~al  from Inlet t o  outlet Due to the d~ff lculty of accurate 

dlrect measurement of air flow or measurement of the properties or the Inlet 

and exlt air streams, a tr~al-and-error procedure IS used for the determlnatron 

of test air flow rate The air flow rate IS assumed and the corresponding alr 

denslty difference drlvlng force computed The resistance to  alr flow IS then 

calculated The tr~als are repeated untll the calculated values of drlvlng 

force and reslstance are equal If computer assistance IS not readlly 

available, the procedure may be exped~ted by graphical means as lnd~cated 

In F~gure 9-12 The test water/ alr ratlo (L/G), IS then computed 

Determ~nat~on of Test KaV/L Value - Uslng the test value of L/G and the 

average test values of hot water temperature, cold water temperature, and 

wet-bulb temperature, the test value of KaV/L IS computed from the 

Equat~on (4) using values of h w  and ha taken from the Code The use of 

the Integration method glven In the Code IS recommended CAI Form 

ATP-12'7, latest edlt~on, may be used for the computat~on 

' 1  

KaVL = 
dT 

AIR FLOW RATE 

F~gure 9-12 Graph~cal Solut~on of Test Alr Flow Rate 
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Determlnatlon of Tower Capabllltv - The polnt representlng the test values 

of L/G and KAV/L from the test data IS located on the manufacturer's tower 

characterlstlc graph Through thls test polnt a curve IS drawn parallel to the 

manufacturer's tower characterlstlc curves Points on thls curve may be 

calculated by using paragraph V of CAI Form ATP-127 The intersection of 

the llne so drawn wlth the deslgn approach llne determines the value of L/G 

at whlch the tower would produce deslgn cold water temperature when 

operating at deslgn range and deslgn alr wet-bulb and dry-bulb 

temperatures The tower capablllty In percent of deslgn water f low IS the 

ratlo of the L/G so determined to deslgn L/G, multiplied by 100 

9 7 2 Performance Curve Method 

Thls part taken from the Code outllnes a method for evaluation of the 

performance of natural-draft coollng towers from test data uslng performance curves 

The results are expressed In terms of water coollng capablllty 

Manufacturer's Data - The manufacturer subm~ts a fam~ly of curves whlch 

correctly relate the pertinent performance variables 

Performance curves appllcable to  9 0  percent, 100 percent, and 1 10 percent 

of the des~gn water flow rate are normally furnished Each set conslsts of 

three or more coollng range curves and three or more relatlve humldlty 

curves, arranged to show the effects of wet-bulb temperature, relative 

-humldlty, and coollng range on outlet water temperature The range curves 

are presented In unlform Increments of O F ,  wlth suffrclent scope to cover 

approximately +20 percent of deslgn range The relatlve humrdrty curves 

are presented In unlform Increments of percent, wlth sufflclent scope to 

cover approximately +40 percent of the deslgn value The deslgn 
condltlons are lndlcated on the set appllcable t o  deslgn water flow rate 

Determlnatlon of Tower Capabllltv - The manufacturer's performance curves 

are cross plotted at test condltlons to determine capablllty 
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From the test wet-bulb temperature, relatlve humldlty, and coollng range, 

a cross-plot relatlng outlet water temperature and pred~cted crrculatlon rate 

is prepared From thls graph the pred~cted water c~rculat~on rate capablllty 

at the test outlet water temperature IS determined Performance IS then 

computed from Equatlon (5) 

fesf gpm Q = 
predrcted gpm x 100 

9 8 Cool~ng Tower Operat~on 

In operation of coollng towers the control of drlft loss IS an Important factor 

Undue molsture can have adverse effects on ne~ghborlng plant equlprnent In 

swltchyards and outdoor Instruments Drlft loss can kill vegetation due to  the 

~nhibltors added to the water or by salt water ~f used for coollng In the system 

Chromate ~nhlbltors, ~f used, are extremely toxlc and thelr dlsperslon needs strlct 

control The rndustry normal for drlft loss IS 0 1 percent of gpm flow To malntain 

thls flgure, baffle-type eliminators are ~nstalled, catchlng most droplets In some 

~nstances, however, even a 0 1 percent drlft may be detrimental to  the 

environment To handle thls srtuation, more sophlstlcated arrangements of baffle 

shape and size are available that can cut drift loss down t o  0 002  percent of 

clrculatlng water flow, although at same sacrlflce In exlt air speed 

Flre protection of combustlble towers IS crucral Once a flre has taken hold In 

an rdle, unprotected tower made of wood components (especially the fill), chances 

are the structure w ~ l l  be totally destroyed because the efflc~ent arrangement of 

wood fill for coollng water IS perfect for almost explosive combustion Fire 

protection recommendat~ons for large mechan~cal-draft towers ~nclude the 

following 

Install automat~c-deluge flre sprinkler system capable of 0 33 t o  0 5 

gpmlsq f t  dens~ty 

Subdiv~de cells by flre partition walls 

Use non combustlble materials 

Prohlblt smok~ng near the tower 

r Supervise cutt~nglweldlng operations 

r Provide fire hydrants nearby 
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0 Plumes from cooling towers can form when warm, moist air exhausting from 

a cooling tower mixes with cooler, ambient air and water vapor condenses and 

becomes visible These plumes may cause local fogging or Icing, or they may just 

be aesthetically undesirable The wetldry mechan~cal-draft cooling tower can 

reduce or eliminate the vlsible plume and problems associated with it 

The wetldry tower has a dry heat exchanger in addition to the conventional 

wet-fill section The amount of water vapor exiting the tower can be controlled by 

changing the proportion of heat rejected In the wet and by sections Tests on a full 

size wetlby tower have shown that for the same ambient conditions, increaslng the 

proportion of heat rejected In the dry section results in increaslng vis~blllty through 

the plume and shorter plume length 
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e 10 0 HEAT EXCHANGERS - CONDENSERS AND FEEDWATER HEATERS 

10 1 Condensers 

Surface condensers are heat exchangers that are essential t o  the efficient 

operation of power plants They serve three basic functions in the plant's operation 

(1) providing a high vacuum environment where the turbine exhaust steam can be 

condensed, (2) deaerating the condensate, and (3) providing a collection point for the 

condensate so that it can be returned to  the steam generator The condenser IS 

perhaps the most Important heat exchanger in the plant, as well as one of the most 

important components in the plant A t  the same time it IS often one of the most 

neglected components A good understanding of its construction, the systems that 

support it, the factors influencing its operation/performance, and the methods of 

testrng it can result in improved unit efficiency 

10 1 I Condenser Theory and Des~gn 

It IS useful t o  examine F~gure 10-1, the temperature surface dragram for a @ condenser, to  understand how it is analyzed and r s  performance is determined 

TEMPERATURE 
OF CONDENSING 
STEAM 

TTD = AT, 

TEMPERATURE 

1 j OF CIRCULATING 

I I WATER 

LENGTH 

Flgure 10-1 Temperature Surface Diagram for a Condenser 
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The condenser is nelther a parallel nor counterflow heat exchanger, but rather 

a cross flow heat exchanger The steam that enters the condenser IS saturated, and 

~f the condenser IS properly designed, it condenses the steam but does not subcool the 

condensate Thus the temperature of the hot fluld, the steam and condensate, IS 

constant at the saturation temperature TsAT for the pressure at whlch the condenser 

IS operating It has been found that the LMTD may be used t o  descrlbe heat transfer 

In the condenser 

The equation for LMTD In the condenser IS 

AT, -AT2 
A T,m = 

AT, w----) 
AT2 

The temperature differences AT, and AT, may be wrltten as follows 

A T = TsAT-T; A T2 = TsAT-To 

where T; = Inlet temperature and To = outlet temperature 

Substituting these values Into the equation for LMTD 

' s a t  ' o 

A trade organlzatlon, the Heat Exchange lnst~tute (HEI), has developed a large 

amount of emplr~cal data and methods that are used In the des~gn of condensers Some 

of thls ~nformatlon is Important for performance monitoring because the deslgn 

performance IS generally used as a benchmark against which to gage actual 

performance Of particular interest 1s the method by wh~ch, condenser performance 

curves may be constructed A typical set of curves IS shown In F~gure 10-2 
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1 I I I I 
0 25 50 75 100 

CONOENSER HEAT LOAD (46 OF MAXIMUM) 

F~gure 1 0-2 Typ~cal Condenser Performance Curves 

These curves can be very useful In unlt operat~on because they can be used to  

establ~sh target values for turbine exhaust pressure, glven the u n ~ t  load and clrculatlng 

water Inlet temperature The following is a method, based on HEl's Standards for Steam 
Surface Condensers, for calculating these curves 

