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APPENDIX E-1 

PROGRAM USERS GUIDE 

E-1.1 INTRODUCTION 

This program calculates the flow and pressure profile in a hy&aulic 

network. The solution method is based on correcting the flow in each 

loop until a head loss balance is achieved. Flow corrections are deter­

mined from the solution of a set of algebraic equations. The equations
 

are made up from the total differential of the head loss around each
 

elementary loop in the network. The network does not require loop number­

ing or any special numbering sequence. The program is designed to operate
 

efficiently on large networks: it is presently configured it can accomo­

date 400 lines and 400 junctions. An option is available to allow adjust­

ment of initial line sizes to fit specific head losses.
 

E-1.2 MODEL DESCRIPTION 

The Hazen Williams flow formula is used as the mathematical model 

of the hydraulic network. This equation is expressed as described below
 

and utilized in the program to relate pressure loss to flow in a circular 

conduit. Either USA, USA with imperial gallons, or metric units can be
 

used provided they are consistent and not intermixed. The input data
 

in Section E-1.4 delineates the appropriate units.
 

Ap Qj .8518
 

(X)
 

.. Where Q - flow in U.S. gpm, imperial gpm, or cubic meters per hour 

A P - pressure drop between the ends of the pipe in feet or meters 

X a pipe characteristic computed from the following formula: 

-6 3
X - K C(D) 2 (L) 0. 54 

Where C - Hazen-Williams coefficient of roughness 

D - Diameter of pipe in inches or millimeters 

L - Length of -the pipe in feet or meters 

K = Constant 



Since the sum of the pressure loss (gain) around each loop in a
 

hydraulic network is zero, equation(l) can be applied to each pipe in
 

each loop to yield a set of non-linenr equations that, when solved, will
 

define the pressure profile in the network. That is, each loop will
 

have an equation of the form:
 

J k-] . k 

Where H . .headloss in loop J.
 
j
 

- number of pipes inloop J 

The set of non-linear equations developed by utilizing equation (2)
 

are solved using Newtons methods which is essentially a means of liniar­

izing a non-linear equation set and thereby permitting the use of one of
 

the many methods available to solve linear simultaneous equations.
 

The procedure is to use the mathematical chain rule to develop the total
 

differential of the loop head loss equation.
 

dHj
 

dHJ *' k dqk
 

Where dH ,total differential of head loss in loop J
 

dqk -total differential of flow in pipe k
 

0Hj - partial differential of head loss in loop J with respect 

to flow in pipe k
 

=
Then, assumingAHj = dH and -qidqk*a set of linear equations result
 

that can be solved simultaneously for Aqi, where&qi is the loop flow
 

correction. Using the corrected flow rate a new set of equations are
 

found and another flow correction is determined. This procedure is
 

continued until the loop flow adjustment in all loops is less than some
 

preselected value.
 

The Choleski method of factorization is used in solving the lineal 

equation set. For symmetric matrices, this method is extremely fast 

and very accurate. 
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The mathematical model described above will not, in general, satis­

factorily represent an actual hydraulic network. Therefore, pipe fittings
 

and pressure changing elements such as pressure reducing stations (PRV)
 

and booster pumps can be included to obtain a model that is more repre­

sentative of actual hydraulic systems.
 

- The inclusion of pipe fittings is accomplished by assigning equiva­

lent lengths to the lines. Equivalent lengths are input along with the
 

line data as explained in Section E-1.4.
 

To include PRV's it is necessary to have both the set point and the
 

pressure loss across the PRV. In this model the network is first solved
 

without PRV's and then the hydraulic grade line (HGL) at the junctions
 

downstream of each of the PRV's is compared to the set point. If the set
 

point is below the calculated HGL then the pressure at the particular
 

junction is maintained at the set point for any additional network solu­

tions. Because controlling of the HGL at a junction may cause unwanted
 

demand flows to occur, this condition is tested for and the model will
 

make adjustments to the PRV set point in an effort to eliminate large
 

demand flows.
 

The inclusion of booster pumps is accomplished merely by defining
 

the line that contains the pump and the amount of head increase across
 
the pump. These requirements are described in Section E-1.4.
 

The model assures that reverse flow does not occur in either the
 

PRV's or booster pumps. If reverse flow is found the pressure loss (gain)
 

across the element is adjusted until the reverse flow ceases or the
 

pressure loss (gain) becomes zero. If there is still reverse flow the
 

resistance coefficient for the line that contains the pressure changing
 

element is set to a large value to effectively eliminate flow in that
 

line.
 

Also included in the model is a means of comparing the calculated
 

head loss in each line to a specified tolerance. If t'e head loss is
 

not within tolerance, the line diameter is adjusted. After each adjust­

ment the system flows are rebalanced and again head losses are compared
 

to the tolerance. This process is repeated until all head losses are
 

satisfactory or som? specified maximum or minimum line diameter is reached.
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E-1.3 COMPUTER PROGRA,
 

The computer program'is divided into a MAIN program and 12 subrou­

tines; the subroutines are named INPUT, CHNG, TREE, LOOP, PARAM, NUMBER,
 

MATRIX, ZERO, HYDGL, PROFILE, DIA, and COMP. A functional description
 

of each subroutine is given in the following paragraphs. The algorithms
 

used to define and number loops were devised by R. Epp and A. G. Fowler
 

Subroutine INPUT. This subroutine reads comments and parameter data
 

and all daza required to describe the lines, junctions, and demand flows
 

of the network. Also, a table is established that relates line numbers
 

to junction numbers. Output of line data is also accomplished if a data
 

error is found or if this output option is selected on the parameter card
 

(see Section E-1.4).
 

Subroutine CHNG. If there is reverse flow in a PRV with zero pressure
 

loss this subrbutine removes the set point control from the junction
 

downstream of the PRy. Also, the effective resistance of the line that
 

contains the PRV is set to a large valve; this virtually eliminates the
 

flow in this line.
 

Subroutine TREE. This subroutine initializes flow in all of the lines.
 

The initialization is such that a mass flow balance at each Junction is
 

achieved; however, there may be zero flow in some lines.
 

