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ABBREVIATIONS

1 Annum
AWWA  Amencan Witer Woiks Assowation
ASCE American Society of Civil Engineers

BFV Butterfly valve

C Disinfectant concentration or Celstus
CDM Camp Dresser & McKee International Inc
Cl; Chlorine

ClO, Chlorine dioxide

CT The product of verige concentrition of disinfectant and time of contact
DBP Disinfectant By-Product

FPA Flavor profile wnalysis

GAC Granular acttvated carbon

hr Hour

JICA Japan Internauional Cooperation Agency
IPS Intake Pump Station

KAC King Abdullah Canal
Kg/cm®  Kilograms per square centimeter

km Kilometers

KMnQO, TPotasstum permanganate

L/min Liters per nunute

L/min/m’ Liters per minute per square meter
m Meters

ml Milliliter

m/min  Meters per minute '
m/s Meters per second

min Minute

mm Millimeters

m’ Square meters

m’ Cubic meters

m'/d Cubic meters/dry
m’/d/m  Cubic meters per day per meter
3 2
m/d/m" Cubic meters per day per square meter
m'/min  Cubic meters per munute
mg/L Muligrams per liter
Mm’/a  Million cubic meters per annum

MCL Maximum Contamunant Level
MIB 2-Methyl-tsoborneol

NTU Nephelometric turbidity unit
PAC Powdered activated carbon

Abbreviations continued on next page
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Abbreviations - continued

ppb Parts per billion
ppm Parts per million
PS Pump station

s Second

RW Raw water

THM Trihalomethane

THMFP  Trihalomethane formation potential

TOC Total organic carbon

TON Threshold odor number

USAID  Unuted Stated Agency for International Development
USEPA  United Stated Environmental Protection Agency
WTP Water treatment plant (always the Zat WTP)
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1

CDM stands behind the recommendations provided in this report for improving the
operation of the Zar Water Treatment Plant and providing the means for plant staff to
respond quickly and effecuvely to changes 1n raw water quality Each recommendation has
its basts 1 sound engineering judgment and the concepts behund each have been applied
successfully i other locations

While CDM cannot guarantee that taste, odor, and nematode problems will never occur
agamn, 1t does believe that its recommendations, along with proper plant operation and
maintenance, provide the most effective and economucal way of equipping the Za plant to
handle taste, odor, and nematode problems
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GREATER AMMAN WATER PROBLEMS, JULY-AUGUST 1998
ZAI WATER TREATMENT PLANT ASSESSMENT

FINAL REPORT (Revised)

January 1999

Executive Summary

This report has been prepared by Camp Dresser & McKee International Inc (CDM) for the
Unzted States Agency for International Development (USAID) and the Ministry of Water
and Irrigation/Water Authonty of Jordan, with USAID funding Following severe taste and
odor events in the water supply mn July and August of 1998, CDM was asked to make
recommendations to modify the plant and operating procedures to prevent a repeat of the
taste and odor events, based on the following study of the Deir Alla-Zai WTP System,
review of water quality and operating reports, and study of other reports and designs The list
of references used 1n this report 1s included in Appendix A The full scope of work
undertaken by CDM 1s given 1n Appendix B Plans are 1n progress to double the capacity of
the current conveyance, treatment, and deliverance systems through German and Japanese

funding agencies

The Draft Report of 30 September, 1998, made recommendations that some bench-scale tests
be performed to better refine the final recommendations This Final Report includes the
results of these tests (Appendix C) and these are reflected 1n many of the findings 1n the
recommendations herein In addition, this report includes complete cost estimates for each of
the recommendations

The Zar Water Treatment Plant (Zar WTP), 1ts associated intake system, raw water
conveyance system, and treated water conveyance system were constructed 1n the 1980s Up
untd July, 1998, the plant had performed well Any dissolved odorous compounds in the
water were removed through the treatment processes However, the July-August events were
so severe the plant could not, at full production rate, eliminate the taste and odor
expertenced. Investigation of the problem was performed by Jordanian Government
Agencies, the World Health Organtzatson, and private consultants Two conclusions were
reached first, that the taste and odor were coming from taste and odor producing algae,
second, that dead nematodes were occastonally passing through the plant  As a result, 1t was
thought prudent to issue a boil water order

The current system takes water'from the King Abdullah Canal (KAC) The KAC serves as an
wrrigation canal and raw water source for the Zas WTP The water sources for the canal are
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Lake Tiberias, the Yarmouk River, the Mukheiba Wells, and, occasionally, the Wadi Al-Arab
Dam The length of the KAC, from its start to the draw-off pomnt at Derr Alla, 15
approximately 65 km It 1s an open canal Water 15 taken from the KAC, screened, and
pumped at five pump stations 1n series through five stretches of pipeline Water travels
vertically through approximately 1,123 meter (m) and honzontally through 14 kiometers

(k)

The Zai WTP 1s designed to provide a variety of treatment processes The process train
includes a flow regulating or balancing reservorr, chemical rapid muxing, flocculation,
sedimentation, and filtration Chemucals used are potassium permanganate as a pre oxidant,
powdered activated carbon (PAC) for taste and odor control, alum for coagulation and
particle flocculation, two polyelectrolytes to aid in coagulation and flocculation, and chlorine
for disinfection Treated water passes into a clearwell and 1s pumped from there to the
Dabouq Reservoir From there the water gravitates into the western part of Amman's
dustribution system

The reported ranges of raw water quality parameters are not extreme when compared to the
normal raw water parameters, and are easily treatable with the exisung faciities These
parameters are turbidity, color, fecal coliform, algae, pH, hardness, alkalinity, and total
organic carbon The water does contain nutrients that promote algae, including those species
that can cause taste and odor The raw water also contamns nematodes The treated water
records show that up until July, 1998, the Zas WTIP was treating the water effectively,
meeting the Jordan Standard Specification 286/1997 for potable water To predict a taste and
odor event 1s very difficult The magmitude of the July-August event was unexpected and
extreme 1n comparison with any events experienced before It took plant management and
operating staff by surprise Further, the one chemical available at the plant to control taste
and odor had insufficient feeder capacity to meet the high demand experienced

It can be expected that the raw water quality will deteriorate somewhat 1n the future because
of continued development in the catchment areas It will be necessary for all those
responstble for control 1n these areas to enforce regulations to munimize this dechine 1n water
quality However, the decrease in future water quality 1s not antictpated to warrant any major
changes to the treatment processes at the Zais WTP beyond the recommendations i this
report It 1s more likely that changes in treated water quality standards may necessitate a
change in the current disinfectant at the plant

The cause of the taste and odor 1n the treated water experienced m July and August was due
to an algae bloom 1n the KAC of the species that primarily causes taste and odor The
detention time 1n the KAC 1s long, and, given the correct combinations, algae blooms are
mevitable The correct ratio of nutrients, water temperature, sunhght, and sufficient
detention time will cause a bloom The Zar WTP did not have the PAC feeder capaaty to
handle such an event The feeder capacity of the duty and standby feeders was only 10 mg/L
each Tests performed by 2 German specialist at the time demonstrated that at least 60 mg/L
was needed

The exact sources of the dead nematodes identfied n the water dunng the intense
mvestigations 1 July and August have not yet been determuned They may orginate from
any or all of the raw water sources or may be entering the canal with stormwater run off
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from adjoining agncultural lands In any event, 1t 15 likely the nematodes are breeding 1n the
bottom deposits of the slow flowing KAC  If the filter medua at the plant are not effectively
cleaned, then the media can harbor nematode breeding sites, as well

CDM, after studying all available mformation, has sdentified a number of modificanons and
additions to the overall system that will mimimize the possibility of another taste and odor
event occurring agamn, while controlling nematodes more effecuvely Many of the
recommendations 1n this report are endorsements of suggestions made by others who have
studied this problem Included also are comments where CDM may not agree with the
recommendation of others, m some cases, 1t 1s felt the recommendation may exacerbate the
problem, 1nstead of alleviate 1t

CDM recommends that the PAC applicaion point be relocated to the vault on the raw
water line just upstream of the regulating reservorr This will allow a longer ume for the
carbon to adsorb taste and odor and organic compounds, and its effectiveness will not be
munumuzed by the coagulant floc To lumut short-circwting 1 the regulatng reservorr,
CDM 1s recommending that this reservoir be baffled and the two compartments operated
in parallel The bench-scale tests demonstrated the benefits of this recommendation

CDM recommends the use of ferric sulfate for coagulation instead of the alum currently
used. Ferric sulfate will be a more optimum coagulant than alum at the normal raw water
pH levels expersenced This change will also avoid the use of an acid with the alum. The
test results and cost analyses show ferric sulfate to be the better iron salt

CDM recommends the powdered activated carbon feeders and slurry pumps be mcreased
m capacity to 35 mg/L each at full plant capacity as recommended 1n the German report
When all the other recommended modifications are implemented, CDM does not believe
feeding at this high of a rate will be necessary

CDM recommends that the relocation of the application of potasstum permanganate to
the raw water from the present mlet, the plant's regulating reservoir, to the Intake Pump
Station Currently, copper sulfate 1s being added there at the suggestion of one of the
reviewing consultants CDM believes the potassum permanganate will do just as effective
a job of mactivating the algae and will also aid 1 the inactivation of nematodes,
particularly when used together with chlorme dioxide

CDM recommends adding chlorne dioxide to the raw water at the Intake Pump Station
as the primary disinfectant and to aid 1n taste and odor and nematode control

CDM recommends that the existing mechanical electric motor-driven rapid mixers for
the coagulant chemical and coagulant a1d be converted to hydraulic flash mixing, utilizing
available head at the plant and thereby creating savings 1n electrical and chemucal costs