The bas~c approach to  plottlng the curves IS t o  determine the condenser pressure 

by three d~fferent methods for each heat load and each clrculatlng water Inset 

temperature t o  be plotted, and then t o  use the h~ghest of the three The first method 

is to calculate the heat transfer coefflc~ent and use that quantity, along wlth the LMTD 
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t o  flnd the saturatlon temperature TsAT The pressure IS then determlned as the 

saturatlon pressure for that temperature 

The second method IS to  use a mlnlmum value of the termlnal temperature, 

difference (TTD) that HE1 has glven, based on experience, as the best ach~evable to  flnd 

TsAT and P,,, That minlmum TTD IS 5°F 

The t h ~ r d  and last method IS to  use an emp~rlcal curve developed by HE1 that 

gives the best ach~evable backpressure based on the air removal capacity of the 

condenser alr removal system Thls IS a concern at low condenser pressures and low 

clrculatlng water temperatures This 'cutoff' curve (curve A on Figure 10-3) shows 

mlnimurn pressure as a funct~on of clrculatlng water inlet temperature 

The pressure at zero heat load cannot be calculated uslng the method presented 

It IS determlned by assuming that T,,, IS the clrculatlng water Inlet temperature plus the 

mlnlmum TTD of 5 OF Thls value IS glven In the form of a curve for varlous clrculatlng 

water Inlet temperatures by HE1 (see curve B In Figure 10-3) 

The followlng IS a step-by-step procedure to  calculate condenser performance 

that rel~es on various tabulated values for frequently used quantltles These values are 

published by HE1 Some approxlmatlons are also used Thls procedure requires the 
followlng lnformatlon about the condenser and clrculatlng water 

e Total condensing surface area 

Slze (outs~de dlameter and gage) and materlal of condenser tubes 

e Clrculatlng water f low through the condenser 

e Number of passes in the condenser (usually one or two) 

Page 4 



Comb~ned Cycle Power Plants MODULE 10 

CURVE A - CUTOFF (EXCEPT WHERE THE 
2 3  - ABSOLUTE PRESSURE IS LIMITED 

BY 5OF TERMINAL TEMPERATURE 
2 2  - DIFFERENCE) 

2 1  - CURVE B - ZERO LOAD 

2 0  - 
1 9  - 
1 8  - 

p 1 7 -  

Z 1 6 -  
W 

1 5 -  
V) 
V) 
w 1 4 -  
a 
a. 
w 1 3 -  
I- 

3 1 2 -  a * 1 1 -  a 
1 0  - 
0 9  - 

TEMPERATURE OF COOLING WATER TO CONDENSER [ O F )  

F~gure 10-3 Heat Exchange lnst~tute Absolute Pressure L~rn~t  
Curves for Steam Turblne Serv~ce 
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Step 1 Determine the number of tubes from the following equatlon 

where 

MT = number of tubes 
A = total condensing surface area, (ft2) 

a = area of tube per unit length ( f t  '/ft)(from Table 1)  

b = effect~ve length of tube (ft) 

Table 1 Abbreviated Table of Condenser Tube Character~stlcs 

Step 2 Determine the veloc~ty of clrculatlng water through the tubes uslng the 

following equatlon 

where 

VT = veloc~ty of c~rculatlng water through tubes (ftlsec) 
G = clrculatlng water f low rate (gpm) 

Np = number of passes In the condenser 

NT = number of tubes from Step 1 

v = f low per tube at a clrculatlng water velocity of 1 ftlsec 

[gpm/(dt/sec)l 
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e Step 3 Determine the Ideal heat transfer coefflclent from the following 

where 

u, = ldeal heat transfer coefflclent (Btulhr-ft2-OF) 
C = an emplrlcal constant determined by HE1 (from F~gure 10-4) 

VT = velocrty of clrculatlng water through tubes from Step 2 
(ftlsec) 

800- 
518' and 314" C = 267 

750 - 718"and l W C = 2 6 3  
U1 
0 

1 118" and 1 114" C=259 

5 700- 
1 318" and 1 112" C = 255 

K 1 518" and 1 314" C = 251 
1 71W and 2 ' C = 247 

F~gure 10-4 Heat Transfer Coefflc~ent versus Veloc~ty 
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Step 4 Determ~ne the des~gn heat transfer coef f~c~ent  from the following 

where 

u d  = des~gn heat transfer coeff~cient (Btulhr-ft2 - 0 F) 

u I = ideal heat transfer coef f~c~ent  (Btulhr-ft 2 - o F) 

c, = cleanliness factor (%) (usually taken as 85%) 
cm = tube mater~al correction factor from Table 2 (d~mens~onless) 

CT = c~rculat~ng water temperature correction factor from F~gure 
10-5 (d~mens~onless) 

Note that the cleanl~ness factor 1s really the ratlo of the actual heat transferred 

for actual tube cleanl~ness to  the maximum amount of heat that could be transferred if 

the tubes were perfectly clean This ratlo, expressed as a percentage, IS commonly 

known as the cieanl~ness factor Because condenser tubes qu~ckly become d ~ r t y  to  a 

certaln degree, even in well ma~nta~ned condensers, it IS common to  use a des~gn value 

of 0 85, for the cleanl~ness factor 

Step 5 F~nd  AT,, uslng the fol low~ng equat~on 

where 

AT = log mean temperature d~fference (OF) 
a = heat load assumed (Btulhr) 

A = total condens~ng area (ft2) 

u d = des~gn heat transfer coef f~c~ent  (Btulhr-ft2-OF) 
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Table 2 Tube Mater~al Correct~on Factor 

1 I I I I I I I 1 
40 50 60 70 80 90 100 110 120 

F~gure 10-5 Inlet Water Temperature Correct~on Factor 

Tube Matertals 

Admiralty metal 

Arsenical copper 

Copper lron 194 
Alum~num brass 

Aluminum bronze 

90 10 Cu Ni 

70 30 Cu Ni  

Cold rolled low 
carbon steel 

Stainless steels 
Type 30431 6 

T~tan~um 

- 
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Tube Wall Gauge - BWG 

24 22 20 18 16 14 12 

1 06 1 04 1 02 1 00 0 96 0 92 0 87 
1 06 1 04 1 02 1 00 0 96 0 92 0 87 
106 104 102 100 096 092 087 

103 102 100 097 094 090 084 
1 03 1 02 1 00 0 97 0 94 0 90 0 84 
099 097 094 090 085 080 074 

093 090 087 082 077 071 064 

100 098 095 091 086 080 074 

083 079 075 069 063 056 049 

085 081 077 071 - - - 
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4 

Step 6 Assume a heat load 0, and determine the clrculatlng water temperature 

rise as follows 

where 

AT, = temperature rise ( O F )  
Q = heat load (Btulhr) 

G = c~rculatlng water flow (gpm) 

60  = a constant (60 mlnlhr) 

7 481 = a constant (7 481 gal/ft3) 

P = denslty of water (from F~gure 10-6) (Ib/ft3) 

CP = speclflc heat capacity of water (from F~gure 10-7) (Btullb -OF) 

Step 7 Solve for saturation temperature TsAT Thls IS best done by def~nlng a 
worklng lntermedlate value x as follows 

where 

x = worklng ~ntermed~ate value (d~mens~onless) 

ATR = temperature rlse from Step 6 (OF) 

AT,, = log mean temperature d~fference from Step 5 (OF) 

T,,, A = saturatlon temperature from ATlm (OF) 

TI = clrculatlng water Inlet temperature (OF) 
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20 40 60 80 100 I20 140 160 150 200 220 240 260 280 3M 320 

TEMPERATURE ( Fl 

F~gure 10-6 Denslty of Seawater 

101 
SEAWATER CONCENTRATION 

WATER 3 100 

l = z E  QUARTER NORMAL . t 0g9t 
d ONE HALF NORMAL 
U 

x 
2 097t THREE QUARTERS NORMAL 

NORMAL 

NOTE 
THE NORMAL SEAWATER CONCENTRATlON 
USED IN THIS CHART HAS 34483 I MLlOS 
PER 1000 n SEAWATER 

I 1 I 1 I I I I I 
30 40 50 60 70 80 90 100 

TEMPERATURE (OF) 

F~gure 10-7 specrf~c Heat Capaclty of Seawater 
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Step 8 Determine saturation pressure P,,, , from T ,,, , 

Step 9 Determine saturation temperature T,,,, based on mlnirnum TTD, as follows 

where 

T, = clrculatlng water Inlet temperature ( O F )  

AT, = temperature rise from Step 6 (OF) 

5 O F  = a constant, the minimum TTD allowed by HE1 (OF) 

Step 1 0 Determine saturation pressure P,,, , from T,,, , 

Step 1 1 Determine "cutoff" saturation pressure P,,, , from HE1 curve A (Figure 10-3) 