Subroutine LOOP. This subroutine identifies all of the network loops.
 

Subroutine PARAM. This subroutine reads the water source and booster
 

pump data. One card is needed for each water source (there must be at
 

least one in the network) and the first such resource defined becomes
 

the reference head for the network. The water source(s) can be either
 

a pump or reservoir or both. Imaginary loops that connect the reference
 

junction to all constant head Junctions are established in this subroutine.
 

Subroutine NUMBER. This subroutine assigns numbers to the loops in
 

the network. Adjacent loops are numbered sequentially; this tends to
 

increase the number of zero filled diagonals in the coefficient matrix
 

thereby reducing the number of elements that must be considered when
 

solving the equation set.
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Subroutine MATRIX. This subroutine calculates the partial differen­

tials of the loop head loss and sets up the coefficient matrix. After 

calling subroutine COMP to solve the equation set, the flow rates in all 

lines are adjusted. The amount of flow rate adjustment is compared to 

the limit set on the parameter input card and if none of the adjustments 

exceed this limit the solution algorithm is stopped, if the adjustment 

in one of more lines does exceed the limit a new coefficient matrix is 

established and another solution is obtained. This iterative oroceduring 

is continued until the flow adjustment test is passed. 

Subroutine ZERO. This subroutine is used to test the pressure down­

stream of all PRV's when they are wide open. If the pressure is above
 

the 	PRV set point then the pressure at the affected junction is maintained
 

at 	the set point, if the pressure is below the set point no action is
 

taken.
 

Subroutine HYDGL. Starting with the given 1ICL at the reference
 

junction this subroutine calculates the HGL at all the remaining junctions.
 

The procedure is to move from junction to junction in the network while
 

subtracting the head loss in each connecting line.
 

Subroutine PROFILE. This subroutine generates all of the program
 

output.
 

Subroutine DIA. This subroutine compares line head loss and makes
 

any necessary adjustments to the line diameter.
 

Subroutine COMP. This subroutine solves the set of linear simulta­

-4iou':equations. The results obtained from execut.lon of ,this subroutine
 

are used to adjust the flows in the network.
 

Ed.4 'PROGRAH NPUT REQUIREHENTS
 

Preparation of Input Data
 

1. 	Prepare a sketch of the network. Show all lines, loops, variable
 

head flow inputs nud outputs,booster pumps, PRV's, and water
 

sources.
 

A line is a reach of pipe between two Junctions.
 

A loop is a closed circuit formed by two or more lines.
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A junction is a pipe tee, cress, point Iwhere water enters or
 

leaves the system, or a point where pipe characteristics change.
 

A constant head input or output is a point where water enters or
 

leaves the system under a constant pressure while a variable head
 

input or output is a point where flow remains constant.
 

2. 	Assign identifying numbers to each line. The sequence of the
 

numbers is of no significance to the program; however,.sequential
 

grouping of line numbers in certain regions may be useful to the
 

user when referencing lines.
 

3. 	Assign identifying numbers to each junction. The sequence of
 

numbers is not significant to the program so the user can assign
 

the numbers in any convenient manner.
 

4. 	Show the flow out(positive) or in (negative) at each junction
 

that does not have a constant head.
 

5. 	Show the HGL in all junctions that are to have a constant head.
 

6. 	Using the sketch of the network as described above the data can
 

be transcribed to the input forms described below.
 

Data Requirements
 

Program input requirements consist of a comment card, a system
 

parameter card, junction data, line data, water source data, and booster
 

pump data. The comment card is the first card in the data set and it
 

can contain a maximum of 80 characters that are used to describe or
 

identify the network being analyzed (see Table E-1.1). The second card in
 

the data stream contains system parameters that are used to establish
 

solution tolerance, adjust demands, limit the number of iterations,
 

control output, indicate whether USA, USA with imperial gallons, or
 

metric units are being used and to specify the head loss tolerance and
 

related parameters.
 

The solution tolerance (item 1 in Table E-1.2) is used to terminate
 

program execution, i.e. when the flow adjustment in all loops is less
 

than the solution tolerance it is assumed that the network is balanced.
 

If necessary to change all of the demand flows by some amount a factor
 

(item 2 in Table E-l.2) can be entered to accomplish this. For example, if
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all flows were to be increased by 25 percent a factor-of 1.25 would be
 

entered. The maximum number of iterations (item 3) is used as a means
 

of terminating program execution if the solution procedures is diverging.
 

Items 4 and 5 are self explanatory.
 

The minimum and maximum head loss allowable (items 6 and 7) is used
 
to determine if a line diameter is too large or too small. The increments
 

(items 8 and 9) are the itep changes that will be made to a line diameter
 

if the head loss in that line is not within the allowable. Small and
 
large diameter lines can be varied at different increments if necessary.
 

The diameter that separates small and large is determined by item 10,
 
i.e. all diameters equal to or greater than the value if item 10 are
 

considered large; all other diameters are considered small. There may
 

be some cases in a network where the head loss in a line is fixed by
 
conditions other than line size. For this reason a maximum and minimum
 

diameter allowed can be included in terms 11 and 12 to stop the program
 

from searching for a nonexistent solution.
 