CDM recommends adding a perforated inlet wall to the flocculation basin to reduce
short-circuiting in the first stage and to improve flocculation, and to make permanent the
application points for floccdlant polymer aid at all second and third stage flocculators
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* CDM recommends the addition of perforated outlet walls 1n the sedimentation basins
and the abandonment of the finger weirs and troughs Thus will improve the basins’
effectiveness i removing fine floc and minimize carryover on to the filters

* CDM recommends that the filter operation and controls be modified to allow for the
ehmmnation of the mitial turbidity spikes immeduately following start-up after
backwashing

* CDM recommends the use of a filter aid polymer to help i the performance of the filters
and m the effective removal of dead nematodes CDM does not recommend adding PAC
to the settled water

*  CDM recommends that the existing filter surface wash water system be replaced with an
arr scour method for full-depth filter media cleaning CDM further recommends the
blowers and controls for the air scour system be part of the Japanese design

* CDM recommends the constant speed wash water recovery pumps be converted to
variable speed. These pumps are believed to be replaced with larger pumps under the
proposed Japanese expansion design, however, this may be unnecessary if the exisung
filter surface wash system 1s replaced with an air scour system, as recommended heremn

*  CDM recommends that the piping at the storage (flow balancing) tanks at four of the raw
water pump stations be modified, and new piping added, to allow water to pass through
them and avord stagnation and algae growth CDM also recommends the tanks be baffled
to avoud short-circurting

*  CDM does not agree with the addition of ferric chloride at the proposed settling basins at
the Intake Pump Station site These basins are designed to settle out the silt 1 the water
and reduce wear on the pump impellers These basmns would only be cleaned out
occasionally Adding ferric chlonide will precipitate out a great deal of organic matter
This will decompose and could create further taste and odor problems The removal of
orgamic particles 1 the water 1s better left to the existing plant's sedimentation basins
where the deposited sludge 15 vacuumed off the floor regularly and therefore, will not
contribute to taste and odor

* CDM does not recommend adding ferric chlonide to the raw water at the head of the
KAC to precipitate out phosphorous, one of the nutrients that algae depend upon This
chemical coagulant will preciprtate out more than phosphorous, thereby increasing
bottom deposits These deposits will add to the algae taste and odor problems when these
bottom deposits are resuspended Consideration should be given to using an algicide as an
alternative

*= CDM does not recommend that the exsting filter media be replaced with granular
actavated carbon (GAC) over a shallow layer of garnet at this time

Each recommendations has 1ts basis in sound engineering judgment In addition, the concepts
behind the recommendations have been successfully applied at other plants 1n the US and
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Europe These include 1ecommenditions for the use of chlorne dioxide nd potissium
permanganate as oxidants, PAC contact basins, hydiaulic flash nuwing plues, perforued
inlets and outlets (no finger weirs) in the rectangulir sed basws, fertic sulfate s 1 corgulun,
filter aid polymer, filter ur scour systems, and tank baffling

CDM cannot provide 1n outright guarantee that taste, odor, 1nd nemitode problems will be
prevented 100 percent of the ume However, CDM believes that, rlong with proper plunt
operation and mainten mce, 1ts recommendattons provide the most clfcctve nd econonucl
way of equipping the Za1 plant to handle taste, odor, and nematode problems

In viewing the Jipanese 1eport on the proposed Zu WIP dupliciion, CDM recommends
the design as proposed be 1mended to incorporate the CDM recommendtions to the cxsting
plant, as stated above and 1n more detail 1 the body of the report The Japwese proposed
strumentation and control system should include updating and integrng the cxisung
plant control system It 1s tmportant that the two plants be identicil 1n design, petform
the s1me manner, and be controlled as one plant from 1 central control room

The Japanese design should also include a coagulant polymer aid ind ensure that the PAC
feeder system be capable of dosing at up to a total of 70 mg/L at full plnt cipraty This
PAC system should also include conveyor loaders, bag splitters, compactors, and dust

extractors The recommendations of the German report have, for the most put, been 1greed
to

The matrix which follows provides a summary of CDM’s recommenditions, 1 priornty
order, as well as expected benefits, \pproximate costs, and other con ments concerning ewh
recommendation Note that the cost estimates provided ire “planning level” estumites only
and will be developed and revised during design for the complete progrun
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SUMMARY OF RECOMMENDATIONS FOR THE ZAl WATER TREATMENT PLANT

Mo [ Description of Recommendation Benefits Cost (JD) | Comments
1 Relocate the PAC application point to the (a) Improves taste & odor control while reducing 0 Chlorine must be relocated concurrently with the PAC
chemical injection vault on the raw water necessary dosages relocation
pipehne before the regulating reservorr (b) more effectively reduces THM precursors
Relocate the chiorine application point from this
vault to the settled water channel before the
filters
2 | Convert from alum to ferric sulfate as the (a) Provides a heavler floc to maximize nematode 0 Polymer testing should be conducted to ensure the
primary coaguiant removal in the sedimentation basins, use of one with the greatest compatibility and
| (b) eliminates the need to adjust pH in the raw or effectiveness with ferric sulfate ‘!
treated waters with acids and bases,
(c) eiminates the immediate need to upsize the
existing alum feeders,
{d) improved flocculation reduces load on filters
(e) forms less sludge than alum which also dries
more readily
() overall operating cost comparable to that of alum
L system (with pH adjustment)
3 | Replace the existing PAC feeders and slurry (a) Increases the plants ability to adequately handle 200 000 | Cost estimate includes capacity for existing and
feed pumps with new feeders and pumps to taste & odor problems of the magrutude of the expanded plant requirements
allow feeding PAC at 35 mg/L capacity each at 1998 event and larger
a plant flow of 246 000 m*/d
4 | Add a potassium permanganate feeding {a) Increases the contact ime and therefore the 85,000 Cost estimate includes capacity for existing and
system at the Intake Pump Station effectiveness of KMnO, as an oxidant for expanded plant requirements, with building
controlling taste & odor and nematode
inactivation
5 | Baffle the reqgulating reservorr at the Zai WTP (a) Mintmizes shorf-circurting, 40 000 Modifications can be accomphshed quickly with
(b) increases chemical contact time minimal effect on plant operation
(c) reduces PAC dosages needed to control taste &
odor
6 | Add chlorine dioxide dosing facihties at the (a) Inactivates algae, 650 000 | Cost estimate includes capacity for existing and
Intake Pump Station (b) mamntains clean pipeline expanded plant requirements with buillding
(c) oxidizes taste & odor compounds
(d) helps nactivaie nematodes
(e) reduces final chlorine dose needed to maintain a
residual in the treated water
(f) greatly reduces THM formation potential in
comparison to chlorine
7 | Change over the e xisting mechanical flash (a) Reduces flocculant chemical aosages, 10 000 Etimination of mechanical mixers would provide a net

mixing system to a hydraulic flash mixing
system
|

eliminates cost of operating and maintaining the
existing mechanical mixers

(b)

cost saving in the Japanese expansion design
Modifications would require minimal plant downtime

e



No | Description of Recommendation Benefits Cost JD Comments
8 | Add perforated inlet walls to the flocculation (a) Creates larger floc for higher percent removal in 5000 in combination with Recommendation 9 below, will
basins, change the motor drives for the sedimentation basins, require approximately 12 to 20 days of downtime for
flocculators to their low speed, and apply (b) eliminates "dead" zones in the basins to each process train
polymer at impellers maximize settling time and space
9 | Add perforated outlet walls to the (a) Increases percent floc removal 15,000 Elimination of the finger weirs would provide a net
sedimentation basins cost saving In the Japanese expansion design In
combination with Recommendation 8 above, will
require approximately 12 to 20 days of downtime for
each process train
10 | Modify the filters to eliminate the turbidity spike | (@) Minimizes particles passing through the filters 88,000 | Proposed modifications allow for a gradual backwash
after backwashing following backwashing particularly those of startup, filter "rest” period following backwashing the
nematode size ability to add polymer during the last few minutes of
the backwash cycle, and automation of backwash
control
11 | Add a filter aid polymer system (a) Flocculates particles passing through the 90 000 | An anionic polymer Is recommended
sedimentation basins to retain them on the filters
and prevent their passing through
12 | Provide an air scour cleaning system for the In combination with backwashing, 450,000 | The cost for a duty and standby air blower, which 1s
filters (a) provides complete filter cleaning, included in the estimate above, 15 sufficient to cover
(b) prevents the possibility of nematodes breeding In the existing and expanded plant needs since only
the filter media one filter will be backwashed at a time Other costs
associated with the expanded plant, however (piping,
etc ), are not included n this estimate It I1s expected
that the additional (non-blower) costs of the air scour
system for the expanded plant will be roughly
equivalent to the related costs of the surface wash
system currently proposed n that design Air scour
gnid systems are marketed which allow for their
installation without filter downtime
13 | Convert fixed-speed recovery pumps to (a) Ensures that recycled waste backwash water 1s 25,000 | Recommendation could provide a net cost saving in
variable speed fed to the head of the plant at a steady rate over the Japanese design, since the proposed larger
24 hours, rather than in slugs to help any pumps may not be required if a filter air scour system
nematodes in the waste backwash water to settle is adopted
out In the sed basins
14 | Modify the piping at the storage tanks of Pump | In combination with Recommendation 15 below 220 000 | Recommendation does away with the need to

Stations 2, 3, and 4

(a) Prevents stagnation of water in the storage tanks
to prevent algae growth,

{b) eliminates need to occasionally overflow the
tanks to flush them out

"dispose” of any water Should be implemented after
completion of the proposed setthing basins at Pump
Station No 1




Stations 1, 2,3 and 4

(a) Prevents stagnation of water in storage tanks
to prevent algae growth,

{c) eliminates need to occasionally overflow the
tanks to flush them out

compietion of the proposed settiing basins at Pump
Station No 1

No | Description of Recommendation Benefits Cost JD Comments i
15 | Add baffles in the storage tanks at Pump In combination with Recommendation 14 above, 35 000 Recommendation does away with the need to !
dispose of any water Should be mplemented after