Step 12 The condenser pressure IS the highest of the three, P,,, ,, P,, , and P,,, , 
Note that condenser performance curves determined by the method described 

above are based on a conservative design philosophy A new condenser, with perfectly 

clean tubes, that has just been placed into service may very well perform better than 

design Also, the curves are plotted as a function of heat load, which is not readily 

determined in normal operation Usually, the heat load IS estimated as a funct~on of 

generator load by using design heat balance data 

A number of factors Influence condenser performance The three factors most 

often of concern In operation are the circulating water flow, the cleanliness factor, and 

alr blanketing Consider the first two  factors 

Circulating water flow can be changed considerably ~n most plants by varying the 

number of circulating water pumps in service Most plants have t w o  circulating 

water pumps, ~f only one is in operation, the c~rculating water f low IS generally 

about 60% of that for two-pump operation 

The cleanliness of the condenser generally deterlorates over time Even-a 

condenser with a continuous tube-cleanlng system w ~ l l  probably have an average 

cleanliness factor of only about 85% 
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Flgure 10-8 shows the effect of the flrst two factors on condenser performance 

The third factor, alr blanket~ng, also has great influence on condenser performance If 

air accumulates in the condenser, heat transfer may be reduced dramatically Air 

blanket~ng generally has two  causes, vacuum leaks and air removal equipment problems 

Q9 CLEANLINESS FACTOR = 80% 
ONE CIRCULATING WATER PUMP IN OPERATION 

80°F CIRCULATING WATER INLET TEMPERATURE 
0 CLEANLINESS FACTOR = 60% 

TWO CIRCULATING WATER PUMPS IN OPERATION 

=0° t 809F CIRCULATING WATER INLET TEMPERATURE A CLEANLINESS FACTOR = 80% 
TWO CIRCULATING WATER PUMPS IN OPERATION 

0 OoO I I I I I I 
20 40 60 80 100 120 

DESIGN HEAT LOAD (%) 

F~gure 10-8 Varlat~ons of Condenser Performance w ~ t h  Different Cleanliness Factors 

and Clrculatlng Water Flow 
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Vacuum leaks are a common problem Correcting them usually requires a 

thorough search of most likely leak locations using a helium leak detection 

technique Helium is released at the suspected leak location and checked for at 

the discharge of the air removal pumps or ejectors 

Problems wi th the air removal equipment can also be a problem It is often 

possible to  distinguish between leakage and equipment problems by checking the 

quantity of air removed If a clean condenser with adequate supply of c~rculating 

water has a high pressure with low air flow from the vacuum pumps or ejectors, 

they should be checked 

I 0  1 2 Description of Condenser and Supporting System 

Condensers in modern power plants are generally rather similar, they usually take 

the form of a large metal tank beneath the turbine There are, however, a number of 

possible differences in the arrangement of the condenser 

Although In most plants, the condenser is located directly beneath the low 

pressure turbine(s), there are several variations In the shape, arrangement, flow paths, 

and f low directions These variations are dictated by cost, space limitations, cooling 

water quality and availability, efficiency, and other plant-specific considerations Almost 

all surf ace condensers are custom designed for each plant t o  optimize installatron and 

operating costs for that plant's particular operating conditions 

Variations in type Include round, oval, and rectangular shaped condensing space, 

single pass or double pass, circulating water flow through the tubes either parallel to or 

perpendicular t o  the turbine shaft, and uniform or multipressure condensing Each of 

these features has advantages in initial cost, ease of erection, space requirements, or 

efficiency 
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Most modern plants have rectangular, welded-steel, shell condensers Where the 

supply of coolrng water 1s plentiful, the condenser IS generally angle pass and unlform 

condenslng, wlth the tubes perpendlcular to the turb~ne-shaft Where the supply of 

water IS llmlted and coollng towers are used, condenser characterlstlcs may Include 

double pass clrculatlng water flow, multlpressure condens~ng, and tubes parallel to the 

turblne shaft F~gure 10-9 shows a typlcal rectangular shell, angle-pass, unlform 

condenslng, perpendlcular tube condenser 

TUBE TUBE CONDENSATE 
SHEET SUPPORT OUTLET 

PLATES 

F~gure 10-9 Typlcal Condenser (cutaway) 
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The normal range of operating temperatures for the condenser shells IS from 

ambrent to approximately 1 20°F Because of its large size and the fact that ~t may see 

temperatures as hlgh as 21 2°F In a loss-of-vacuum sltuatlon, ~t must have provlslons for 

a substantlal amount of thermal expanslon In ~ t s  support system F~gure 10-10 
illustrates the two common methods of support In F~gure 10-10(a), the rrng-mounted 

condenser 1s supported prlmarlly by foundatlon sprlngs However, some support IS also 

provided by its connection to the turbine shell Thermal expansion of the condenser shell 

is downward in this arrangement and is accommodated in the support springs 

In Figure 10-10(b) the condenser shell rests sol~dly, on its foundatlon and IS 

connected to the turblne shell by a rubber or metalllc expanslon joint Thermal expanslon 

IS upward and IS accommodated in the expanslon joint It 1s Important to know whlch 

type of support system 1s used for the condenser, because the expanslon joint IS-often 

a source of vacuum leaks 

Baffle plates are installed In the condenser to evenly dlstrlbute the steam exrtlng 

the turblne Wlthout these plates, the uppermost tubes would receive most of the steam 

wlth very llttle reachlng the lower tubes, wh~ch would result In less than optlmum 

coollng water utlllzatlon 

I CONDENSER 
SHELL 
=ONDENSER m SHELL 

SUPPORT , SPRINGS 

(a) SUPPORT SPRINGS (b) EXPANSION JOINT 

F~gure 10-1 0 Condenser Shell Supports 
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To optlrn~ze space u t ~ l ~ z a t ~ o n  and mlnimlze plplng costs, most modern plant 

designs have the low pressure feedwater heaters phys~cally located In the neck of the 

condenser as shown In F~gure 10-10 The relat~vely large extraction steam l~nes from 

the low pressure turb~ne can therefore have the mlnlmum run d~stance, and the dralns 

can flow d~rectly t o  the condenser wlth mlnlmal plplng 

Steam enters the condenser from the turb~ne-generator low pressure exhaust A t  

t h ~ s  p o ~ n t  the steam has a rather h ~ g h  veloc~ty Wh~le ~t IS des~rable for the steam to  

have a certa~n amount of veloc~ty so that some of the steam w ~ l l  penetrate to the center 

of the tube bundle (for more even heat transfer), the moisture In the steam can erode 

the surface of the condenser tubes, eventually causing tube leaks, ~f ~t IS allowed to  

d~rectly str~ke them Therefore, baffle plates are placed at the top of the condenser In 

some des~gns to prevent the steam flow from lmplnglng on the tubes and to  red~rect the 

steam flow for more even heat transfer throughout the tube bundle 

H ~ g h  veloc~ty steam In the condenser IS also desirable to  strlp off any ~nsulat~ng 

alr blankets that may form on the tube surfaces As steam condenses In the condenser, 

noncondensable gases trapped In the steam w ~ l l  come out of solutlon and accumulate 

Air can also leak lnto the condenser through turb~ne glands or other openlngs to  

atmosphere 

If these gases are allowed to  accumulate In the condenser, the natural vacuum 

formed when steam collapses (condenses) lnto water would be lost, and the steam 

cycle would lose much of ~ t s  ef f~c~ency If these gases (pr~mar~ly oxygen and carbon 

d ~ o x ~ d e )  are allowed to  remain In the condenser, the condensate In the hotwell w ~ l l  

absorb them, w h ~ c h  can lead to corrosion In the condensate, feedwater, and bo~ler 

systems Air ejection and removal systems are Installed to  remove these 

noncondensable gases 

Air IS removed from the condenser through arr collect~on headers These headers 
take suction In a sectlon of the tube bundle that IS phys~cally separated from the rest 
of the tubes by baffle plates These sectlons are called the air coolers The alr coolers 
reduce the volume of the noncondensable gases and condense as much steam as 

poss~ble The alr IS then pumped out by air ejectors or vacuum pumps, or a combrnat~on 

of the two  F~gure 10-1 1 shows the arrangement of typ~cal alr cooler sect~ons 
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STEAM TURBINE EXHAUST 
CONDENSER 

SECTION 

LEVEL GAGE 

HOTWELL CONDENSATE 
PUMP / 

TO BOILER THROUGH 
FEEDWATER HEATERS 

Figure 10-1 1 Cross-Sect~onal View of a S~mple Condenser 

As water condenses on the tube surfaces, it will drip off and fall t o  the bottom 

of the condenser Some condensers have trays mounted below the tubes that catch the 

condensate drops before they reach the hotwell Condensate collected In the trays drips 

to  trays located below them Incoming steam is drrected up through the trays As the 

drops fall, noncondensable gases in the water are released and carr~ed away with the 

steam so that they can be removed through the air coolers These trays are called 

deaerating trays, and the princrple of operation IS srmrlar t o  that used in many 

condensate Deaerators 

Many drfferent penetrations in the condenser shell accommodate the various 

systems that Interface with the condenser Condensate suctron, recrrculatron, and vent 
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a Ilnes, heater drlp return Ilnes, condensate pollsher suction and dlscharge Ilnes, 

temperature and pressure probes, and condensate makeup piplng are just a few 

examples of penetrations made In the condenser shell Wherever there IS a penetration, 

the p o s s ~ b ~ l ~ t y  of an air leak exlsts Therefore, pipe connections are welded where 

posslble 

When llnes that carry water to  the condenser are Installed (such as condensate 

makeup), they usually dlscharge through a spray pipe Installed above the tube bundle 