TABLE E-1.1
 

COMMENT CARD
 

Item Column Position Format Unit
 

Comment 1-80 20A4 NA
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TA= E-1.2
 

SYSTEM PARAMETER DATA-


Item 


SolutionTolerance 


Arfactor to adjustt,the'demand flow 


Maximum number of iterations 


Enter a 0 if the line data is to 

be printed out, otherwise enter a 1 


Enter a1O for US units, a 1 for 

metric units, or a 2 for US units 

with imperial gallons
 

Minivium head loss allowable 


Maximum head loss allowable 


Increment for small diameter,lines 


Increment for large diameter lines 


Diameter that separates large 

and small lines
 

Maximum-allowable diameter 


Minimum allowablc diameter 


Encer a 0 if line diameter adjust-

ments are not allowed; otherwise
 
enter,a 1-


Column
 
Position 


01-06 


'07-12 


. 13-16 

17-18 


19-20 


21*-.26 


v.!,,27-32 


,33-38 


39-44 


45-50 


51-56 


"-57-62 


63-64 


F6.0 


F6 


14 (right 

justified)
 

12 (right 

justified)
 

12 (right 

justified)
 

F6.0 


F6.0 


F6.0 


F6.0 


F6.0 


F6.0 


F6.0 


12 


Unit
 

US, Imperial GPM,
 
or CMH
 

NA
 

NA
 

NA
 

NA
 

ft/1000 ft or
 
m/1000 m
 

ft/1000 ft or
 
m/1000 m
 

inches or millimeters
 

inches or millimeters
 

inches or millimeters
 

inches or millimeters
 

inches or millimeters
 

NA
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Junction cata follows system parameter dai,:a; one card is required
 

for each Junctiov in the network plus a blank card that is used to
 

terminate the Junction data input. Table 3 lists the Junction data
 

requirements. Item 2 "ADDRESS" can be used to describe the location or
 

any other pertinent information related to a Junction.
 

The PRV requirement is used only for junctions downstream of a PRV.
 

If the PRV is functioning the program will maintain the downstream HGL
 

at this set point. If the PRV is not functioning no action is taken,
 

that is the HGL at the downstream Junction is allowed to vary.
 

Line data follows the Junction data; one card is required for each
 

line plus a blank card that is used to terminated the line data. Table
 

E-1.4 described line data input.
 

TABLE -E-1.3 

JUNCTION INPUT DATA 

Item Column Position Format Unit 

Junction Number 01-05 15 (right NA 

justified) 

Adress 06-25 5A4 NA 

Ground Elevation 26-32 F7.0 Feet or 
Meters 

Demand Flow 33-39 F7.0 US GPM, Impe­
- rial GPM, CMII 

PRV Set Point 40-46 F7. Feet or Meters 

Following line data is the water source data. One card is needed
 

for each water source (there must be at least one in the network) and
 

the first such source defined becomes the reference head for the network.
 

The water source(s) can be either a pump, a reservoir, or both. Table E-1.5
 

tabulates the water source data requirements.
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Booster pump (or pressure reducing valve) data is next. One card 
is needed for each pump (or valve) plus a blank card that is used to 

terminate the booster pump data. See Table E-1.6.
 

Item 


Line Number 


Upstream Junction Number 


Downstream Junction Number 


Line length 


Line Diameter 


Hazen-Williams 

Coefficient 


Equivalent Length 


Enter a 0 for existing
 
line or a 1 for new lines 


TABLE E-l.4 

LINE INPUT DATA 

Column Position Format 

01-05 15 

05-10 15 

11-15 

16-21 F6.O 

22-27 F6.O 

28-33 F6.O 

34-39 F6.0 

40-44 15 

Unit
 

NA
 

NA
 

Feet or Meters
 

Inches or
 
Millimeters
 

037/
 
(Feet) sec
 

Feet or Meters
 

NA
 

Sample data sheets are shown as exhibits E-l.I through E-.IV.
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WATER 

Colum 
Item Position 

Junction No. 01-05 

Hydraulic 
Grade Line 11-20 

Storage 21-30 

TABLE E-1.5
 

SOURCE INPUT 

Format 


15 (right 

justified) 


F.10.0 


F10.0 

DATA 

Unit 


NA 


Feet 

or 


Metres 


MG 


Comments
 

Enter the identifying
 
number of the Junction
 
that represents the
 
water source.
 

Enter the hydraulic
 
grade line of the water
 
source, that is, the
 
elevation of the water
 
sur face. 

If a reservoir, then
 
capacity in MG, other­
wise 0 for pumpstation.
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TABLE E-1.6i 

-BOOSTER PUMP OR PRESSURE REDUCING VALVE INPUT DATAI
 

Column 
Item Position Format Unit Coments 

Line Number 01-05 15 (right 
justified) 

NA Enter the ideptifying 
number of the line in 
which the booster pump 

installed. 

Number of Pumps 
in Parallel 

06-10 15 (right 
justified) 

NA Enter the number of pumps 
in parallel. 

Pump.Coefficients Enter the coefficients 
of a third degree poly­

nominal that expresses 
the pump head as a func­
tion of flow. If a 
constant head is desired, 
enter the required head 
as the first coefficient. 
Use a negative valve if 
a pressure reducing valve 
is used. 

11-20 F1O.0 NA First coefficient 

21-30 F1O.0 NA Second coefficient 

31-40 F10.0 NA Third coefficient 

410 1FO.0 NA Fourth Coefficient 
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E-l.5 PROGRAM OUTPUT
 

Program output is shown in the Sample Data Sheets, Exhibits E-1.I to
 

E-l.IV. The first page has title and shows the number of junctions and
 

lines in the network and the total system flow. Also some information
 

is written out to indicate various stages of completion. Vector A in the
 

program is limited to 6,400 elements, hence its length is printed out as
 

an aid to the user.
 

It was necessary for the program to change the pressure loss (gain)
 

in any of the PRV's or booster pumps, the number of the lines that contain
 

the elements is printed out. The amount of pressure change can be deter­

mined by comparing the valueprinted under the column heading, BOOSTER,
 

or PRV, to the values that were input. Also, if it was necessary to adjust
 

the PRV set point this information is printed out. If adjustments to line
 

diameters were made, the affected line number, the ne; diameter, and the
 

old unit head loss are printed out. The number of iterations required
 

to balance the network flow is also shown. If this number is one greater
 

than the input iteration limit, the uijel has not converged to a solution.
 

See Section E-1.6 for a discussion concerning the occurrence of this
 

problem.
 

The next set of data is junction related, Here the junction number,
 

identification, if any, and the hydraulic grade line, hydraulic pressure,
 

and demand flows are shown.
 

The next output is the line data. This consists of all information
 

related to each line in the system. A minus sign on the flow and velo­

city means that the flow direction shown by the from-to node numbers is
 

reversed. For example, in line 2 the flow is from node 157 to node 235
 

because the flow is positive, whereas in line 1, the flow is from node
 

160 to node 157 because the flow is negative..
 