Y



10 Introduction

This report has been prepued by Camp Dresser & McKee Internition] Inc (CDM)  the
request of the Umited Stites Agency for International Development (USAID) through
CDM's Indefinite Quantities Contract with USAID In preparing for the writing of this
report, CDM personnel visited the Zu Water Treatment Plant (Zar WTP) wnd wts associited
raw and treited water conveynce systems, reviewed water quality ind operiwng records,
studied wulible witer conveywice wd Zu WIP drawings, wd reviewed various
mvestigwve reports rdwed to the water quality problems experienced throughout the
western parts of the city of Amman's water distribution area CDM personnel also reviewed
proposed modifications nd additions to the facilities All reference materius e ated
Appendms A of thus report

The scope of CDM's services for this 1eport mcluded reviewing witer quality daty, phnt
operational records, associated reports, water treatment processes, chemicl requirements and
dosages, operational efficiency, and projected future modificitions nd expansions CDM's
scope of work was limuted to the conveyance and treatment systems {rom the King Abdull1h
Canal (KAC) intake 1t Deir Allr through the Zar WIP discharges CDM was sked to
identfy modifications to the Zat WTP that would be nccessary to improve water quility nd
relability, considering present and future water treatment demands The {ull wording of the
scope of services as they relate to this report 1s given 1n Appendix B

The draft of this report dated 30 September 1998, recommended a series of bench scale tests
be conducted to better define possible lternitives that wrose during the period prepariory to
writing the draft report This Final Report includes the results from these tests, nd identified
the best coagulant chemucal, disinfectant, and most appropriate chemucil for mictuviung
nematodes in the raw wuer traversing the conveyance system from the intake to the Zu
WTP The results of tests for trihalometh ine formation, using chloinc 1t the plint and 1t the
Intahe Pump Stiuon, wd the test compiring the proposed lternative 1ppliciion pomt for
powdered activated carbon (PAC) compired to the ewsting ppliciuon pomt, we so
cluded 1 thus final report The report incorporates all 1pplicable comments on the drift
report recerved from USAID, Water Authority of Jordan (WAJ), Dr Murad Jabiy Bino,
Consultant to WAJ, and the German funding agency, Kreditanstalt {ur Wiedcrrwiforw, ind
the Japanese funding agency, Japan Interntional Cooperation Agency (JICA)

Thus report was prepared by Robert D G Monk, 1« CDM Consultwnt, under the generil
direction of the Project Mannger, David A Ogden, of COM Ammuu, Jordn CDM
acknowledges the ready assistance given by the Minister of Water and Irrigation, His
Excellency Dr Ham Mulks, and other MWI/WAJ personnel, 1n furnishing information and
for their helpful review comments of previous drafis CDM would 1so like to thunk the
acting Zai WTP Manager, Mr Saleh Malkaws, and his staff for their cooperation during the
course of gathering data and for participating in the bench-scile tests CDM 1lso
acknowledges the help and direction given by Mr Alex Sundermann of USAID

CDM trusts this combined assistance will contribute to a permanent solution to the problems
experienced and to the continued wellbetng of the citizens of Ammn
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20 Backgtound

The Zar WTP was designed to trext 123,000 cubic meters per diy (m'/d) wd to provide
potable water to the western part of the city of Amman The water source for the plnt s the
King Abdullah Cnnl (KAC) which trinsports mued surfice waters from Lake Tiberits
the Dajinnr Gate, the Yirmouk Ruver, nd occasionally the Widi Al Arib Dam Ground
water from the Mukheib1 Wells 1s 1lso piped to the KAC The KAC 1s used primunly to
convey wter for rngiion purposes down the estern side of the Joraw River Valley

The water to be used for the city of Amman 1s diverted from the KAC 1w Deir Alla, where 1t
1s screened, and then conveyed through a series of 5 pump stauions, biwnang tnks, ind
ppelines to the Zat WP The treated water 1s then pumped to the Dibouq Reservoir 1nd
from there conveyed by gravity into the city Thus overll conveynce wnd trewment system
1s shown on the Schemwic Diigram of the Deir All-Z u Conveyince System of Figute 2-1

In early July, 1998, there was an incidence of bad taste and odor 1n the treited witer delivered
from the Zas WTP to the aty This taste and odor persisted through July and well mto
August A number of Jordan Government agencies and internattonal consultnts mvestig wed
the problem and concluded that the taste and odor ornginated from 1lgie 1n the water and
that the treatment plant processes and operations were msufficient to ded with the maganude
of the problem Investigations initiated to determine the source and reasons for the outbrenk
also 1dentsfied dead and live nemntodes in the raw waters and dead ones 1n the treated waters
While the exact sources 1re not known for sure as yet, nematodes e likely to be conung
from the Yirmouk Ruver wd could iso be developing m wny silt ind orguuc deposits 1n the
bottom of the KAC (between dredgings) In wet weather, they could oniginate 1n soils wnd
be washed mnto the canal with surface stormwater run off There ue also indiciuons that
they could have been breeding in the plant's filters

Currently, the Deirr Alla Zas WTP-Dabouq Water Conveyance System 1s 1t m wdvinced
design phase for doubling systems capicity by Tokyo Engineering Consultants o1 JICA

CDM reviewed these proposals as part of the preparition for this report \nd comments on
them are included herein
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30  System Description

The system reviewed under the terms of the scope of work of this contrict was the Deir Ally
Zat WTP System This system mcludes the raw water intike off the KAC at Deu Ally,
screens, the Intake Pump Station 1nd 1,200 mm diameter force mun to Pump Station 1,
Pump Statons 2, 3, and 4, with storige (bilancing) tanks wnd connecung 1,200 mm divmcter
force muns, the Zu WTP, including the riw water reguliung (bilwung) reservorr, nd 1iwo
compartment clearwell From the Zat WTP, the tteated water proceeds through Pump
Station 5 and 1,200 mm diameter force mam and on to the Dabouq (Termunil) Reservorr
Water 1s transmitted from the Dabouq Reservour via a 900 mm diimeter prpeline to the city's
distribution system The Wala Well supply connects into the 900 mm force mun between the
Zai WTP and Dabouq Reservoir Thus well supply 1s pumped mnto the Muntizah Reservorr
and from there flows by gravity The KAC 1s an open canal used primrily for irnginon nd
1s approximately 65 kilometers in length from 1ts start to the powmt of the Deir All1 miake
The water 1n this canal 15 slow moving and, therefore, the canil will tend 10 wccumulte silts,
muds, wnd orgwc mitta on 1ts floor  This wccumulition, combined with the long detention
time and exposure to sunlight, promulgates algre growths In order to reduce these g
growths, the addion of ferric chlonde to the riw witer 1t the heid of the open cnal ks
been recently 1n1tiated to precipitate out phosphorous in the water, 1 the recommendtion of
the German water speciaist Dr Christoph Czekalla of CONSULAQUA, Hamburg

Phosphorous 1s one of the chemicals that enhances algae growth The conveyance wnd
treatment system 1s shown graphucally 1n Figure 3-1

The balancing tanks at Pump Stations 1, 2, 3, and 4 are open to the wmosphere 1nd {flowt on
the system, that 1s, the water 1s not routed through them The wter level simply rises wnd
falls within them, depending on the imbalance between wter delivered and wter pumpced
Consequently, the witer in these tanks can stagnate ind grow algae Thus c1n result 1n slugs of
water, loaded with algae nd potential algae secreted taste and odor compounds, entering the
conveyance system and the Zat WIP To minimmze this hughly algie Iden water entering the

conveyance system and the Zai WTP, the operators occisionally flush this water out vin the
reservolr overflows

The Zat WTP was constructed 1n the mud 1980s  The treatment processes e conventionil
and consist of flow bilincing nd control, mechanical 1apid mners wnd {locculators for
chemical coagulation and flocculttion, rectangulir, horizontal flow type, sedimentition
basins, duilimedia, rapid gravity filters, and a two compartment treated water clewwell
Chemucals used wnclude potasstum permanganate for pre oaidation nd 1s 1n aid 1n taste nd
odor control, powdered 1cttvited carbon (PAC) as the primary chemucil for tiste wnd odor
control, alumuinum sulfate (alum) s the primary coagulant, cationic polyelectrolyte (polymer)
as a coagulant aid, anionic polymer 1s a flocculation aid, and chlorne to control quatic
growth, to contribute to the control of taste and odor, and to function 1s the primury
disinfectant Provision w1s also icluded in the onginal design to 1dd sodwum hydroxide
(caustic sodv), but this chemucal 1s not needed and was never used Provision was made m the
design for a spare chemucal which has never been used either The pH of the raw water 1s
normally greater than 8 0 Thus 1s well above the optimum pH for \lum cogulant The pFl
of the water Jeaving the plant 1s 7 plus This indicates that excess alum 15 betng used to depress
the pH closer to the opttmum value The 1nionic polymer has been relocited from the settled
water 1pplication pont to the st stage of flocculation to ud 1n floc formation
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Figure 3 2 shows the Process Flow Schemauc of the Zai WTP's uewtment tram wnd the
chemucal application ponts currently used Figure 3-3 15 a general liyout driwing showng 1l

the trewment components 1 the site  Tible 3-1 lists the treatment process components wd
their respective design criteria