Thus, when makeup condensate IS Introduced t o  the condenser, ~t can perform some 

coollng and condensation of steam, and will be warmed to  the same temperature as the 

hotwell contents when ~t reaches the hotwell Thls process also performs deratlon in the 

condenser 

Water eventually reaches the bottom of the condenser shell, where ~t IS collected 

Thls section of the condenser IS called the hotwell 

Condenser Tubes 

The most Important element In the condenser IS the tubes The tubes carry the 

cooling clrculatlng water on the lnslde, and the outslde provldes the heat transfer 

surface on whlch the steam 1s condensed The capacity of a condenser IS based largely 

on the heat transfer surface available The greatest heat transfer surface would be 

provlded by millions of very tiny tubes However, slnce tubes must have a falrly 

substantlal wall thickness because of the dlfferentlal pressure across them, and to  

mlnlmrze reslstance to  clrculatlng water flow, larger tubes are used 

Many d~fferent materials have been used for condenser tabes alum~num, 

admiralty brass (71 % copper, 28% zinc, and 1 % percent tln), Muntz metal, arsenical 

copper, alumlnum brass, alumlnum bronze, 90-1 0 copper nlckel, 70-30 copper nlckel, 
stamless steel, and titanium The heat transfer coefficient for conductance and the lnltlal 
cost are lowest for alumlnum and Increase through thls list to  tltanlum, w h ~ c h  has the 

hlghest heat transfer coefflclent and lnltlal cost Alumlnum may seem to  be the best 

materlal from the standpoint of initial cost, but actual costs are governed by such other 

factors as reslstance t o  corrosion and eroslon on both the steam and clrculatlng water 

sldes, costs of rnstallat~on, and the actual effectlve heat transfer rate 
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Thls last factor IS espec~ally meaningful when one considers that the tube wall 

reslstance to  heat transfer may account for only 2% of the total Steam slde and water 

slde foullng and fllm resistance may account for the remaining 98% of the total 

resistance Therefore, materlals that tend to  reslst thls foullng and reduce the fllm 

reslstance tend to  have a much better overall heat transfer coefflclent 

Resistance t o  corrosion and erosion is also ~mportant because highly resistant 

materlals will not require frequent replacement Therefore, material, installation, and 

operating downtlme costs are saved As a result of these cons~derat~ons, many modern 

condensers are be~ng bullt or older condensers retubed wlth stainless steel or tltanlum 

tubes 

In the past few years, there have been developments In the area of condenser 

tabes, most notably the lntroduct~on of corrugated tubes such as that shown In F~gure 

10-12 

r COFUGATION DEPTH 

WALL AT CORRUGATION 

t 
PRIME TUBE 
0 D 

-PRIME TUBE WALL 4 CORRUGATION PITCH 

F~gure 10-1 2 Corrugated Surface Tube 

These tubes can have a hlgher heat transfer coeffic~ent than conventional smooth 

tubes because the irregular surface reduces the film heat transfer coefflclent on both the 

lnslde and outslde of the tube 

The arrangement of the tubes wlthln the condenser depends largely on the des~gn 

ph~losophy of the vendor In the main section, the tubes are usually evenly spaced and 

arranged so that steam IS evenly d~str~buted to  all tubes along the entire length of the 
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@ tubes Tubes in the air cooler sections may be more closely spaced to  allow for 

condensing as much steam as possible 

Tube sheets that are exposed to  both the steam and circulating water are made 

of noncorrosive materials Internal tube supports are usually carbon steel, and are 

spaced t o  limit tube vibration caused by hlgh steam flows 

Condenser blotwell 

The condenser hotwell is a collection point f or the condensed steam From here 

the condensed steam is reclrculated through the steam cycle it also serves as a 

reservoir to  accommodate fluctuations in cycle demand while maintaining an adequate 

suction supply for the condensate pumps The size of the hotwell is often determined 

by specifying that it must be able to provide full load condensate f low for a set perlod 

of time (with no steam flow), usually about two  minutes Flnally, the hotwell serves as 

a collection sump for system drains to  prevent unnecessary loss of clean condensate 

The temperature of the condensate is normally at the saturation temperature @ corresponding to  the pressure  vacuum^ in the condenser Under normal conditions this 

temperature IS below 100°F Under certaln conditions, it is possible to  subcool the 

condensate below the saturation temperature, which IS undesirable because more heat 

must be added by the feedwater heaters and HRSG, and the steam cycle becomes less 

efficient 

The level In the condenser hotwell IS maintamed by a level control system The 

level must be maintained below the lowest tubes in the tube bundle to  avoid losing the 

heat transfer of these tubes Also, deaeration of the condenser IS inhibited if the 

condensate covers the deratlng trays A gauge glass is usually provided so that the level 

In the hotwell can be verified locally 

In some hotwells, a trough 1s provided under each tube bundle at the tube sheet 

A small part of the condensate from this trough is continuously sampled t o  detect 

condenser leaks and to identify the leaklng side of the condenser 

The condensate pumps take suction on the hotwell Some hotwells have coarse 
strainers In the outlet llnes to  prevent condenser debr~s from being sucked into the 
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condensate pumps Anti swirl devices that ensure smooth f low to  the condensate 

pumps are also often ~ncluded Because of its close relation with the condensate 

system, the hotwell IS often considered part of that system 

Condenser Air Removal Equrpment 

Air IS removed from condensers using air ejectors, vacuum pumps, or systems 

that employ both methods Removal of alr durlng plant startup IS usually referred to  as 

hogging, therefore, equipment that provides condenser evacuation during startup is 

often called a hogging pump or air ejector 

Air ejectors are a type of jet pump A h ~ g h  pressure gas, air or mote commonly 

steam, IS forced through a nozzle, increasing its speed and decreasing ~ t s  pressure 

(venturi effect) A low pressure area IS created at the exit of the nozzle This low 

pressure area IS connected to  the air removal headers of the condenser F~gure 10-13 

shows a simplified diagram of an air ejector 

NOZZLE DIFFUSER 

I BODY I 

HIGH PRESSURE 
AIR OR 
STEAM 

SUCTION 
FROM 

CONDENSER 

F~gure 10-1 3 Cross-Sectional Vlew of an Air Ejector 

TO 
CONDENSER, 
SECOND STAGE 
OR VACUUM 
PUMP 

If one air ejector cannot create sufficient vacuum alone, t w o  ejectors are placed 

in series The second ejector takes suction on the discharge of the first If steam IS 

used, it IS condensed In an air ejector condenser If t w o  stages of steam-powered air 

ejection are used, the second stage takes suction on the first-stage condenser 
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Air removal vacuum pumps are usually rotary, pos~tlve displacement pumps that 

take suct~on on the air removal header In the condenser The vacuum pumps are 

essent~ally air compressors that compress air at very low pressure (condenser vacuum) 

to  atmospher~c The pumps must be sealed w ~ t h  water to  prevent air from be~ng sucked 

In through casing penetrat~ons Seal water IS suppl~ed by a seal water pump, wh~ch  may 

operate off the maln motor or pump shaft or have a separate motor that starts when the 

vacuum pump IS started 

As In any alr compressor, heat 1s generated as the alr IS compressed In some 

systems, a heat exchanger cools the seal water and removes t h ~ s  heat The alr 

d~scharged from the vacuum pump enters a receiver or separator, where any water 

vapor conta~ned In the alr IS condensed T h ~ s  separator also serves as a reservoir for 

seal water A supply of condensate IS usually prov~ded to the separator for makeup 

purposes Air, w ~ t h  the water vapor removed, IS then exhausted to  atmosphere through 

an Internal or external s~lencer 

A flowmeter IS normally located at the d~scharge of the separator to  monltor the 

amount of arr be~ng removed from the condenser Dur~ng normal operation, t h ~ s  should * be a fa~r ly small amount If greater than normal air flow IS lnd~cated, an air leak exsts 

in the condenser, and steps should be taken to  f ~ n d  ~t and e l~m~nate ~t 

Vacuum Breakers 

The condenser shell IS equ~pped w ~ t h  one or more vacuum breakers The purpose 

of the vacuum breaker IS to  prov~de a means of qulckly break~ng the vacuum In the 

condenser In an emergency or when shutt~ng down the turblne 

The vacuum breaker can be any type of valve, but IS usually a butterfly valve It 
may be operated by a motor-dr~ven actuator, normally controlled from the control room 
Because large amounts of arr are drawn Into the condenser when the vacuum breaker 
IS operated, the Inlet IS usually protected w ~ t h  a screen or other type of fllter to prevent 
the ~ntroduct~on of debr~s into the turblne 
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Some vacuum breakers are mounted to  provide a reservorr of condensate on top 

of the valve Thls conflguratlon IS shown In Flgure 10-14 The condensate helps seal the 

valve, and ~f there IS leakage past the valve seat, condensate (not alr) will be drawn Into 

the condenser The reservolr IS usually equrpped wlth a level control mechanism, whlch 

malntalns a set level of condensate In the reservolr by admlttlng makeup water when 

level falls to a set p o ~ n t  due t o  leakage or evaporat~on 

PROTECTIVE 

MAKEUP 
CONDENSATE 

CONDENSATE 

TO 
CONDENSER 

F~gure 10-14 Vacuum Breaker Valve w~th Condensate Seallng 

Condenser Coollng Water 

Coollng water for the maln condenser IS supplled by the clrculatlng water system 

whlch draws from and discharges to  a river, the ocean, a reservoir, or a coollng tower 