E-1.6 GUIDANCE ON USING THE PROGRAM
 

The hydraulic network analysis program is easy to use and efficient
 

in terms of computer run time and storage requirements. However, there
 

are some techniques that can be used that will yield.even better program
 

performance. These are tabulated below.
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1. 	If there are more than two (2) water sources, choose the refer­

rence source in a manner that minimize the distance between the
 

reference and the other Sources.
 

2. 	Set the solution tolerance (item 1 in Table E-1.3) as loose as
 

possible. Experience with the program indicates a tolerance
 

of 5 to 10 gpm (1.4 to 2.27 cuh) will yield satisfactory answers
 

for most networks. It is advisable, however, to make a test
 

run at, say, 1 gpm and then 5 and then 10 gpm to determine the
 

most appropriate magnitude.
 

3. 	The program will normally find a solution in less than 30
 

iterations; therefore, the iteration limit (item 3 in Table E-1.3)
 

should be set at approximately 30.
 

There are several data error detecting features in the program to
 

aid the user in identifying data errors. These features are:
 

1. 	The junction numbers assigned to the line data are compared to
 

the Junction data. If a match is not found, the improperly
 

defined line(s) number is printed out.
 

2. 	If a line is isolated from the network, this is noted and
 

printed out.
 

3. 	If junctions have been defined and not used, this is printed
 

out including a list of the unused junction numbers.
 

4. 	Incorrectly numbered pumps, PRV's, or reservoirs will be noted.
 

5. 	If the limit on iterations is reached the solution procedure is
 

probably diverging4
 

:Program Restrictions
 

1. 	 The maximum number of lines lis 400 and the maximum number of 

Junctions is 400. 

2. 	The maximum number of lines that can be connected to a junction is 7 

3. The maximum number of booster pumps is 40.
 

.4. The maximum number of reservoirs plus PRV's is 40.
 

5. 	 The maximum length of vector A is 6,400. The length of vector A 

is influenced significantly by the number of reservoirs and/or
 

the number of parallel lines.
 

E-1.14
 



-- 

SAMPLE DATA SHEEr 
EXHIBIT E-I.I 

TEST CASK
 

NO or JUNCTIONS 
 00
MO OP LINES .1.
 

TOTAL SYSTEM VLUW IS89O.0 6Pm Um CNN
CALCULATE INITIAL FLOWS 

-NETOhK rL.w BAGANCK a- @o,0o-- -----...-- . 

-S-*
 

FIND LOUPS

READ RE£FNVOIR DATA ­ l 

- N U M d1 RL O U PS 
 . .. . . . -..
 

LLhGTH ur VECTOM A 16.
 
SLT UP M ATRIX _ _ _ _ _ _.._ _ ,-_._-__ 


NUMBER Or ITZRATIONA- * 
U 

NO Or'ESERVUIRS PLUS riXto READ"JUNCTIONS m 
-....
 

0-F--UUNCTION5 t .... |--
ONO-OF- INES------ l 
 .... ,. _
 

TUTA. SYSTEN LOV a 0.0 GPN OR CNN-CALCULATC INITIAL r0o-- ­ - -
NETUONK fLOd bALANCE a 8.002
 
- ERAO-RESEkVUIW UATA-

NU~bER LOOPS. * -­

.
 

.L crl or VCTOR A a 25 C m-SET-UP-MATRIX -


NUANCR Of ITERATIONS* U - ­

,UBE (,,-m, 

PRY SET POINT AT JUNCTION 
 4 HAS BEEM ADJUSTED TO 332.0 UECAU3K DEMAND a 401708
 

NUMBER OF ITERATIONSe -


P"y SET POINT AT JUNCTION 4 HAS BEEM ADJUSTED TO 334.0 ECAUSE DEAD * 4420. 

S UIEBCI-OF ITENATIUNSN-- I --- "..... 

-PtVBT-o~? A-JNTIN- 4-fiAS-6EM--DJUSTED 
O-----313a.0 BECAUSE-UoEMAND ­
_______"_______ NUMBER or ITCAATIgUNSs 3
 

PRY SET,? P0? AT JUNCTION 
 4 HAS BEEM ADJUSTED TU 
 38.0 8ECAUSL EkMAND 33413,2
 

NUnutR or ITERmAIONSm I
 



SAMPLE DATA SHEET 
EX(HIBIT E-1 'iI 

mPity 

pay SE? POINT AT ,IUNCTION 

-. -* 

-PVy-mny Point Al"dUicTZON 

SET POINT AT J~jCTtUI 

4 HAS 89190 ADJVf7KD to 30,6@ sgCAU29 OCNAND 
- * --­- - - NUN gik 1W ZTI: RAT ZO~qsu- -

4 HAS BEEN ADJDUSK To* 4o UCUS 

pupa"W iiiITtRAIfuwls. 

4 HAS 11991 ADJUST90 TO 244,0 NECAUSSDEANor a 

13:-

A. 

LINE 5 ADJUSTED DIA,* 1T. Ut.* 20 

UM80.6-r-ITERATON... 



SAMPLE DATA SHEET
 
EXHIBIT E-1.III
 

_____... _ -- . ......- - - -* -- ..-* -' JUNCTIONM.UITpUT DATA- " 

JUNCTION AOORKS " GROUND CL&VA1UO PRKSURC OUTTFWW 

WUNBC LKVL-FT UP HGL-9T Palo U GPM 
157 0 370o 52.1 Ivivo, 

60 323 - 406. --­ * 30.0 0.0- -

235 IbO. 304. 90.1 0. 

236 156. 344. 81,4 -2b2. 
-- 94-----tE -l*O" 57,c bb?. O,0.0-"1bl, -

295 J79, 544. 11.5 0e 
296 379. 417, 1b.S 0. 

---­ 93 -- --0-0- s 40b, 431. to.@- 12226­
311 264. $1O 10b.7-. 
509 - 4o0. 90.V 4.0." 