At a meeting with Eng Koussu Qutesshat, Secretary General of the Minsstry of Water nd
Irngation, nd other Minustry personnel, the question was ratsed about the Isrielis' approiwch
to water treatment It was suggested that Jordan should take the same 1pproach, including the
pretreatment method the Israelis use Israel's main water source 1s Lake Tibertas They pump
the water 11to a canal which discharges 1nto a large open reservoir As the water enters the
reservolr a coagulant and an acid are added, and hydraulic flocculation follows The water
then traverses the reservorr, which s 1n fact a large sedimentation bisin At this time, other
thin the addition of chlotine, the witer receives no further trewtment The Isriclis hwe
conducted pilot plant studies and now plan to add ozonation and filters 1ftcr the setthing bsin
reservotr at the same site In effect, then, apart from the addition of ozone, the treiwtment
process will be the sume 1s thit used at the Zat WTP In fact, the pretrextment 1 the Zu
WTP 1s a more controlled nd effective system than the Israeli pretrewment system CDM
does not recommend other forms of pretreatment than those included 1n thus 1eport The
more concentrated treatment processes are, the more manngeable, effective, nd efficient they

will be To diversify treatment processes complicates management, communicition, nd the
control of the overall treatment process
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Plant Capacity
Nominal Design

Raw Water Regulating Reservoir
Reservoir
Inside Dimensions (each)
Water Depth
Volume
Max Detention Time

Rapid Mixing
Volume of Chamber
Mixer No 1
Velocity Gradient
Mixer No 2
Velocity Gradient

Flocculation Basins

Basins

Compartments
Inside Dimensions Each
Water Depth
Volume Each
Volume Total

Detention Time

Velocity

Flocculators (Two Speed)
First Row
Velocity Gradient
Second Row
Velocity Gradient
Third Row
Velocity Gradient

Mm¥a
mrd

compartments

number
sec !
number
sec

trains
number
m

m

m3

m3
minutes
m/min

number
sec !
number
sec '
number
sec '

45
123 000

2
32x65
525
10 350
2

25

1
1000
1

700

58x18
45
470
2820
33
055

100

Settling Basins

Basins
Inside Dimenstons Each
Water Depth
Volume Each
Volume Total

Detention Time

Basin Loading
Average Velocity
Weir Overflow Rate
Werr Length Each
Werr Length  Totat

Siudge Removal
Travelling Bridge
Bridge Speed Maximum
Bridge Speed Mimimum
Pumps Each Bndge
Nominal Pumping Rate (1 Pump)
Nominal Purmping Rete  Each Bridge
Volume of Liguid Assurming One Pass
Per Day Each Basin at 1 m/min
Sludge Drying Beds
Maximum Liguid Surface Area One Bed
Maximum Liquid Surface Area Total
Maximum Volume of Liguid - One Bed
Maximum Volume of Liquid Total

Dual Media Fiiters
Filters
Area of One Filter
Filtration Rate Per Filter
Filter Profile
Anthracite
Sand
Gravel
Filter Underdrain System

trains

m

m

ma

m3
minutes
mld/m?
mimmn
m¥d/m
m

m

number
m/min
m/min
number
L/min
Umin

mS

number
2

N

3
3

3333

number
m2

L/min/m?

mm
m
mm

perforated

18x95
45

7 695
15 390
180
36
053
150
408
816

g3

340
17060
160

10
605

6 050
472

88 32
160

600
300
300



/?%,/

Backwash System
Maximum Backwash Rate
Maximum Backwash Rate
Fitter Agitators
Agitators Per Filter
Operating Pressure
Wash Rate
Wash Rate Per Filter
Fiter Agitator Pump
Capacity — Each Pump

Wash Water Tank

Tank

Tank Diameter

Water Depth

Depth of Usable Water

Volume of Usable Water

Capacity/Volume for 10 Minute
Normal Backwash Rate

Wash Water Pumps
{Including One Standby)

Average Pumping Rate Per Pump
(Includes Water for Plant Operation

Wash Water Recovery Basin

Basin

Volume of 10 Minute Filter Backwash
Per Filter

Volume of Filter Agitator Wash

Volume of Wash Water Per Wash

Basin Interior Dimensions

Average Water Depth

Freeboard to Overflow

Volume of Storage

Capacity/Volume for 10 Minute
Normal Backwash Rate

Wash Water Recovery Pumps

Capacity Per Returm Pump

Umin/m?
m*min
rotary
number
kg/em?
L/min/m?
m¥min
number
m/min

number
m
m

m

m3

ratio
number

m®/mmn

number

3333333

w

1000
88 32

710
10
720
12x26
46
020
1440

Clearwell Storage
Reservoir
Interior Dimensions
Water Depth Maximum
Volume

Chemicals
Chlorine Pre Treatment
Chionne [ntermediate
Chlorine Post Treatment
Aluminum Sulfate
Caustic Soda (25%) (Sodium Hydroxide)
Activated Carbon
Potassium Permanganate
Polyelectrolyte Cationic
Polyelectralyte  Antonic or Nonionic

number

1
50x81

575
21 400

Average
300
100
0 &80

10 00
500
2 00
200
100
002

Maximum
600
300
100

40 00
10 00
10 00
500
200
004




40  Water Quality

The raw water quality in the KAC t the Deir Alla offtake fluctuates due to the multitude of
water sources, the long trivel and detention time 1n the KAC, possible releases from the Widi
Al-Arab Dam, the nutnient proportions 1n the water, and seasonal wetl er condiwons The
reported range of the normal raw water quality parameters for a surfice wter source for
treated potable water, such s twibidity, color, fecal coliform, algae, pH, hardness, ik dinny,
and total organic carbon (TOC), are generally not extreme, constdering the source witer nd
conveyance systems Stanley Consultants Inc has reported some occisionlly very lugh levels
of TOC, which could result m a high incdence of trihalomethwne (THM) formation
following chlorine addition to the water at the Zat WIP Dr Czekilla reported that the
algae density 1n the raw water during July and August was considered low to moderaie He
also stated that the levels of algae favoring nutrients, phosphate wnd nitrue, m witer from
Lake Tiberias were low, whereas the nutrients m the Yarmouk River witer were ten {old
more The algae 1dentified by the Government and the Royal Scienufic Society libortories
did 1include a variety of taste and odor producers Additionally, the riw water was {ound to
contain nemitodes These hive been identified 1s the {ree Living {non pusirc) type, wd of
themselves 1re not a threat to public health However, they do {eed on mucroorgnisms, wnd
can harbor pathogens and viruses in thewr digestive systems Therefore, a public health
concern should arise whenever nematodes are present 1n the finished witer

Although only dead nemtodes hive ever been detected 1n the finished water, CDM bclieves
1t 1s prudent from both health and aesthetic standpomnts to control ncmtodes through the
optmuzation of plant processes for both disinfection and particle removl (sedimentauon wnd
filtranon) CDM's recommendations, discussed later n this report, provide the mewns to
accomplish thus, in combination with the proper operation of the plant’s tre wment processes

The water produced by the Zat WTP, until the start of the taste wnd odor wncdents 1a July
and August of 1998, had met the drinking water quality standrds of the Jordwn Stindard
Specification 286/1997 The referenced taste wnd odor events were 1 surprise to all concerned
Nothing like this had hippened before Often at plants in the United States, nd other
countrtes that irregularly experience taste and odor problems, the operitois do not
comncidentally identify the problem in the plant until they recetve consumer complamnts It 1s
diffycult for managers and operators wha run a plant continually to identify tastc nd odor
themselves Even if they are anticipating 1 regular seasonal taste and odor event, wd perform
threshold odor number (TON) tests on the water, tastes and odors cn sull pass through mnto
the distribution system undetected A more sophisticated testing system 15 often used,
consistng of a pinel of personnel from people not assoctited with the operiton of the pht,
and who have nose sensors that are not mfluenced by extraneous things lihe smoking,
perfume use, etc , to conduct regular Flavor Profile Analyses (FPA) This pine} must consist
of people that fit a vigorous specification, are available regularly, 1nd conduct their analyses
in rooms speciilly insulited from outside odors thit could impact upon the results Even
whre thus method 1s used, taste 1nd odor cn 1nd do stll get through the phnts

In the future, 1t can be enpected that the raw water quality will deteriorite somewhat Thus 1s
an mevitable result of res.dential, industiial, and agricultural development incresing 1 the
water source catchment areas With the planned plant expansion, w additional 45 mullion
m’/year (123,000 m'/d) of raw water will be used Where this water comes from will cuse 1
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minor chinge 1n the watar quilny However, 1t 1s not wuepated tha 1 deercise m water
quility will be sufficient to wariant iy myor changes to the existing treitment processes or
additional processes outside the recommendations of this report It would be prudent for all
the responsible Government reguliting gencies to be mundful of the umplications of not
strictly enforcing exasting control regulations, the faillure of which could 1mpact water
quality However, the control and management of large parts of the watershed areis ate
outside the direct control of Jordan and 1ts regulatory agencies Future, more stringent trcated
water quality requirements may be more of a driving force for process chinges, but cven this
15 unlikely except for the possibility of the addition of ozone or another primary disinfectant
to meet lower future disinfectant by-products (DBP) regulations Even then, Jordwn should
not necessarily follow the United States' criteria The potential dangers of DBPs 1risc from
drinking large amounts of water contaming high levels of DBPs over 1 long period The
question 1s, do the people of Jordan drink as much tap water as i the U S ? If not, then ny
DBP regulation set by Jordan should reflect this difference Worldwide, there 1s sull 1 widc
divergence of opinion over THM and other DBP levels within the reguliting countries

The quality of the water leaving a water trextment plant 1s not necessirily the quality comung
out of the consumer’s tip It 1s very important to muntun 1 tght trnsnussion nd
distribution system to protect this water from contummaton A disinfectant residuil sull 1n
the water at the farthest location in the system will help to ensure bicterit free water The
lack of 1 chlorme residual 1s wn indicitor of possible contamuniion through 4 cross
connection or by some other mewns However, since the imount of residunl distnfectt m
the treated wter 1s 1nsufficert to disinfect contaminted wter entering the system, vigilince
1s necessary to check for signs of trouble by regularly testing to ensure th1t a residunl 1s being
mamntained everywhere throughout the system Lack of a residual 1s wn mndicitor of trouble
To spend a lot of ume and money to produce the high quality of witer the Zu WTP 1s

capable of producing only to have it degraded in the distribution system would be
unfortunite and dangerous
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50  Potential Causes of the Taste and Odor and Nematode Problems