The clrculattng water IS routed through the condenser by large diameter plpes (generally 

several feet rn diameter) that are connected to  water boxes on elther end of the 

condenser shell where the tubes pass through the tube sheets These water boxes serve 
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@ as plenum chambers on the supply end and collecting chambers on the exlt end of the 

tabes They are deslgned to mlnlmlze turbulence and the resultant energy losses most 

are of welded steel construction and are llned wlth a materlal such as rubber, epoxy, or 

cement t o  mlnlmlze eroslon and galvanlc corroslon between themselves and the 

copper-based alloys In the tabes and tube sheets Addltlonally, zlnc anodes are normally 

Installed In the water boxes as sac r~ f~c~a l  elements They are particularly Important 

where the clrculatlng water IS seawater or bracklsh water, elther of whlch IS an Ideal 

electrolyte for galvanlc corroslon 

Water boxes are bolted to  the condenser shell over the tube sheets Boltlng 

allows for removal and replacement of tubes because tube lengths are more than over 

40 feet 

Almost all condensers are provlded wlth Inlet and outlet valves Clrculatlng water 

Inlet and outlet valves t o  the condenser are usually large dlameter butterfly valves Most 

condensers have a dlvlded clrculatlng water flow path through the condenser, so two  

Inlet and t w o  outlet valves per condenser are provlded Thls arrangement allows 

lsolatlon of one-half of the condenser water slde whlle the plant IS operating at one-half 

load Thls lsolatlon would be necessary ~f a tube leak developed In one slde of the con- 

denser water slde and the plant could not be completely shut down to repair or plug the 

leak, or ~f the tubes needed cleanlng On once-through clrculatlng water condensers, 

outlet valves mav not be Installed 

The lnlet and outlet valves are normally motor operated In some plants, only the 

Inlet valves are motor operated, the outlet valves berng operated manually In these 

plants, the Inlet valve to  the condenser IS often the discharge valve from a clrculatlng 

water pump lndlcatlon of valve posltion IS usually provlded In the control room 

Vents are provlded on each water box to allow alr t o  escape durlng system 
charg~ng and fllllng and to  vent alr trapped In the clrculatlng water that may accumulate 

In the hlgh polnts of the water boxes It IS extremely ~mportant that thrs alr be vented 

and not allowed t o  accumulate As the alr collects ~t will lower the llquld level In the 

water box If the level gets low enough some of the condenser tubes may not receive 

any coollng water, whlch reduces the heat transfer efflclency of the condenser 
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On units with manual vents, the water boxes should be vented periodically or 

whenever air ss seen in the gage glasses Some units have manually operated vents on 

the inlet water boxes and automatic vents on the outlet water boxes These condensers 

usually have tubes that slope up slightly toward the outlet end, which will cause the air 

to accumulate In the outlet water box during normal operation 

Some unlts, usually condensers that utilize once-through cooling, are equipped 

with vacuum priming systems In once-through systems, a siphon effect is created by 

the returning circulating water falling from the condenser elevation to the discharge 

point This siphon effect results in air being pulled out of solution in the condenser 

water boxes and collect~ng there The vacuum prlmlng system continuously removes 

this air from the water boxes during startup and normal operation to prevent the 

condenser tubes from becoming air bound During system fill and startup, the vacuum 

system ensures that high points In the condenser are filled with circulating water 

The vacuum priming system is normally composed of one or two vacuum priming 

pumps (or air ejectors), alr removal traps, and associated piping A diagram of a typ~cal 

vacuum priming system IS provided in Figure 10-1 5 

The priming air ejectors are usually single-stage, steam-driven ejectors sized to 

overcome the siphoning vacuum created in the water boxes The pumps take suction 

on air traps located off high points in the condenser water boxes The air traps prevent 

the entry of circulating water into the vacuum system which could flood the system 

The air-steam mixture from the priming ejector IS usually exhausted to atmosphere 

Condenser Tube Cleaning 

The main problems with operation of the condenser water side are corrosion, 

erosion, and fouling of the condenser tubes In once-through condensers using 

seawater, marine growths such as barnacles and algae can cause fouling and possibly 

plugglng of the condenser tabes Sand entrained In the seawater can sometimes cause 

erosion of the inner surfaces of the tabes and can eventually lead to tube leaks 

Thss probllem IS controlled by lirnlting the velocity of the c~rculating water through 

the tubes (a system design consideration) 
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PRIMING 
SYSTEM 

AIR WECTOR s STEAMlAlR - MIXTURE 
TO ATMOSPHERE 

AUXl LlARY 
STEAM 

F~gure 10-1 5 Vacuum Brrmrng System 

Three bas~c methods of cleanlng the condenser tube water sldes are back 

washlng, mechanrcal clean~ng, and chemlcal clean~ng On condensers so equipped, flow 

through the condenser can be reversed, back washrng the tube Thrs procedure IS 

part~cularly useful In removing debr~s that may be block~ng the rnlet water box and 

tubes Thls procedure is only posslble on condensers that have the necessary extra 0 valves and plplng Installed 
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The second method 1s mechanlcal cleanlng One type of mechanlcal cleanlng is 

wlth a contrnuous cleanlng system, the most common belng the Amertap tube cleaning 

system Thls system circulates abraslve sponge rubber balls through the condenser 

tubes during operation The balls clean the tubes as they pass through, they are 

collected In the circulating water outlet plplng, cleaned, and reused A diagram of thls 

system 1s shown in F~gure 10-1 6 

RECIRCULATING PUMP COLLECTOR 7- 

WATER 
OUTLET 

WATER 
INLET 

Flgure 10-1 6 Continuous Tube Cleanlng System 

If the condenser 1s out of service or ~f load IS reduced below 50%, the water 

boxes may be entered and the tubes cleaned manually The tubes are cleaned by 

pushlng brushes or metal scrapers through the tabes wlth hlgh pressure air or water 

often, one side of the condenser water side will be shut down t o  allow for debris 

removal from the rnlet water boxes If thls debrls IS not perrodically removed, the Inlet 

to  the condenser tubes can become blocked, reduclng condenser efflclency 
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Chem~cal cleanlng of the condenser tubes IS the least deslrable method of 

cleanlng Usually, chem~cal cleanlng agents use an ac~d-foam m~xture that IS appl~ed 

when the plant IS shut down Chemlcal cleanlng IS much more expenslve than 

mechan~cal cleanlng 

Another method of tube cleanlng, commonly known as a hydroblaster IS also 

used It conslsts of a spray nozzle that flts Into the condenser tube and may be drawn 

along its ent~re length water at very h ~ g h  pressures IS sprayed through the nozzle 

Results comparable to  chemlcal cleanlng have been attalned using the hydroblaster 

Tube leaks allow maln clrculatlng water to  enter the steam s~de and mix wrth the 

condensate, contamlnatlng ~t If the leak IS small, a condensate pollsher will be able to  

remove the contaminants If the leak IS large, load on the plant may have to  be reduced 

and the leaklng clrculatlng water s~de  Isolated and dralned 

Leaklng tubes are always plugged at both ends Depending on operat~ng 

cond~t~ons, up t o  about 15% of the tubes In a condenser may be plugged before 

retublng IS requlred 

Retublng IS a costly and extenslve operation, requlrlng the removal of condenser 

water boxes and replacement of all tubes w ~ t h  new ones Normally, plugglng of leaklng 

tubes w ~ l l  be conducted for as long as poss~ble before retublng IS cons~dered 

10 1 3 Condenser Test~ng 

In routlne condenser testing the parameters that are generally determlned are the 

overall cleanllness factor, termlnal temperature d~fference, and the condenser pressure 