- 5s 1-eow -tnA.. " 1206 - 340. V.7 --671.-­
820 J300 52JJ. 83.S 970e 

-
ObO 

1047 
RES. NO.l 433. 

307. 
433, 
362,-

0.0 
-10.7 

-3332. 
-760,. 

1045 
1056 

41b, 
199, 

339 
390 

-32.8, 
3#,S 

SS50. 
0. 

-­ 06--- -- VERMANCST 395 -4.2 =30, 



SAMPLE DATA SHEET 
EXHIBIT E-1.IV 

LINg DATA OUTPUt­

-LIIe FRun TO HM OIANTgEt" LENGTH rw VKLOCITV NEAD UnIt Loss SUDSTIU 

NO* JUNCTION JUNCTION COWr, IN rT US GPN UPs LOSS-FT rTJIOOOFT HbAU-r? 
1 Ab? 160 1i.o . Ii -- Mai --7267.4 ... '-get&"--oSS-v8 ' OO-­

2 IS1 235 110. 20. 11670 " 1409e8 1.44 6.3 0.5 0oo 

3" 236 SV2 110. 20. 5460. 1602.0 1.170 4.0 0.1 0.o 

-157 - 1056 110. 12,r200i---2332,S-­" 06,62 t6-9. . Co-o..0 - --

S -311 50$ 110. lie 1140a 573900 801 60.4 16.0 0- 0 

509 1047 110 IO. $2209 "J19.O5 097 1.49 IU?* ' 0.0 

7 1045 10471, 11o' 144i- 559o0 7.27 "-2 3 eS4o1 - 0 .. 

1* 542 1.60 110. 1601 1O00O, 99.0 £.50.O 0.. 0. 010 

232 235 236 110 , "20 15. 1409'0 1.44 20.0 1333.9 -200 

' V3 2 9. lo0,. 30.- 400---1222S--.-­ 505 1309. 

29S? 294 +295 1Oo 11 ObOO- 1150.S 2.21- 12,9 lei .0 

293 296 295* 110o30 20. 49S9.4 2.25 -127.0 *6 149-2 127.0 

305 295 120 110.. 24. S300, 6109.06 C74 21.2 4.0 0.0 

306 311 320 It0, -21. 4200. -5739.0 -40'07 1112.6 -3.00, 

---------­1-01056 ' ' .- ---­ 14.r- 5000---2332,1--- - 4.8--- 42.-. 

loll 1045 1066 110. 24. SO. -991.0 0.70 0.00 .0.2 0I0 



* ~DCT AI/AII AD!FOjIWI
 
APPENDIX E.
 

DISTRIBUTION NETWORK ANALYSIS PROGRAM LISTING
 

C PRiCRAM CiliP tA i - S 2 H'I f)lU'rPUTUTT '1 . J,'I) i C's LAW,'i-I ' D1AM T.R*I)|J 1.U' lt, i tI'(2,i ) , I',C(5) 

I .I .)= 
TYVPE 't01
 

40).1 FL)14:AAJ~' JIPJ'rxvt1~'~A~

,)0 I. 
 I'I :I ', *..;' " it p' UJ1D F'JLC F ii 1-/ii'/ .l . . ..C(A ,, , G N'* , UIJ'', -23 ) . ........ . . . ... ...... . 

TYPe: 
401
 

410 F RMAT( ' 
 TLFlYVI )AE 

CA1 , AS6I W1 3, SAV,,-23, 1nl,)' ,nI 


;TTtRP F tR l SAV1 Tt;" Nih.......
 
,iC,1)


TyPI; i2U
42)0 r. wI toA'l( 0.l'VR t1;fC,0 1) 8A Vr F1,~h,' lb : / ... . ......... 

CA,!1 ASi1. 4, ;AV.1 -23 'LD' C, I)W1%.AU ( 3 ,22 , ('(I 1[ 1 0)1=, 


RLAI) ( ( 'ij Ml([) , =F I ,20)
WH [TE.(2,22.) COMi' 

:4f0( 3, 23) MAXi,PI'. ,.:,IAX]"fIRIT, i4ETIR,SM1N,SMAX,IUllECS,1JINCL, 

WR2'r(2,231 ,VA P ,RX1,P .RCOP.1)1)AT , . ii' X , r4ijP £L I,IR .T' -......­
'-1 fTEI?((6 ,23 ) , I ,i ;I I , iX T , I T ., ..
 

I0I:AD)[ ,211 MAX , aLI( L] T = ,5 , bVI), I P
 

W.. .il f,
21 .

, A1 J FIA

rF(.)11IAL,11 i (A) FE7,.,0 ,I:I* It,] F~!) ,L F 7 . , ,0 ..: J, 7i;). .. . .. .......... 
 .... ..... ........
..... ......- - - -.........-.
. ... ....... . .. .. ...
NR ['IF (6Ci*J= 2 i1 '1'D20 700lj~JXi ADIP kr ) I I I=p5), bEV,1), TEMNp 

26 CI t'.T I ,Ii-

Ju 3 1=1 ,7 O 

. 31 . . F'JRMAcT (31"b,'.!U, 'X25,. )2 -I) 3 ...... .... ... Fo.O, 15. . ...........-
- -.. .. .. .... ......." .... . .. . . .
 ... .
 

lIJ(,HYD.(.u 02=DI)4=U
 

ii"*( H D. (,r I ANu .l, l' b. .0,= 
........................ 
 ...... .........................................
 

H 2)s- 1 C i 

i?P,%D0(4,3 1 3 I,N J1,;V2,C,D,H1,NE,T('CST,,D3 
D6=3.. ...... . . 



BEStI kAYLADImE DOCUMENT
 

35 .. 

30 

,4U 


l ot 

I we 

JF(NHY0.LT.I.ANI).IOST.EO.0) GO TO 3S 
.IF(6.IT' .2) GO Tu 35
 
LD4:g.)
 