The quaty of the raw water sources ind the warmer summer temper wures 1n euly July,
1998, mitiated the taste wd odor producing algae in the raw wauter sources, the long
conveyance systems promoted their further development, and the Zar WTP management wnd
operttors were unible to treat the witer at full plant capacity effecuvely ind responswvely
This was mn part due to mespertence, but primanly due to msulfictent powdered 1cuvated
carbon (PAC) metering cipicity The taste ind odor events were far wnd way greter than
any eaperienced before and of such a magnitude that the plant staff wis unable to respond
quickly enough to avoid the catastrophe that resulted The plint had run successfully for 10
years without an mcident like this At no time was more than 10 mulligr-ms per liter (mg/L)
of PAC needed However, i this incident water production had to be cut back to allow the
exising feeders to add 60 mg/L of PAC 1o the water Although the operations minuil
indicated there may come 1 ume when 100 mg/L of PAC may be needed, it did not go wnto
any detail as to how this could be implemented However, each of the two PAC volumetric
feeders are rated at 2 7 m’/d—about 10 mg/L at the design flow of 123,000 m'/d From the
data CDM has collected, the PAC feeders cannot feed PAC 1n excess of ibout 10 mg/L 1t the
design flow PAC 1s the primary chenucil provided by the designers to control taste wnd
odor The plnt had successfully controlled taste and odor mn the riw witer (in 1997, for
example) by using an averige of only 12 mg/L of PAC, plus 13 mg/L of potissium
permanganate and 2 8 mg/L of chlorine CDM recommends the PAC feeders and slurry
diaphragm pumps be repliced with units capable of dosing PAC at up to 1 totl of 70 mg/L
based upon Dr Czekalla’s test results 1t the time of the taste and odor event  The capaaty of
each unit should be 35 mg/L 1s discussed 1 more det ul in Section 6 10

The muluple water sources supplying raw water to the Zar WTP contamn algae nd
nematodes This 1s somethuing that cinnot be easily controlled or economucally ddressed
The scope of work relued to this report 1s limited to the Dewr AllvZar WTP-Water
Conveyance System, however, the fact that the raw water sources do contamn algre nd
nematodes must be assumed as a given, and their impact on the treatment plint munimized by
limiting their growth 1 the conveyance systems Because the water in the KAC 15 primanly
for irrigation purposes, the canal 1s used to store water Thus, the water velocity m the cnil
1s often slow, causing silt, mud, and organic matter to settle out and rccumulate on the cnal
floor This then becomes a potentinl breeding ground for nematodes and 1 further source of
taste and odor Adding ferric chloride to precipitate out phosphorous, s 1s cutrently
practiced, can actually exacerbate the sttuation When these bottom deposits are resuspended,
severe alge blooms can result due to the resuspended phosphoious Thesc blooms could hwe
the potentiil to cse scvere tiste wnd odor problems Sumlatly, the 1csuspension of decying
organic deposits due to mcreased water velocittes, or other reasons, will further 1dd 1o the
taste ind odor The resuspended nutrients will encourage algae blooms

The contributing factors for m algre bloom are comples These mclude the correct
combination of elements that go to contribute to an algnl bloom, nutrients wd thar
respective combination, water temperiture, sunlight, and runfall These we difficult to
predict with any degree of wccuracy Storm run off from the areas traversed by the canil cin
also contribute waters that increase the nutrients 1n the water and thercfore the potentiil for

algae prolferaion These run-offs mny also add to the nematode populition in the cunl
water, as well
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The often stagnant water 1n the pump station balwncing tanks of the Dar AllhZu WTP
Conveyance Svstem 1s a further potentil breeding ground for tiste and odor producing g
The riw witer force muns up to the Zu WTIP cn also hive wuiuce growths that devddop on
walls of the pipes and that cn further produce taste 1nd odor

The CDM report of 13 August 1998 wnd a press reports of 21 September 1998 nd
subsequently, all state that, comcidental with the taste 1nd odor event, the witer ws “turbid”
and “murky” Water quality reports for the treated water lewving the Zu WTP 1t the sume
time indicate that the turbidity of the witer was low The question then 1s how did the water
become turbid or murky? Whie 1 was not in CDM’s scope of work to assess the
distribution system, one scenario could be that the water was contimmted by dischirges
from the Wala Well Supply that sends well water 1nto the 900 mm diumcter pipcline before
the Dabouq Reservoir
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60  Possible System Modifications

There wre 1 number of modificwions thit can be made to th e convey mec systems nd to the
treatment process units thit will, first, reducc the potenti] taste and odor events ind/or thar
magmtude, and, second, be able to suctessfully treat for such events when they occur in the
future There are other modifications that will increase the particulate removal efficiency of
the Zai WTP and these are discussed in the following sections

61  King Abdullah Cnal (KAC)

Although the KAC conveyance system s outside the scope of this report, it must be
recognized as a major potential contributor to the taste and odor 1nd nematode problems
expertenced m 1998 It would not be prudent for CDM to make recommended modificuions
to the Zai WTP without t1king into rccount the water source ind quility

In order to limut the deterioration of the quality of the raw water sources, control should be
exercised over the surface water discharges 1nto Lake Tiberas, the Ywmouk Ruver, wnd the
KAC 1tself This may mean that international treaties must be 1greed to Care should so be
exercised s to when and how much water 1s discharged from the Wadi Al Arab Dam

CDM does not believe the use of ferric chlonde to precipitate phosphorous mn the caml 1
advisable «f the current operational practices of the KAC are continued While some short
term benefits 1n contolling algae could result from this pricuce, 1t 1s CDM’s opuuon that
adding ferric chlonde ulumately 1ncreases the risk of devcloping 1 lirge seile 1gie bloom n
the cinl by cwsing phosphourous nd orgunic muter to settle out  These depostis, il
allowed to collect and then be resuspended, could provide nutrients for such w ilgae bloom
and result 1n an extremely high taste and odor event If bottom deposists cannot be woided
altogether, then a way to resuspend this material on a regular basis, before decomposition
starts and the phosphorous deposits get too large, should be investugited nd implemented

Prechlorination of the water in the KAC 15 also not advisable A high imount of chlorine
would be necessary to achieve a residual over the canal’s 65 km length, 1nd this would tesult
in hugh levels of disinfectint by-products, such as trihlomethanes (IHMs) Considerition

must also be given to the effects of adding chlorine and ferric chlonde to water used primanly
for rrgation of crops

Any pretreatment should consist of silt separation only, as proposed 1t Pump Station No 1
To build larger pretreatment facilities will add costs, complicate operitions, nd mike parts of
the exisung Za1 WTP redundant By implementing the recommendntions of this report, the
plant will be able to trewt water currently and 1n the foreseeable future The addstion of
copper sulfite or some other algicide mto the top of the cwnal would, 1 our professionil
opuon, be better than using fernic chloride However, the use of copper sulfate or any other
algicide should be investigated s to the impact these toxins would hve on souls subject to
rngation It may be thw copper sulfwte need only be used on an internuttent basts, not
continuously This will nunimize the effect on agricultural sols
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62  Den Allr Zu Water Conveyance System

Copper sulfate 1s now bemg added to the raw water at the mntake This should effi cuvdly
inactivite the algae but not necessirily elinunate taste and odor from this source Dead 1lgre
can still result 1n taste and odor 1nd 1lgie-secreted taste ind odor compourds will likely be in
the water already Copper sultate will not remove these However, dead 1lgae 1re casier to
remove by coagulation, flocculauon, nd setthing at the Zas WTP than Lve g The
removal of dead algae would reduce potential algae clogging of the plint's filters However,
because the balancing tanks at the pump stions along the raw witer conveyance system
stagnte, g e blooms will sull occur m these balwnung tinks, which could result 1n slugs of
algae and/or tastes and odors reaching the Zat WTIP The best solution to this particular
problem 1s to modify the piping at each tank, so as to route the water through the reservorrs,
and 1o add baffling to each tank to elimunate dead areas where algae could flourish  Figures
6 2-1, 6 22, 6 2-3, and 6 2-4 show the re piping necessary to eliminate the stagnation, Figure

6 2-5 shows details of the type and confliguration of balfles 1ecommended to worid short
crcutting through the tanks

Stanley Consultants Inc hns designed setthing basins at the Pump Station No 1 site CDM
has reviewed the final design drawings for the basins These basins are intended to promote
the deposition of 1brsive stlts i the riw watet to munimize wear on the pump impellers
The bsins e designed 1o wcumulite thus silt and to ficlitate s removal by front-cnd
loders, loaded on to trucks, and hauled off site to a disposil aret on w1 mternuttent bisis

Since the taste and odor event, Stanley has further recommended that consideration be given
to adding ferric chloride to the water entering these basins CDM docs not recommend this
practice Between the itermuttent cleanings organic matter will accumule long with the
st and be the cause of tastes and odors Also, on the recommendation of Stanley
Consultants, copper sulfate 1s now beng added at the Intake Pump Stauon to mnactivate algie
and help control taste and odor CDM recommends that potasstum permanganate be dded
here instead of the copper sulfate Potasstum perminganate 1s lready boing used m the Zas
WTP It should work as effectively as copper sulfate m 1n1ctivating »lgae In addition, s w
oxidant, 1t will better aid 1n the control of taste and odor By adding 1t here instead of at the
inlet to the Za1 WTP as currently practiced, the contact ume will be extended and, therefore,
1ts effectiveness enhanced Further, potassium permanganate will keep the pipelines clein of
aquatic growths and eliminate potentin] taste and odor from thus likely source Confimition

testing of potasstum permanganate and other potential chemucals 1s turther discussed 1 the
next section of this report