The cleanllness factor IS usually the ratlo of a deslgn heat transfer coefflc~ent 

determlned from HE1 data to  the overall heat transfer coefflc~ent Thls des~gn heat 
transfer coefflclent IS determlned In the same manner as descr~bed In the method for 

calculating condenser performance curves 

The parameters that must be measured for such testlng are the condenser 

a pressure, the clrculatlng water ~n le t  and discharge temperatures, and the heat load on 

the condenser Measurement of the heat load IS the most d ~ f f ~ c u l t  of these There are 
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a number of different ways of determining the heat load, and most of them are an 

approxlmatlon The most drrect method IS to measure the clrculatlng water flow rate 

and the temperature rlse across the condenser The heat plcked up by the clrculatlng 

water, calculated as the product of the mass f low rate, the temperature rlse, and the 

heat capacity of the water, IS the heat load The problem with thls method in practice 

IS making an accurate measurement of the circulating water f low rate In most power 

plants no provlslon IS made for determlnatlon-of thls parameter directly It is most offen 

estlmated uslng design pump curves of flow versus head, whlch can result In 

considerable Inaccuracy because the deslgn curves are seldom verifled by testlng 

Also, no provlslon IS generally made for pump deterloratlon Such deterloratlon can be 

slgnlflcant, particularly for clrculatlng water pumps In open systems where the pumps 

take suctron dlrectly from a source, such as a river, wlth silt and debrls that cause 

lmpeller and seal erosion 

Clrculatlng water f low IS also sometimes estlmated by chemlcal concentratlon 

techniques that lnvolve ~njectlng a chemlcal at the clrculatlng pump Inlet and checklng 

the chemlcal concentratlon at the dlscharge of the condenser Thls method can have 

wlde varlatlons In accuracy and generally does not provlde for repeatable, trendable 

results The best way to determine circulating water flow rate is by dlrect measurement 

An essential requirement for accurate flow measurement, regardless of the flow alement 

used, IS that the measurement be made a locatlon where there IS a stralght run of 

pipe before and after the polnt of measurement The veloclty proflle In such locatlons 

IS well developed and symmetric, and produces an accurate measurement using flow 

elements such as the Annubar Access to  such a locatlon, however, IS not always 

posslble Many plants have the crrculatlng water pipes buried from the pump dlscharge 

to  the entrance and dlscharge of the condenser The only accessible portlon of thls 

plplng IS generally at the entrance and exlt to the condenser near 90" elbows as shown 

In F~gure 10-1 7 

Attempts to  measure flow at the locations for the arrangement shown 

In F~gure 10-17 uslng nonlntruslve, devices have been made /c 
They have not, however, resulted In repeatable results 
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PUMP/SCREEN 

RlVERlOCEAN 

WATER INLET WATER 
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CIRCULATING 
C l  RCULATING PlPE 
WATER PUMP DISCHARGE 

SCREEN 

F~gure 10-1 7 Typical C~rculating Water System Arrangement 

Another method of determining heat load is to determine the mass flow rates of 

all the flows Into the condenser and their enthalples as they enter All the flows end up 

at the same enthalpy, whlch IS that of the condensate In the hotwell By summing the 

products of the indrvldual mass flows wlth the enthalpy changes they undergo, rt is 

posslble to find the heat load The practical diff~culty of thls method IS substantlal 

A full scale test of the maln turblne IS necessary to calculate the mass flow of the 
turblne exhaust and its enthalpy It IS also necessary to measure any other flows and 

thelr enthalples, such as drams to the condenser and the boiler feed pump turbine 

exhaust flow In practice, thls rlgorous procedure IS seldom followed Many 

approximatrons and assumptlons are usually made that slmplify the process but sacrifice 

accuracy 

Page 31 

E;GQ 



Combined Cycle Power Plants MODULE 70 

One of the approximations of ten made IS to take the heat load as the product of 

the condensate f low from the hotwell to  the condensate pumps and the difference 

between the enthalpy of the condensate at that point and an assumed, average value 

of the enthalpy of the steam entering the condenser, usually taken to  be 950-970 

Btu/l b 

Another method lnvolves taklng a heat balance around the tarb~ne cycle The heat 

charged to  the turblne cycle IS calculated, then the gross generator output and any other 

heat or energy losses other than the heat rejected to  the condenser are subtracted from 

that heat The heat energy that remalns is the heat rejected to  the condenser Once 

again, the practical difficulties of thls method are considerable if accurate results are 

required An accurate turbine cycle test is the only really accurate way of determining 

the heat charged to  the cycle 

Whlle the heat load on the condenser IS perhaps the most difficult parameter of 

performance to  measure, it IS not the only area of difficulty Accurate determination of 

the condenser pressure IS also a problem because the steam In the condenser IS 

decelerating from a very high speed to rest The velocities of steam at various places 

in the exhaust hood are very different, which can result in different pressures being 

measured in different parts of the exhaust hood The importance of accurate pressure 

measurement may be appreciated when one considers that an error of only 0 1 inch Hg 

can result In a difference of 2°F in saturation temperature 

Experience has shown that to obtaln an accurate determination of that pressure, 

it should be measured using a device called a basket tip at a number of different points 

in the exhaust hood 

Finally, In the area of measurement of parameters, it is difficult to  determine 

accurately the temperature of circulating water leaving the condenser because of 

temperature stratification at the outlet of the condenser Some tests have shown as 

much as 9°F temperature difference when traversing across the circulating water 

discharge plpe Four temperature measurements at 90' spacing In each circulating water 

discharge pipe are needed to overcome this error 
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0 With all the dlfflcultles Inherent In testrng condensers, one mrght rlghtly conclude 

that ~t IS dlfflcult t o  devlse a test that will provlde meanlngful results That IS In fact the 

case, particularly ~f absolute accuracy IS requlred It IS possible, nonetheless, to  do 

testlng that will provlde meanlngful trendable results In the sense that they will be 

repeatable 

Repeatablllty may be achleved by careful attention to gathering data and ensurrng 

constant, repeatable test condlt~ons The factors that should be considered Include the 

followlng , 

e Backwashlng and cleanlng should be done lmmedlately before the test Many 

unlts are equlpped wlth provlslons for backwashlng and continuous tube cleanlng 

Alr removal equipment can have a slgnlflcant Influence on the performance of the 

condenser Thls equlpment IS necessary because there are small amounts of 

noncondensable gases In the steam that IS condensed These gases can 

accumulate In the condenser over tlme and can 'blanket' the condenser causlng 

signlflcant reduction In the heat transfer of the condenser ~f alr removal 

equlpment IS Inadequate It IS therefore necessary to  ensure that the alr removal 

equlpment IS operating properly before dolng any testlng 

The waterboxes must be full Alr dissolved In the clrculatlng water will come out 

of solutlon and accumulate In the waterboxes As a result, some top condenser 

tubes are empty and contribute nothlng to  heat transfer The slght glass on the 

condenser should be checked t o  ensure that ~t IS full before beglnnlng any test 

It IS Important not to  open the waterbox vent to  check the waterbox level on a 

condenser wlth a slphon-type clrculatlng water system Alr will be drawn Into- 
the system rather than vented out 

10 1 4 Calculation of Condenser Test Results 

The followlng calculation procedure IS one commonly used In determlnatlon of 

condenser test results It conslsts of determlnlng the cleanliness factor, termlnal * temperature difference, and amount of condensate subcoollng The last two  are 

stra~ghtforward calculat~ons The flrst IS considerably more lnvolved 
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The cleanl~ness factor IS tak~n as the ratlo of the deslgn cleanliness factor to the 

actual The deslgn cleanliness factor IS determlned uslng HE! data and algorithms In a 

manner slmllar to  the way it IS determined In calculating the condenser performance 

curves As mentioned earller, thls method can lead to  some error because the HE1 

standards used are for deslgn, not performance monltorlng, and as such they tend to  

be conservat~ve Spec~f~cally, the tube material and thickness correctlon factors glven 

by HEI, shown In Table 2, have been critlclzed by some as belng too conservatlve, 

particularly for tltanlum and stamless steel 

Also, the temperature correctlon factors shown In F~gure 10-6 were determlned 

from tests where the lowest temperature used was about 55°F Values for temperatures 

below 55 O F  were extrapolated because ~t would generally be unreasonable to  deslgn a 

condenser for lower temperatures, conslderlng total condensing area and other factors 

Obv~ously, however, ~t IS often necessary t o  perform tests at temperatures lower than 

55"F, and thls may result In the ~ntroductlon of some error 

The HE1 standards are nonetheless the best available lnformatlon for predlct~ng 

perf orrnsntx They have hm meel ~ r r  cakutating-test results formany years a v ~ r h  
success One should slmply be aware of the~r  l~ rn~ta t~ons  

The calculat~on procedure that follows IS very slmllar to  that for condenser 

performance curves The curves and tables used 11.8 the procedure are the same as those 

used for that calculation It IS assumed that heat load IS determlned by tak~ng the 

product of the clrculatlng water f low rate, the clrculatlng water temperature rise, and 

~ t s  heat capaclty 

10 1 5 Determ~nat~on of Cleanl~ness Factor 

Step 1 Calculate heat load 

Where 

B = heat load (Btulhr) 

G = clrculatlng water f low rate (gpm) 

6 0  = a constant (60 minlhr) 
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7 481 = a constant (7  481 gal/ft3) 