0b=) 3 

ICI STJ I CIS I' 
.WRITE(2,31) i , ,iLI2,C,U4, i 2, ,I(iJST:". ,t 
WIRIE(t, 31) INOltNI2,C,i.4, V2, Nw, ICOSI'.1,3
].F(O,.e.u) Gol M' 4o 

COWT. N0l; 
IT I 


Do I''u I1= I~
 
HE:A ( 3 , ) to 


C(.:UhHJLP, 

10 lK i 

C .L I , jt.L
 

Culio' f i I o
 

E,IA,0 



BEST AVAILABLE DOCUMENT
 
SUBHRflUPINI; CHNG+
 
C UMM(IN C 0 4,... M io,1J i, )E bP 2 0 U
( 2 0 N, S H AX, 1)f 1 W, CI.s, CC)0R 4 ( 2 U 1, 

2COhl(20) ,Cob2(2u) ,C,JB3(20) ,CO0O(20),A.bOU),MAXUL,,0
 

iM T 

. NIjAIo( 1200), J,, K, I(', LNI INi,,E,tiCl,rn( kIlIi 


3 PIR 	 , I L, RP2 H'k , RI'D , PK I , 0 ),.1-iAX , 

5 AII , .0 1 '1,'05i 	 dL I... jR2;U, , 20).,JH
(1) ,i l~W(AJ i9,0 ),N { s L0.J( 1 ) I *)SL+), 	 P~ 1 ) 

6 '1 VNII.0'11( ! .0,4, bI'uv i( .N I I I PA' I'*,k 4,7 L U01),f ,I ,WIs2lo f 3, r,[KJ', 1')Y , I., ' ,tju I 1ITl) ,dPT,M ' 1 -' IUL. 2U., CTI, ), fPI ,.i I)), 

94A XJ I ,I L(1 ,I F I PST, l , V, I CI -1) 

t0)iJ ]"VA) .Iji, ut. 4, . ,J.l ',2.
VI 	 , LJLl 'II) tti)' , (4u) , 1I' I( , t 	 . 400),A 

E10,( 14A1, [%i , A((t.:.( I , I kU. A , 1 ( ( . . .. . .... .. 
I (1A ( ,Io ), ( i I Uu ) , A l 01 116, ( I , JST( )),w ) 
I NH(oI) , I4t) ~ JIb IOiIt4~)I, ALJ) 	 l~(IU N.(0)I.))
3,[(A(2 :1., (A .1uOI 	 C - , I[ 


ucI I,Klty S '1 .; 01".1.L{. 0 ) , i4 U.,-) J 4 J O ) HO w061: 


LA, S-s'()J ),~:US ( ( ,( L S H() , ,, '~	 (1I 

" 
 1i ,)ColJl( ilGI,( 401) , J1 ( I]OUJ) 
I I P) 4 W1),, .ll. 4 o 0') , . , ,.(i 0 o) }'ik) , ); ,0 I ,) 1 I i. I - I 40 1, ,L i ( 40U ) NN';+i.V(400) 

2 1,! 	 )4 00 I I 11 I(00 , 4 1 o 0 S. E 2 0 

C It' 	 Cfli'n J Zrl(Il ,)i": I' ['It .),;I I 

) 22 : r 

I 1 lI Cl , 

11"Ll jIt , ill I,! 

Ilo clta:*- .1 
rI~(:S W +Ii "-='A,


22 CiuT 1. 1.: 

1 U 	 IJI=IJC I
 
R'.fUy,t .' II )
 

orI,' ,u i+"n '. C , C. 

E) 4 1% Lill';­

24 C JIII f 14 JL 



26 

REAu(4 1NO 1 NUX IT, (A(I I 1.1;1 5 1 ,ELIDEMAND 

CUNIVItJUt
 

ENI)
 

Ma ofo 

@@P 



.3RP, 11FA U P I , R1-)2 PPI3 pR 1-11 , MI-4P I DTJAi D)MA A 

6M0JT20[ i~J'JP-ij 20f ,4 , I~brjIgms 140 N*pr 

68IU%i' (jll 1 1, I<J -, 1Nri j N-. ol, Jj , 'klr2 ,OP , r f u1,i t,'i 

E (IA. V A6: I-AU AF(t .I' wrtPR 0V, lCA(0 ),~b (j)jl t 

(APQ),ij 1 I v A10 A (1NS lj 

2)MN160 1 '~i1 (4)), (A)(240,'l JL(it* (46 ) HbL(~)i(A 
3,(Ak2ju),,,!)KLlI)),(A.(4UOl) OU(ooJ,([p(52U1),tlljcoo,~sT4o 

2Nijtdd(-40 JUN:I 4 b ( 4 0) NX 40),LPRP 4U0o) 1SA VE (20 

22 F'hNMAT(2OA4) 
RI(9,k3) MAXQ,PERCF.,'MAkVIt, [N ,MT~STjSAoDN~ 

23 FCMMAT(21F6O. 1114 0212,bF6.2, 12) 

DHI 40) .Jli:.ORES 

40' CdNI r uj 

. I L 1 F( , i 

31 E'uITMA'i( 1) 

100- FOR MAV I III 
*DO) 10 L- 11, 

-7 Y-EDO I)i*,rn-

IF*h F 4riLI4T. 

Iu~F:~ 

. . 

.......... 

-1.JbX 1~t~ 

b I1.NK N0 F.X 1STTN G; 
, N bs 

rT~Nl)N2-,'cMPR,; f1 r,(, 

I-I 

im 

EQUIVALEINT' 

,T,fE ~I. . 

I3 G0 1%)~ 11F I I4CMR) *I C OSIr:.F 
~)I P*3ItCU 2* 

pf-.: HS41,c cV0,IlUl4"1_ .F_ 
14 1.(' C'M[11 



t I T= I 

10 

I cowrTI'J6 

RIEADW(41.11i 

HIEAV(4'Nfl2)
WR ITE'(9 31) 
CUNT'lI wIJIi 

'JIJXY'F 
N2 

0~,OyTCMPRrDIHWoNEW,IC0ST-D' 

BEST COPY AVAILIILE.
 