CDM recommends thit the settling bisins 1t Pump Station No 1 be operationl before the
baffling and piping modifications suggested above are implemented This will word the
deposition of 1brisive silts n the balancing tnks

63 Nemntode Inactivation and Disinfection

The life cycle of free living nematodes consists of the egg, four luvie stages, and one dult
stage These are generally microscopic 1 size but can be removed from raw wter through
well operated, convention1l water treatment plants such as the Zu WIP  Thus fur, only
dead nematodes have ever been detected 1n the plant’s treated water However, 1t 1s more
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likely these nematodes will be removed if they are mnactivated before rewching the corgulition
stage of the plant By doing this, 1t also eliminates the chance of nemntodes breeding 1n the
filters of the plant To do thss, a disinfectant could be added to the water 1t some stige within
the raw water conveynce system such thit the product of the distnfection concentrition (C,
in mg/L) and contact time (T, 1n munutes) 1s adequate to mnactivate the nematodes

Nermatodes are not easily inactivated by chlorine These require a relwvely high dose wnd/or
contact tume for effectve mactivation Alternatively, a nemaucide chemical could be used
However, CDM has not identfied one that 1s siufe for use mn potible witer Potissium
permangnite m1y Uso be elfective in mncuvaung nemitodes if the dose wd/or contawt ume

1s adequate As 1t 1s already recommended to mactivate algae, 1t 1s the most cost-effective
alternative

There 1s not a lot of information available on the macttvation of nemitodes Therefore, based
upon the recommendations of the Draft Report of 30 September 1998, a series of tests were
performed to help identufy a disinfectnt, or determune the effectiveness of potasstum
permanganate for nematode inacttvation, and the respective effecuve doses It was assumed
the chemucals will be applied at the Intake Pump Station Minimum travel times of the water
1n the conveyance system to the plant at hf plant capacity of 61,500 m'/d and the future full
expanded plnt capacity of 246,000 m’/d were used Various disinfectunts wd potassium
permangnite were used 1t different doses (C), and contact times (T) for each From these
tests 1t was possible to identify the effect the various disinfectints and potissium
permanganite had on nematodes The disinfectants tested were chlore, chlorumme, nd
chlorine diowide Potassium permanganate and chlorine were also tested together The test
results summary 1s provided 1n Appendix C

Based upon bench-scale Test No 1 results, the use of chlorine to aid 1n nemtode macuviuon
1s not possible because of the high levels of trihalomethane (THM) by-products produced Of
the four oxidants used in the test (chlorine dioxide, chlorine, chlorimune, and potassum
permanganate), chlorme dioxide was the most effective n 1nactiviung the test nematode
Cephalobus Test No 2 showed the synergistic benefit of using chlorine and potassrum
permanganate together It 1s expected that usmg chlorine dioxide and potissium

permanganate together will have a simular, or better, nematode mactivation result than of
these chemicals are used separately

The advantages of using chlorine dioxide are that 1t will result m mimimum THM formation,
will aid 1n nematode 1nactivation, will disinfect the water, and will contribute to taste and

odor control, thereby reducing the PAC dose necessary at the Zu WIP  This 15 discussed
further 1 Sectron 6-10, "Taste and Odor Control"

Considering, then, the use of chlorine dioude as a disinfectant, the shortest detention time 1n
the system from the Intnke Pump stition (IPS) to the filters will occur in the future when the
pump stations and the plant are doubled 1n capacity This will result 1 a2 mwumum of
246,000 m’/d being pumped and treated Table 6 3-1 shows hydrwlic residence detention
tumes (t) for the various system components, the contact time factor (To/t), where "Tio 15 the
detention time corresponding to the time for 90 percent of the water his been 1n contict with
at least the residual disinfectant concentration C" (AWWA, 1990), wnd the resultant ume T,
which 1s the time to be used in the product expression CT From Thible 6 3 1, the resulting
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mummum tume 1s 3 9 hours (234 nunutes), close to the muamum times used m the nemode
mactivation Test No 2

TABLE 63 1
SYSTEM RESIDENCE TIMES
SYSTEM COMPONENT | HYDRAULIC RESIDENCE | FACTOR |CONTACT
TIME (t) (FHr) rio/t T’f(l)%i)

RAW WATER PIPELINE 16 1 16
REGULATING 05 08 04
RESERVOIR

FLOCCULATION BASIN 055 075 04
SEDIMENTATION BASINS 3 05 15
TOTALS 5 65 - 39

Therefore, 1t 15 recommended that chlorme dioxide be used because of 1ts oxidizing benefits
for taste and odor control and nematode mnactivation In addition, it should be used 1s the

primary disinfectant, taking advantage of the long contact time availible 1n the conveynce
and treatment systems

As the proposed primary disinfectant, the chlorine dioxide system should be sized for dosing
rates capable of nactivating viruses and cysts, such as Gurdia lamblia and Cryprosporidinm,
should future water quality conditions warrant such rates (note, however, that viruses wd
cysts have not been detected 1n the current water supply) To mactivate/remove viruses ind
Guardia lamblia cysts, the USEPA has specified 3 log (99 9%) wnactrvation/removal for
Grardia and 4 log (99 99%) for viruses A 2 5 log (99 7%) removal credit for Guardia 1nd 2 log
(99 0%) removal credit for viruses can be taken for an efficient treatment plants with filters
The remaining Gurdia ind virus log requirement (2 log and 05 log respectively) must be
implemented by disinfectnt i cuviton (AWWA, 1990)

Appendix E show copies of the applicable USEPA Grardia nd virus inactivation tibles for
chlorine dioxide that apply to the Zat WP raw water, 1 e, pH 1n the 6 9 ringe and the worst
case water temperature of 15 degrees C From these tables, Guardia cyst inactivauon dictites
requiring 1 CT of 3 2 mg/U-mun With the T\ tume of 234 mun, the residunl chlorine diowide
concentration at the end of the sedimentation basins need only be 0014 mg/L Thus 1s the
worst case condition, since at any other flows the residual can be reduccd proportional to the
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decrease 1n {low and an accomp wmying 1creise 1n tume Tyo

Because chlorine dioxide 1s a more expensive disinfectant than chlonne, its use should be
limited to being the primary disinfectint Chlorne should be added 1t the chinnel feeding
settled water to the filters and agan following filtration, as 1s the practice now, and 1o
mantain a disinfectant residual i the distribution system

The disinfection system, s recommended, will allow for a hugher log inictivation by sumply
increasing the chlorne dioxide dose to provide a higher residual to meet the required CT

There has been work done on the beneficiil synergistic effects of two or more diffcrent
disinfectants bemng applied sequentially, as recommended, 1 e, chlorine dioxide followed by
chlorine Work stll needs to be done on this approach to determune definiuve and
quantitative results for the Zai plant, however The two proposed oxudints to be wpplied 1t
the IPS, chlorne dioxide and potasstum permanganate, will break down more organic
molecules 1n the raw water than if only one were used As discussed in the bench scale study
report (Appendix C), more organic matter will be adsorbed onto the PAC 1n the regulaung
reservotr Thus, together with the improved flocculation and settling performance, and the
resulting reduction m chlorine demand of the oxidized and settled water, fewer disinfectant
by-products, primarily THMs, will be formed 1n the treated water

From the stoichiometric requirements (Equation 1, below) of combimng sodium chlorite
(NaClO,) and chlonne (Cly) to form chlorine dioxide (ClO;), 1 part of Cl; 1s requured for
every 2 68 parts of NaClO,, assuming 95 percent efficiency

INaClO; + Cl, = 2ClO, + 2NCl 6

From Test No 2 of Appendix C, the reduction of ClO; 1n the simulited conveyance time
averaged 47 percent for doses greater than 1 mg/L Theoreucally then, only 083 mg/L of
chlorine dioxide 1s needed Practically, 1t 1s recommended that provision be made for a higher
dose, on the order of 30 mg/L installed capacity, assumung a 15 mg/L average dose
Operationnl experience will determune if this average dose can be reduced 1ny, taking into
account the relattve cost compared with both KMnO; and PAC This high dose will not be
necessary to meet disinfection requirements, however, as ponted out earlier

Chlonne dioxide 1s a powerful oxidant and excellent disinfectant (AWWA, 1997 and Cooper,
1981) Its use 1s growing mn a number of areas, including the US and Western Europe The
reason for the nising 1nterest m and use of thus alternative disinfectant m the US 1s two-fold
(1), the disinfectant by product THM 1s munimal, and (2), the USEPA proposes, 1n 1ts next
round of regulations, less stringent ClO; by products miumum contwmnant levels (MCLs),
e, 1 mg/L of chlore t1on only (Pontis, 1998) Previous suggested MCLs for chlorute,
chlorate, 1nd the ClO; residual levels themselves, were much more stringent, making the use
of chlorine dioxide problematic

Chlorme diovide as a gas 15 dangerous and potentially explosive, and 1t must be generated at
the site where 1t 15 to be used ClO; for use 1n water treatment 1s made from by muxing
chlorine and sodum chlorite The early generator designs mvolved pumping a solution of
sodrum chlorite into a solution of chlorine However, 2 to 3 tumes the amount of chlorine
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required stoichiometrically was needed by the process High levels of THMs also resulted
from this method Modifications to this type of generator system were made, such as adding
an 1cid and optumzing the mg/L Cl; 1n the Cl; solution, thereby reducing the excess Cl;