P = dens~ty of water at the clrculatlng water Inlet temperature 

(from F~gure 10-6) (Ib/ft3 ) 

cP = speclflc heat capaclty of water at the clrculatlng water Inlet 

temperature (from F~gure 10-7) (Btullb- O F )  

To = temperature of clrculatlng water at the outlet (OF) 

T, = temperature of the clrculatlng water at the Inlet (OF) 

Step 2 Calculate actual heat transfer coefflc~ent 

U, = Q/(AT,, x a x L x NT) 

where 

u a = actual heat transfer coef f~c~ent  (Btulhr-ft2) 

AT,, = log mean temperature d~fference (OF) (f~ndlng TsAT from the 

steam tables uslng condenser P,,) 

a = surface area per unlt length per tube (from Table 1) ( f t  2/ft) 

N T = number of unplugged tubes 
L = effectlve tube length (ft) 

Step 3 Calculate the veloc~ty of water through the tubes 

where 

VT = veloc~ty of c~rculat~ng water through tubes (ft/sec) 
N P = Number of passes ~n the condenser (d~menslonless) 
G = ctrculatlng water flow rate (gpm) 

N P = number of unplugged tubes 
v = flow per tube at a clrculatlng water veloc~ty of 1 ft/sec (from Table 

I) [gpm/(ft/sec)l 
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Step 4 Determine the rdeal heat transfer coefficient from the fol low~ng 

where 

u, = !deal heat transfer coeffrcrent (Btulhr-fl *-OF) 
C = an emprrical constant determrned by HE1 (from Figure 10-4) 

'4 = veloc~ty of circulating water through tubes from Step 3 (ftlsec) 

Step 5 Determine the design heat transfer coefficient from the followrng 

where 

Ud = design heat transfer 
coefficient (Btulhr-ft 2 OF 

u, 
0 

= ideal heat transfer coeffrcient (Btulhr-ft '-OF) 

cm = tube material correction factor (from Table 2) (dimensionless) 
Cf = circulatrng water temperature correction factor (from Figure 10-5) 

(dimensionless) 

Step 6 F~nally, the cleanlrness factor IS calculated from the following 

where 

G = cleanlrness factor (%) 

U a = actual heat transfer coefficient (Btulhr-ft 2-0F) 

u~i = design heat transfer coefficient (Btulhr-ft '-OF) 

10 1 6 Factors Affect~ng Condenser Performance 

Several factors directly affect condenser performance It is important for plant 

engineers to  understand the symptoms and causes of these problems so that 

performance degradatron can be recognized and corrective action initiated 
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Figure 10-18 shows the effect of flve srmulated condltlons that mlght be 

expected from the condenser over a perlod of tlme Condenser load, absolute pressure, 

steam temperature (converted from the absolute pressure at saturation condit~ons), 

clrculatlng water Inlet and outlet temperature, and air leakage are measurements that 

would be monitored routinely and are plotted over the simulated time perlod The 

termlnal temperature dlfference (TTD) represents the dlfference between the steam 

temperature and the outlet water temperature, and the temperature rlse represents the 

Increase In the clrculatlng water temperature The lnltlal temperature dlfference IS the 

difference between the Inlet clrculatlng water temperature and the steam temperature 

By recording and checking these or other data per~odlcally, the engineer can get a good 

lndlcatlon of what IS happening In the condenser 

The following subsections dlscuss several factors that alter condenser 

performance 

10 1 7 Low Clrculatlng Water Flow Rate 

A reductlon In clrculatlng water f low rate can be caused by tube plugging or 

fouling A reductlon in condenser vacuum (an Increase in absolute pressure) will occur, 

which results In an Increase In condenser steam temperature Wlth a constant Inlet 

temperature, the clrculatlng water outlet temperature will Increase as will the termlnal 

temperature dlfference operators can watch purmp discharge pressures and pump 

motor current for clues as to  tube sheet plugglng Typically, condenser condltlon can 

be returned t o  normal by backwashlng or otherwlse allevlatlng the low f low rate 

Correctly deslgned backwash or reverse f low systems provlde the requlred 

correctwe f lushlng actlon to maintam an open water clrcult In the condenser whlle the 

unlt IS operatrng, thus avoiding the frequent and costly shutdowns that would otherwlse 

be needed t o  open the condenser and carry out the necessary cleaning 
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JUNE JULY AUGUST 

F~gure 10-1 8 Condenser Cond~t~ons Over a Per~od of T~me  

10 1 8 H~gh Alr Leakage 

Durlng a perlod of hlgh alr leakage, when air blankets tube surfaces, condenser 
vacuum decreases An ~ncreased steam temperature and termlnal temperature difference 
result The source of an air leak should be located as soon as practical Poss~ble sources 

Include leaklng ~solatlon valves, valve packlngs, ~mproperly sealed turbine-condenser 

joints, or condenser shell weld leaks H~gh air leakage hurts performance at all loads and 

especially at low loads 
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10 1 9 Fouled Condenser Tubes 

Dlrty or fouled condenser tabes affect condenser performance rn a manner srmrlar 

t o  hlgh air leakage Condenser absolute pressure Increases (wlth the decrease in' 

vacuum) because of the reduced heat transfer capablllty Thls Increase In turn results 

in a hlgher steam temperature and a greater termlnal temperature d~fference Poor heat 

transfer due t o  tube foullng affects vacuum performance at all loads, but IS most 

noticeable at h ~ g h  loads 

Backwashlng has been mentioned as a means for preventing bulldup of debrls or 

slit Algae and slrme accumulat~on can be controlled and mrnlm~zed by per~odlcally 

feedlng chlorine Into the clrculatlng water Typically, the chlorlne IS fed for 10 mlnutes 

t o  produce at least one-half part per million chlorlne res~dual at the condenser outlet 

Any old algae or slrme deposits that have collected can be removed only by mechan~cal 

means 

10 1 10 H~gh Inlet Water Temperature 

Hlgh Inlet water temperature does not affect condenser performance per se, but 

~t does affect most of the condenser temperature values and ~t Increases the turblne 

backpressure For a constant load, there IS no change In condenser dlf f erentlal 

temperature However, the Increased Inlet temperature means the outlet temperature 

and steam temperature also Increase Thls leads to  a reductron In condenser vacuum 

(Increased absolute pressure) and In termlnal temperature d~fference 

10 1 1 1 Reduct~on In Load 

A reduction In turblne load does not affect condenser performance per se elther, 

but the effects of this reduction on other parameters must be understood A reduced 
load results In a reduced temperature rlse across the condenser and thus In a lower 

outlet temperature It follows that steam temperature, absolute pressure, and termlnal 

temperature d~fference w ~ l l  decrease 
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Data taken at a different load may be compared w ~ t h  that at the deslred load In 

a manner slmrlar t o  that shown In F~gure 10-19 Load t o  the condenser IS plotted In 

terms of Bta per hour or krll load versus temperature rise and lnltlal temperature 

dlfference (dlfference between steam and Inlet water temperature) Rlse will be a 

stralght llne from zero at no load t o  the maxlmum rise at full load Slmllarly, the lnltlal 

temperature dlfference will also be a stralght llne 

LOAD 

F~gure 10-1 9 Effect of  Chang~ng Condenser Load on Operat~ng Var~ables 

The d~fference between these t w o  stralght llnes represents the termlnal 

temperature dlfference The rise will be the same llne for all operating loads and water 

temperatures for a glven clrculatlng water f low There will be a separate curve for the 

lnltlal temperature dlfference and the ternllnal temperature dlfference for varlous Inlet 

temperatures 

10 2 Deaerators 

Deaerators are feedwater heaters, and they serve the same functlon as the closed 

feedwater heaters The dlfference between the closed feedwater heater and the open 

deaerat~ng heater IS In the method of heatlng the feedwater The open heater heats 

water by actually mlxlng the hot water w ~ t h  steam Thls method has advantages that, 

as w e  shall see, enable the deaerator t o  serve other purposes 
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10 2 1 Deaerator Theory 

Early steam plants often exhausted steam to the atmosphere rather than 

condensing it and returning the condensate to the steam cycle As a first refinement in 

these noncondenslng plants, the open feedwater heater was introduced The reason 

for using this heater at the time was simply t o  try t o  recapture some of the available 

heat energy that was literally evaporating ~ n t o  the air The reasoning was that if we 

saved the heat of vaporization of this escaping steam by using it to  heat the feedwater, 

each pound of steam 

would give up 970 Btu 

The first open heaters were comparatively crude compared with those used 

today Steam was admitted to  a vessel at atmospheric pressure Water was sprayed 

Into the top of the vessel and allowed to cascade over trays to a reservoir at the bottom 

of the vessel Chemical impurities such as lime, were deposited on trays as the water 

flowed over them There was often a coke filter at the bottom of the vessel and before 

the drain to  further clean up the water In such an open heater, the feedwater was gen- 

erally heated to  within about 1°F of the heating steam, thus the water was very nearly @ at the saturation point Excess steam was simply allowed t o  vent t o  atmosphere 