...BES(.~COPY MVAILABLE
 

2CDI11(20) C1m2(2U) CLIB3(20) ,CObiO(2U) A(6400) ,MAXQ,, 
3RPfiIEAD,Hk'1,Ri2,RP3oRHflMET1,UIATDMAX, 
4NOrAT(2U),JKJJ,UUT,IIN NRESNOJUC(20)NRVUO0),NRVI(20)9 

40 L~NJ(800), . 

6 N DJT(2 0 N 1? 14(20) IsNvINES 0JU,N CSN01 vN02 jNOP T, 
r 7TU!.XNOfS,NM,ITM1,iT2,LPKTNbITIrITJ2,KKKNUBP, ______ 

'IMAXITJ, TC,1CI1,IF1HSTNUPIIV,ICIS!
 

I(8IEQ V iiiC (1),IP(I)NS 2 nD1())(A(1201 (I) 0Ni)4P ( I, (1)) , .1). 

* *i ( fUIVAO) ,NtI (A1 ) * (1 ),O I( 1) ) _________ ________0)j 

2 It(I1') I iJII C iII A20 01 L, ( I 0 C-1.4 0 1)HIU GI1(41) sNNS COQI 

3 4t 1( N) K~Iip. is A~o4 0 0 1 1i)M, I C A 0(2 0111,"U(0( P I 
4 A 54 .*0 1 j 1 1JI A( 8 1 N S 
1)(TK1 nv0_.,1_t_________ao_ ) ( ( 0 -i-D -00 0ST1 

111( II.IIVPLI 0 I4 ) NN T 40 )I J J111'4 00 0 Tli 1111 , 

I ((I is ( I N U ' 41)o~ N13 IkP 400)is1 

miIId) 1, 41.10)I 1.,10 Iiti V ) IIHC12 U 1' 0 TB o 11 2 U 

1%1-(K1, 11wAXIt t K1 Ii 2I 
26~~~. CIr iu 

j'=I :14IA 

26 , " (~;Jill4~;(''r.1 

Of W.5=1O: ;
 

It i ;II1 A) IjI
o 

'~~~~ F2...(i~ rjP:I -

2I.2F:b:CI 1 PI 

50 FPrlIATC III *fl OF1. PLii" :V0 P~lIJS F'IXi': 11*5)iPptvfI- HE'AU JUNCTIONS 



BEST COPY AVAILI1 .E
 
SU! 0 11I'' III-. i! (.10 1A , I i) I-A .)
C I 10, N t IR 4 6 (2.)) tt.-0 1 N,.SM A X 0t. ir (CS, ) 11C tj Cf~i 1 k 2 U P 2t0 )0 

2CI)- l ( 3 ), CI3 . 2 )I ,i t.C 1 /13) , CF1 t)( 2 U , A ((40 , hAXU, , 

31?1', lih:.i , RI 1 , 11'2 , 1 13 , Pill) NN)17 ,,TAT ,PMAX 
*4N')3+ili,( 1 tl J, K,,.,J, I J N, . IJC( 2 NrRv I C2uI I lJ), Rf .Er NII , NRV (20) 

b WOI IgF 2') , J1s.,J ( 4 02 ) , slJ !L10,4 10,Ni0( 2 w),
I),C n 
r'.JJ JP C '3; ) , 13 ; ((, () ) , 34 e I,1[hF4 + (.C. , 4.iij , ' , MlP'I'S,IIi e 1 , 

7 1iE'.X, if %S, H'IM, 1 N41 , I.I'l2, ,hP-K V. , l'J I ,.1''J2, KeK , r.IUs
 
B iK, , , , ,I-,J ,KK , "W, LTH I I1']T, IME::1tER , TuUI 2
I , WOW I 

9MAX1'e, I(.C , C I,' LF' RSI', INIPIRV 1I WDS 3 ) b PRP CJD 
E'.....+ (N 0tj.,A 1, ( 4 0 11); , J J,0d Y .... . .:.. ... .. .. .... .... -. ... . .. . . ... 

I(3' N' I 

EM)J T V A LKlINlCK ( il i.d ( ! .) ( 2 ),NDSD1 ]. ( NUPI P ( I , I €l'IjAhj 

K UI V A I., E" C P.' (! 1) ,t~l JU CJ), i p(1 I , (A(401) p, T( , DbC1) , 

1 (Cl), i .) ,[Pi,( 1i, ) (A ( 1201) ,L1 ( ) NIJS'T(1 ))I 

3, (A 1 1 dIJh.) ,11, A. 40) 0 1 , i (1 , (A(b20 ) , I (1)) NOP 
4, A1 2 H~0). 1 1 WD%|(.1 ),(A 4 1d 1)o 1 I) (A b ,1o(1)) 

j:.I wl. 0 1"iT'J (4 uO) ,,1n1ti ( .1i iTF* I.( 40), )i hs 4 i 1 II (400) , ii 0(1 
1 tI' ( ;10 0 ) , I.I,(400) ,"i, l'(400) , Il (4UO) , IPb(l00), LL, 1(4 ) NNST'(40O) 
2 N ,,.], (.|fl) 1 l Ihi 11h ( M 1 ) , AX (41U00),p I_,VRFP (+4 00 1SA VI.E 20 ,~q) I., (,It o 

3. 'iJF . l( 4 ,1 ) , .Itelli ( tit)j) , N I (ihi) , .Ll3.' 0U) , 'LI'I (401 ) 
P~h.+\I, IfI %) , Ci '1(2U ) , ;~l'r.TI I 

I':j31 -n A . 

Iii I ) ,,---I i' (I1)L'" ! i . *!I ) P; I' h 

)3 1.U I--I ,I1,T I:'S 

I III
 
II (i i (O .Io"IX) (.) II t';u

pI.,t,+ .!.r:1.( :,4) i i;;. ( ,j '34 €. *~ HS 1U 

I13:j' CI'l ,;Ci +.103 3 C311U 

I ti) AD0I=0I- I IJC:iI
 
2uo 3,'iI.,AI II' ,f:F'3A) .. ' ), 1'T'S I- I.h 3)1 ' * 0, III, , I I' * 2)
 

DI 1 foo.3 l I AwI''I'l S( C170' I 

I . I UI H
 
AJil I '13CItll I ,)4) it', ,1 ,
 

D)I ~I AI fI)I 

(33 II I l'I] ' 

33' (1)1 * . 1*I ' 3i f;iJ . ff 1 1 !Il "Itl 

(i i 1 l 

IH+O I)t-20. 