A more recent alternative generator has been developed that blends a chlorine gas and sodum
chlorite solution and yields a greater thin 95 percent chlorine dioxide solution with less than
5 percent excess chlorne (AWWA, 1997) Figure 6 3 1 shows 1 schematic diygram of thus type
of generitor, which 1s recommended for use at the IPS  Appendx D provides a copy of 1
manufacturer's catalog featuring this type of generating system Figure 6 3-2 1s a plan of the
chemucal building needed at the IPS to house the equipment for the chlorine dioxide and
potasstum perminganate systems, and areas for chemical storage

A positive w1y to 1nactivate nematodes 1s to use ozone as the primary disinfectant However,
unless there 1s justification for the use of ozone for other compelling reasons, 1ts use 1 this
application cannot be economucally justified Ozone 1s the strongest disinfectant available and
does not form TMHs The caprtal cost of wn ozone system to supply 3 mg/L of ozone and
contactors designed for a contact time of 12 munutes 1s esumated w JD 3,200,000 The
operating cost of such a system, assuming air feed with all the associted air filtering and
drying equipment, would amount to JD 4,000 per day at 123,000 m'/d CDM does not
recommend an ozone facility for the Zai WTP at this tume

Other disinfectnts such as chloramine, a compound made from chlorine and ammonta, and
chlonne dioaide, produce only munimal quantities of THMs These disinfectants will form
other disinfectwat by-products, but 1n small enough quantities not to cause health problems,
(based on current knowledge), and are much less costly than ozone

64  Raw Water Regulating Reservorr

Thus reguling reservotr acts to bilance the witer bemng dilivered to the Zu WTP from the
pumped riw witer conveyance system and the rate of water treatment at any particular time
Upstream of the reservorr a vault 1s located over and around the incomung raw water force
main with provision to add caustic sodn (never used), powdered activated carbon (PAC), and
potassium permanganate Currently, potasstum permanganate and chlorine are being added at
this pomnt PAC 1s being added at the first rapid muxer together with the alum coagulant This
1s not an opumum arrangement PAC should be added to raw water for taste and odor
removal well before a congulant 1s added This provides time to allow the PAC to adsorb the
taste and odor compounds 1n the raw water before coagulation This will have the added
benefst of reducing THM formation, since more tume 1s provided for organic precursors to be
dsorbed CDM has designed many PAC contact basins with success, as well Ideally, PAC
should be added to the raw water at the Intake Pump Station, since this would allow the
longest possible contact ume However, PAC 1s very abrisive and would do damage to the
pump mpellers along the conveyance system An ternitive would be to add 1t to the raw
water on the discharge side of the Pump Station No 4 This would necessitate using very
high pressure PAC slurry metering pumps, however

I PAC and 1lum are added together, as 1s now practiced, the PAC particles become nucles for
floc formwon [hat means the carbon particles become coated with alum floc before the
carbon cn dsorb the tiste 1nd odor compounds, thus munimizing its effectiveness The best
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economuc solution 1s to utlize the exsting regulating reservorr as contict basins for PAC

taste and odor contro! by 1dding the PAC to the raw water at the existing cherrucal injection
vault Baffling both compartments of the reservoir will munimuze short-circuiting nd
mxmize the detention ume and contact tumes for the carbon wnd muninuze cirbon
deposition The current way of using the reservoir 1s to pass the wter through the two
compartments of the reservoir in sertes Water passes from the first 1nto the second over the
mtermediate dividing wall Thus means only the one compartment c1n be used for bilwcing

And particle deposition will occur m the outer ends of exch compirtment This limuts the
reguliting cipacity of the reservorr When the plant 1s doubled 1n cap1icity, balwcng will not
be possible The Japanese engineers who 1re designing the plant expansion hive 1ssumed the
full capacity of the reservoir for regulating purposes 1n their design

Chlorine addition at the raw water regulating reservoir application point should be stopped
when PAC application 1s started there, since PAC will adsorb the chlorine and nullify s

residual effect Instead, chlorine should be applied at the settled water channel, just aheid of
the filters

Figures 641, 642, and 6 4-3 show the configuration of the exssting and recommended
reservolr baffling arrangement and baffle details As stated above, potissium permanginate
should be 1dded at the Intake Pump Station The added PAC coatact time through the
regulating reservorr will improve the effectiveness of PAC for orgwuc adsorption, wnd
therefore reduce the formition potential for THMs when chlorine 1s finlly 1dded

The baffling configuration, as proposed, will not only mummize short cireurting 1n the
reservolr compartments but munimize particle deposition The velocity 1n the rce-wys of
the baffled compartments will be 0 04 meters per second (m/s) at 123,000 m'/d phnt flow
and both compartments at maximum water level This 1s compared to 001 m/s 1n the
sedumentation basins The reservoir velocity will increase to 008 m/s when the plant 15
doubled 1n capacity It 1s possible that some PAC may drop out 1t times, but 1t will be a
stmple matter to move this deposited material out For example, all the incoming riw water
can be passed through one compartment for a short time and operated at whatever depth will
be needed to provide the necessary added velocity to move deposited maternl Similarly, both
compartments could be operated together and the water levels dropped to increase the
veloaity for a short time No manual cleaning will be necessary, except for the normal annul
close down and inspection of one compartment at a time The design detuls of the hypalon

baffles 1nclude sand filled hems at the bottoms to keep the baffles on the floor and prevent
short circutting

65  Rapid Mixing

The existing rapid muxing system consists of two vertical turbine, mech wical, electric motor-
driven muxers in sertes The arrangement 1s not efficient and the coagulnt cinnot be mixed
quickly enough imto the water Back muxing and short circmiting through the basins also
occurs Ideally, the quicker the coagulant chemucal cin be added to the water the more
efficient the use of the chemical and the less chemucal 1s needed CDM’s expertence h1s been
that up to 20 percent less coagulant 1s needed if the coagulant 1s muxed into the water quickly
This has been vertfied by others also (Kawamuru, 1991) The hydraulics of the plant 15 such
that excess head between the water level in the regulating reservorr and the top water level in
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the rapid muung basin has to be dissipated through the riw water flow control modulwung
butterfly valve, as seen by the hydrwlic profile shown in Figure 651 It would be more
economucal to modify the current system to provide flash (close to mstntineous) nuxing,
using some of the excess head available, either by using a weir configuration or a pressure jet
and splash plate The pressure jet/splash plate hydriwulic mixing method has been used
successfully for many years by Briush designers  This way, the concept of flash mixing 1nd
chemical reduction will be relized 1nd the cost of runming and muntuning the mixer will be
eltminated The existing rapid mixers should be removed The nozzle for the replacement
system would be designed to accommodate ll flow ranges

The flash muxing concept 1s not needed for the polymer coagulant aid  Again, using some of
the excess available head, hydraulic mixing using baffles would be adequite, wnd the
mechanical muxer could be eliminated Figures 6 5-2 and 6 5 3 show the exusting mechncal
flash muxing arrangement for the coagulant and the polymer coagulant ud Figures 654,65
5, 6 5-6, and 6 57 show the alternative ariangements These are simple configurations that
will cost very little to implement but will yield long term savings Of the two alternatves
developed, CDM recommends the nozzle type of flish muxing As stated bove, 1t s
recommended the PAC application point be relocated {rom the first flish muxer to the 1aw
water pipe vault upstream of the regulating reservoir

66  Chemucal Coagulation

The plant was designed for the use of alumimum sulfate (\lum) 1s the primry coagulant Thus
has worked satisfactorily, although due to the relauvely lugh pH of the riw water, excessive
alum 1s perhaps being used to lower the pH closer to the optimum value for congulation
However, with the advent of the hnowledge of nematodes in the raw water, 1t 1s advisable to
increase efforts to ensure their removal at the plant so that they do not get into the
distribution system, dead or alive The use of an alternative coagulant should be considered so
as to form a better and heavier floc to ensure more effective floc and particle removal 1 the
sedimentation basins and less load on the filters The two possible candid wtes are ferric sulfue
and ferric chloride The former 1s more economucal, as 1t 1s available i a dry form and s
compatible with the existing corrosive resistant alum equipment now 1n use at the plnt
Another advantage of using a ferric salt as a corgulant 1s that the resulting sludge dries better
than for an alum sludge It will also be advisable to identify alternative heavy molecular
weight coagulant aid polymers for the same reasons, to form a heavier floc Investigations
should be made and tests conducted to 1dentufy a polymer more compauble to ferric
coagulants than the polymer currently being used as an alum coagulant aid The pH of the
raw water 1s more optimum for a ferric salt cowgulint, nd us use should result n less
coagulant being required CDM 1s therefore recommending the use of feriic sulfate as the
primary coagulant i place of alum CDM believes this option to be a better alternative than
lowering the pH by adding an acid, as recommended by Dr Christoph Czekllh, the German
consultant thit reviewed the Zat WTP and 1ts operation J1r tests were conducted to compare
the relative effectiveness and costs of alum, ferric sulfate, ind ferric chloride The tesung
procedure 1s included 10 Appendix C

From these limuted tests, the ferric salts proved effective Ferric chlortde was somewhat better
than ferric sulfate It did however, depress the pH more and final pH adjustment with a base
would be needed Ferric chlonde 1s also 1 more corrosive metal st than ferric sulfate
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Therefore, 1f 1t were used ll the existing lum feeders and pumps would have to be repliced
with equipment made {rom more corrosive resistant maternls If fernic sulfate 1s used, the
exssting alum equipment could be used CDM recommends ferric salts over alum becwse
they produce a heavier floc than alum floc This will result 1n better pirticle separation and
nematode removal and avoid aluminum restdual and carry over into the distribution system
CDM recommends ferric sulfate over ferric chloride because 1t 1s less corrostve, new feeder
and pump equipment will not be needed, and pH adjustment will not be necessary A further
benefrt of using ferric sulfate 1s that less sludge will be produced This will hve less
environmental impact, compared to the large volumes of alum sludges currently produced at

the plnt Section 10 includes all the relevant cost compartsons between the alum 1nd fernc
sulfate systems