The features and properties of the open heater have what may have been an 

unexpected benefit The solubility of gases in water is a function of the vapor pressure 

of the water in accordance with Dalton's law and Henry's law As the water in a pan 

of water on a stove approaches the boiling point, the solubility of gases (such as air) 

dissolved in the water approaches zero and these gases are released Thls is exactly 

what happens in an open heater The gases that are driven off are vented out of the 

vessel along wi th  the excess steam 

Removal of dissolved gases in boiler feedwater is Important because they are very 
corrosive at the elevated temperatares in the boiler This IS particularly true of oxygen, 
but also of carbon dioxide and ammonia Thus, the name deaerator IS something of a 

misnomer because the device does not simply remove air, it removes corrosive gases 

All open heaters are not necessarily deaerators Open heaters whose effectiveness in 

oxygen removal aproaches about 7 t o  5 parts per billion are classed as deaerators In 

0 modern power plants, almost no open heaters are bullt that are not deaerating 
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The thermodynamic analysis of the deaerator IS sim~lar to  that of a closed 

feedwater heater but somewhat simpler The principal difference is in the analysis of 

heat transfer Parallel flow, counterflow, and log mean temperature difference do not 

apply The measure of effectiveness of heat transfer is still the TTD, which is defined 

in the same way The degree of approach is meaningless because the heating fluid, the 

steam, mixes with and condenses in the heated fluid, the feedwater 

Feedwater is admitted to  the deaerator at initial conditions of TI and P, and mixed 

with the steam in the deaerator The mixture of heated feedwater and condensate exits 

at T, and P, Note that h, is taken with the assumption that the exiting mixture has 

been heated t o  saturation temperature of the heating steam 

We may write the following equation 

where 

w = mass f low rate ofenter~ng feedwater (Iblhr) 
= specific enthalpyof entering feedwater (Btullb) 

= mass f low rate of entering heating steam (Iblhr) f i  
= specrfic enthalpyof the heating steam (Btullb) 
= mass flow rate ofthe exiting feedwater (Iblhr) 
= specific enthalpyof the exiting feedwater (Btu/lb) 

The actual arrangement of the deaerator in - the power plant cycle is somewhat 

more complicated F~gure 10-20 shows a typ~cal arrangement in a cycle as ~t would 

appear in a heat balance 

Feedwater IS generally pumped into the deaerator by the condensate pump The 

deedwater exiting the deaerator supplies suction t o  the boiler feed pump Heating 

steam IS supplied t o  the deaerator from turbine extract~ons Deaerators can be used 

at  a varlety s f  pressures, ranging from as high as 800 psi to  below atmospheric 

pressure 
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F~gure 10-20 Deaerator In a Heat Balance Cycle 

The deaerator heats feedwater by mlxlng ~t wlth steam There are three 

mechanisms for accompl~sh~ng thls mlxlng The flrst IS the spray The water IS sprayed 

In a f Ine mlst Into the area of the deaerator that contains steam Dlvldlng the water @ into tiny droplets Increases the surface-to-volume ratlo of the mass of water. thus 

facll~tatlng better heat transfer 

The second method IS admlttlng steam t o  a volume of water The steam IS 

generally admltted through a scrubber. whlch IS simply a plpe w ~ t h  many tlny holes 

The many llttle jets of steam then bubble up through the water volume, much of the 

steam condensing as ~t goes, transferring its heat of vaporlzatlon to  the volume of 

water Bubbllng the steam through the water also agitates the water, whlch helps t o  

deaerate ~t F~gure 10-21 shows an older deaerator design that uses both of these 

methods 

The th~ rd  method of heatlng IS cascading the water over trays Thls causes the 
feedwater to  form thln sheets from whlch gas bubbles can easlly escape Thls method 

also has the advantage of agltatlng the water Agltatlon IS Important In the mechanism 

of deaeratlon The noncondensable gases form tiny bubbles In water as ~t is heated and 

approaches saturation Thls phenomenon IS the same as the bubbles that cling t o  the 

slde of a pan of water belng heated t o  bolllng on a stove Agltatlng the water and @ forrnlng thln sheets of water help remove these bubbles from the water 
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A VENT TO ATMOSPHERE 
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Figure 10-21 Deaerator and Deaerator Storage Tank 

Some feedwater heaters use only one of the three methods described, and In 

some appllcatlons one method may be ~neffectlve Most modern deaerators use only 

the spray and cascaded tray methods F~gure 10-22 shows a typlcal modern deaerator 

that uses trays and sprays wrth a storage tank 

The deaerator must be vented, to carry off the noncondensable gases released 

from the feedwater Thls continuous vent can cause a loss of energy A further 

refinement that reduces thls loss is the vent condenser w h ~ c h  IS slmply a heat 

exchanger wlth deaerator vent steam on the shell slde and cold feedwater that enters 

on the tube s~de  Unfortunately, many of the noncondensable gases often become 

reentrarned In the condensate dralnlng back Into the deaerator Because of this 

problem, vent condensers are not often used in modern plants Most of the vented 

steam ss condensed and dralned back into the deaerator The feedwater is heated 

somewhat before ~t enters the deaerator F~gure 10-23 shows a deaerator that 

employs both spray and cascading trays for heat~ng and deaerating as well as a vent 

condenser 
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CONDENSATE INLET 

HIGH PRESSURE 
HEATER DRAIN DE AERATOR STEAM INLET 

DEAERATOR 
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F~gure 10-22 Typ~cal Tray-Type Deaerator and Storage Tank 
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F~gure 10-23 Deaerator w ~ t h  Integral Condensate Storage Volume 
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Use of materials In deaerators is a serious consideration The feedwater entering 

the deaerator IS highly corrosive The mater~al In the area where steam and water are 

mixed, therefore, must be highly resistant to  corrosion, such as stainless steel or 

Monel - Many deaerators have a condensate storage volume, w h ~ c h  may be integral 

(as shown in F~gure 10-23) or separate The material in this area sees only deaerated 

water and thus may be of a less corrosion-resistant, and less expensive, material such 

as carbon steel 

Another cons~derat~on In use of the deaerator In a power plant IS that most 

deaerators supply suction to the boiler feed pump(s) The deaerator is generally placed 

as high in the power plant as possible This placement prov~des a water head that can 

be sufficienr to  sat~sfy the net posltive suction head of the boiler feed pump(s) and can 

eliminate the need for booster pumps In addit~on, a large deaerator storage volume 

can provide an excellent control volume for the system, w h ~ c h  adds operat~onal 

f lex~bil~ty to a plant, without t h ~ s  volume, loss of a booster pump would immediately 

cause the boiler feed pump(s) to  lose suct~on 

10 2 4 Deaerator Test~ng 

Test~ng of deaerators, as with closed feedwater heaters, is very straightforward 

Generally the TTD is the only criterion of performance determined As w ~ t h  closed 

feedwater heaters, the pressure inside the deaerator should be measured at the shell, 

not at the turb~ne extraction flange The condensate temperature IS best measured at 

the deaerator storage tank 

Most plants of recent vintage have continuous, on-line mon~tor~ng of dissolved 

oxygen at the discharge of the deaerator When testing for dissolved oxygen beyond 
the exlstlng monltor IS done, usually a color~metrlc test IS used 

It IS important t o  ensure that dram and vent valves are in the proper posltlon 

Drains for equipment other than other heater t o  the deaerator These drain 
valves should also be checked to  ensure ~n the~r  normal positions 

If problems are suspected from the test results, either from a poor TTD $r from 

a high dissolved-oxygen level, one add~tional testing provision may be In order--to 

@ check for air in the entering feedwater 
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10 2 5 Typ~cal Deaerator Problems 

Problems with the deaerator itself are generally the result of either physical 

damage or jammed spray valves The type of damage that can occur is collapsed trays 

or dislodged spray valves Such damage isyoften caused by water hammer and 

flashing of steam, which can create substantial mechanical forces 

The spray valves are typically spring loaded and are deslgned to open and close 

as a function of load Normally they disperse Incoming feedwater in a conical 

curtaln-like pattern If they become jammed, they will cause the spray pattern to be 

less than optimum, resulting in poor deaeration 

Design problems are generally related to  deaerat~on They may concern the 

deslgn or capaclty of the trays If the deaerator IS undersized, it will often have 

inadequate venting and inadequate agitation, which both result In poor deaeration 

Detection of deaerator problems In operation IS often d~fficult The TTD does not 

often show significant change even when substantial problems exist A better 

indication of performance is the amount of dissolved oxygen Commonly, however, 

on-line dissolved oxygen monitoring equipment is often not well calibrated and its 

accuracy IS usually not good Many plants have no on-line mon~tor at all Problems that 
result from less than adequate deaeration often take years to  become apparent Careful 

monitoring of deaerator performance and routine lnspectlon during outages are 

therefore essential 
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