42 - P" 

_.I 
... 



.; I 

IH 1 

S 

1 [ 0 

11.1 F(TI.JT,2OO) ,Tl l,, 

W1.4 IHK 0(1 1.1) 1j'I',N0.1 NrII2, C0IPRI i 

Cu I'i TIfiIiE17 
DUPC,TI,? K 

• 
ilN0 O EW 

: 

I. 
I l b UE c 

. 

1. 

. 

S II) A 



!0I
 

CopY AM~LL~BEST1. 

1 :+ 
C(' 00l ( .110~2C1.1111. 0 ) ) 

2'0J ,,IJN '-NtX 
2(',20), 

I.CL, O. 4(20) U I P(20u
)C"(.32.j .li()(20J)rA(6400) MPAXIWaD, 

I 311), HIko lfip I
lII , /01) 

, PcI 
K[ 

P ,RfI)METI0T , L'14 A X , (NRV(20)V , 4 

S 9MAXI/3, ~,Tc,Ji,x(F1R,ST,NOPRV,t,~s
-A?80~),1• 1 4)) A L(4-) ( b,1 

I 
, U 

" I + I,::
+jf 

. 1(P('iflo) , r 40),I T 1,(.1 ),,.N21 KY.,01, ,TT (0., lN KK NOI);, N,. 
i:!:L: 1)1 NO A, t 

fj~~ ~NN0 1)r.t Il 

ciA I , , I/( Nd 

(( 

CI' Tj )) ,C :. ,I), CI i'IY i(, 400):' ,;: 1DG?1 (400);, NOST (200,2,. + " . 
.. 

4O2,I ( I A E*) :,j C ,(OW I 0 
.2 I 1 , (, S Ii (O )N .J ON 

1. I0, I I I ), I 1,­
2,A L'6,oI I I.. I A 2 I f, I ... "I 

3 , A( 2 H I I I A ( 

hjj,;tl( , ,X) zzP,,hA'Il 5#'40.Oi I ( ."a*..(IA*lj j HOI I j 
1 1( T LIK 4. o:1'I'*MIJ (uS1 ( 

ti (II )i1 1 ,I 

I 

1 4I 1j . I,-, r 

I/ I l' .l+C I .-­ o, 

01-:1,11~~~~~1mjl" , %1 ), 
( 
(J 

I, .!I.,,A1 I, I1 -



BEVi COPY AVAILABLE
 
KKTAFRS(K)
 

1FC,1*K.bLI .0) rzl
 

131 (I'rIi
 

GOf TOl 130
 

T F( w0 S toEo0 GO TOl 4021
 
1)=I)/ Rp
 
AIIAAS(0)
 
T=IITEAD*(.U+)*cRP1+ABD*rIiP2.Afiv*RP3)))+NHD)
 

* . Wil 1703 I=I,Ml'1S 

A8D)ARlS(DNY)
 

1= ( r ~~-i) ~ ~ i i~r + 1
 

1703) COIN TI.NU
 

INNOOP.EO'.0)"GO 'J1IJ171f6
 
DO:I 11 7 J= I , mnwOU 

f~C=0.
 

IF (C'UF30( I) .TA'0. AIND. rFTtSf'. EO* I GO TrO 1720
 

A1M0=AdS(PRO) 

T ji =-TI 
W9H1-1-1i I~ rip) 11,1",NI1 ,N1l2,C0iIPR 01i ,IO)UIWo Tl ,C()KFoO, 1 NE~W 

R,.: PC * CN*'p
172oI I1iZNIISU)I c bp) 
* 1,b2=rMgr5s I ( [,14 1 
1719 LV(h. t. 1. 

S= I . 0 

D;:j *(I) =~~l 

KKK=40-)*AUD 

1 
' I; 'J'( IhI' 

i . 

+, 



17 113 

1717 
1716 

170 it 

1"7C17 

1 l(Ih 

1 70 . 

BEST COPY AVAILABLE
 

i I) L'.i-. KtK ,-J.1 
A( 1IDEX ) =1k ( 1I1)X )4,S*R.' ­
"co -14T I M U F . .... ... .. .. ... . . . .
 

I, I +J I1 

Cil.I v..( .-II I
 
I1 T I M
 

IUJ i7 ,4 LU ,f1N
 
i)F[,|I cr )=.)F b.,P ( I ,C NTR.. .. . ... .
 

C0.TI NUI. 
CAlL, CUMP(A,DI.Jp,NoNUDI,JnUT) 

)OI 0. 0. 
D)O 17 07 1~, 
I)O)-- hSl'.a p..[(
, !))
 
IF () * (;T.*oIN ) I))N-I)0
 

'INT I WIJIlIt: 
V) 1011 , 

12?=oiJ: l) I CT t 1)-I 
I.I(1,..G1'Go2 Ur. 17015
 

0~-1 I,) , 1 1 I
j " i"ifl,/AI (I,) 

j 

I l/oh, . ,I 1 ,. .""- (I. 

C'1;,:'iIT ll t:C?I - . .IjJI,(.I) 

If:) f. 
;qRI' I'(' ,L IT'' j ,l\, CflCO 1j'l 0I,I 1)n, H 'I I , IIKF, O, N .P 

Ci I14T II LI.': 

=Ik1iI ,'' 1),
 
K1) ,ILI I (CI( I.
1) 

I0(J=jI' (,]) 

I iA tt!.IT0rI(()A I Il ( 

C JII".Jt'IIK) NI
F 


!11",
. I.1 .11 11, I I I F.h AN1)I' .i I, itJIf I I. T( ',I I 1= 51 D 

IbVI,IH lI'l"(oili ) NI I 'TI.(;ifI I?,. G1 It)A ) .I~ l , 

C iOIR 0ITIillf'i GOiTOI' 



BEST copy AVAILABLE,
 
1F1iPjRST.Ml.1) Cfl Tn lH829
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