67 Flocculation Basims

The flocculation system 1s a good design with two trains, each train having three parallel
flocculators with three stages 1n series The flocculators are the mechanical vertical turbine
type, with two speed electric motor drives There are therefore, a total of nme flocculators
per tran There are two parallel trains, each with three flocculators per stage, with baffled
walls between each stage, making a total of 18 flocculators The velocity gradients for each
stage are 100", 80", and 60" at the higher speed This arrangement, together with the vertical
turbine type muxing, ensures mummum short circuiting and good detention times for floc to
form Currently, the first stage flocculators are operating 1t their hugh speed while the second
and third stiges are operwmng 1 their low speeds It miy be more clcctive to operite all
flocculator drives at their lower speeds This should result in a marginally larger floc and will
reduce the wear and muntenance costs and the current draw on the s\ first stage flocculator
drives In order to further improve the flow through characteristics of the flocculation brsins,
1t 1s recommended that perforated walls be installed at the first or inlet stage of the
flocculators Currently, there 15 2 single inlet pipe to each basin A perforated 1nlet wall will
tend to reduce short cwrcurting in the first stage Figures 671 and 672 show the
recommended wall location The provision to add a flocculant polymer aid has been added
recently The polymer 1s currently being added to the top of the water at the start of tne third
stage of flocculation This 1s not an efficient application point CDM recommends the piping
be rerouted to allow for the 1njectson of the polymer directly under the flocculator impellers
To add flexibdity, provision should also be made to provide the option of adding the
polymer under the second stage flocculator impellers Full scale plant tesung will quickly

denufy, for different types of polymer, which application pont 1s better based upon floc
formation, size, and polymer cost

68 Sedimentation Basins

There are two sedimentition basin trains 1 parallel, matching the flocculation truns
Flocculated water enters the basins directly from the flocculation bisins through perforated
dividing walls At the design capacity of 61,500 m’/d per trun, the overflow loiding rie 1s
15 m/hr Settled sludge 1s vacuumed off the bottom by a travelling bridge type scriper
mechanism, using suction pumps mounted on the bridges The track records of these types of
scrapers have not been good in the United States They tend to rick and jym However, the
operators report the units at the Zat WTP do not cause problems Therefore, there 1s no
recommendation to change these out with an alternative system
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The sedimentation basins have long finger launders and weirs Thus type of design results in a
large outlet zone and an extensive associated dead zone This configuration results 1n some
short-circuiting and 1s therefore nefficient, considening the size of the basins Figure 6 8-1
displays a plan and secuon down the length of a basin, showing the theoretical flow pattern
through the existing basin and settling path of a discrete particle If the wind 1s flowing down
the length of the basin 1n the opposite direction from the flow, circulation flows can result
By eliminating the finger launders and weirs, and adding a perforated baffle wall at the outlet
end of the basins, the settling zone can be increased by close to 50% This will result in
smaller floc settling out in the basins at the same flow-through rates Figure 6 8 2 shows the
possible theoretical setthng path of discrete particles under this scenario The actual floc
settling path will be better than the discrete particle path shown, because floc will
agglomerate as they settle and collide with other floc on the way down Using a ferric salt
and/or heavy molecular flocculant aid polymer will give even better results Comparing this
Figure 6 8 2 with Figure 6 8-1 demonstrates graphically the potentially better performance of
bastns with the finger launders removed and a perforated end wall added Isolation shuce gates
can be added at each existing wall opening where the launders meet the wall Alternauvely,
these openings can be blocked up, two larger openings cut, and sluice gates added CDM has
retrofitted many sedimentation basins 1n the United States in this manner, with marked
improvement to floc separation

It will not be necessary to demolish the full launders and their support columns Only the
short pieces of launder between the first columns and the end wall need be demolished A
hole should be cored into the outer end of the launders to allow some flow through the
launders to prevent local stagnation Currently, there 1s provision for adding PAC to the
settled water at each launder Whereas this application point 1s not currently bemng used or
has never been used, 1t 1s not recommended, as PAC can mugrate right through the filters
Further, PAC will inactivate the pre-chlorine bemng added to the help keep the filters clean
from aquatic growths and nematodes

69 Filters

There are six dual-media filters, each with 600 mm of anthracite over 300 mm of sand
supported by a 300 mm of multi layered gravel The underdrams are the perforated plastic
block type The filters are each divided into two cells with a central filtered water gullet
under a feed channel The filters are fitted with waste wash water troughs Water for
backwashing 1s pumped from the filter control weir chamber to a backwash water tank
Backwash water 1s fed to the underdrains from a header pipe via the filtered water gullet The
rate 1s controlled by means of a rate-of flow controller consisting of a venturt meter and a
modulating, motor operated, butterfly valve An auxihary rotating surface water wash 1s
mcluded Thus type of system does not reach large areas in the corners of the filters surfaces
The filters are washed every 24 hours or less based upon termunal head loss or time,
whichever comes first Each filter 1s fitted with a turbidimeter These may not be working
properly, as the readings appear to be unreasonably low The individual filter turbidimeter
readings are not transmutted to the control room or tied imnto the control loop Nematodes
were reported by the German consultant to be accumulating 1n and passing through the filter
media, although no live nematodes have been known to leave the plant Also, the backwash
system does not clean the media as well as 1t should The filters have all been cleaned recently
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by a muxture of chlorine and sodmum hydroxide (caustic soda) 1n order to remove coagulant
floc, mud deposits, and nematodes

To more effectively clean the filter media, and ensure nematodes are not breeding in the
media, CDM recommends that the filters be fitted with an air scour system 1n place of the
existing surface water wash Water backwashing alone will not effectively clean media, this 1s
particularly true when a filter aid 1s used (Monk, 1987) A combined air and water backwash
system will ensure that the full depth of the media 1s effectively cleaned The use of
concurrent air scour and water 1n backwashing 1s virtually standard practice 1n the USA and
Europe CDM has designed all of 1ts filters since the 1970s with air scour systems

The wash cycle of an air water backwashing system 1s no longer than a water surface and
water backwash system There are air scour systems available that comprise a grid system that
can be installed 1n place without removing the media The 1nstallation 1s achieved while the
medza 1s fludized In order to ensure that the floc carried over onto the filters from the
sedimentation basins 1s trapped 1n the filters, 1t 15 recommended that provision be made for a
nontonic polymer to be added to the settled water

It 1s further recommended that provision be made to elimunate turbidiry spikes 1n the filtered
water at start up following a backwash This can be done by including in the backwash
system provision to add a polymer to the backwash water during the last few nunutes of the
water backwash, allowing for starting the backwashed filter slowly, allowing the filters to rest
for up to an hour before being brought back online following a backwash, or any
combination of these techniques The automatic backwash sequence should be imtiated on a
preselected termunal turbidity, termunal head loss, or termunal filter run time, whichever
comes first This concept should be incorporated into the expansion and control
modifications proposed by the Japanese

The air scour system should include two blowers (one duty, one stand by), each with an inlet
filter and silencer, a discharge siencer, automatic start up bypass svstem, and gages, meters,
etc A header pipe from these blowers will run down the length of the filter gallery with pipe
laterals to each filter Motorized valves on each lateral will allow the filters to be air scoured
in conjunction with the water backwash by the automated wash cvcle As the Japanese
engineers design will include an air scour system to be compauble with these
recommendations (see Section 7 1), CDM recommends their design include a common
blower system Their design utilizes the eusting water backwash system 1t makes sense
therefore, for them to wclude the air scour blower system and ue these into the proposed
new header pipe and laterals in the exisung filter gallerv  The air scour system can be
wnstalled at any tume It will not be necessary to close the plant down Individual filters onls,
need be shut down tor short periods

With the improvements made to the flocculation and sedimentation bastns and filters, 1t w1l
not be necescary or advisable to backwash every 24 hours The run tme criteria should be set
at 48 to 60 hours (no more), the maximum available clogging head should be utilized, and the
termunal turbidity should be set lower Agamn, this will save on the amount of water used
while stll achieving the operating water quality goals Considering electrical costs represent
approxumately 92 percent of the unit cost water production, the less water used for
backwashing the greater the savings The individual termunal turbidity should be set ar 01
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NTU The abandoning of the sedimentation basin troughs will benefit the performance of
the filters When taking a filter off-line for backwashing, the change in water level over the
filters w1ll be small and slow due to the dampening out effect of the direct connection of the
water 1n the filters and sedimentation basins This will reduce the rate of flow change of the
operating filters, thus improving the water quality With the proposed disinfection/oxidation
modifications, and the high turbidity goal of 01 NTU, the inactivation and removal of
nematodes can be assured, if the plant 1s operated and maintained according to appropriate
standards

It 15 also recommended that the filters be inspected on an annual basis This should include
coring the media and the examunation and testing of the media grains over the full depth to
check medm loss through abrasion, effectiveness of the backwash, evidence of mud ball
formation, and evidence of nematodes When the backwash system 1s working correctly,
there should not be any need for acid or alkaline cleaning of the bed Regular observation of
clean bed head loss following backwashing should be noted A gradual increase 1n this value
will be an early sign of problems Surface cracking of the media 1s another sign the media 1s
not being cleaned effectively Cracks can lead to short circuiting through the filter

6 10  Taste and Odor Control

As discussed earlier 1n this report, tastes and odors are difficult water quality characteristics to
effectively identify, monitor, quantify, and control The plant now has the capacity to
control taste and odor events by the use of the oxidant potassium permanganate, the oxidant
chlorine, and PAC The exisung PAC feeders each have the capacity to feed approxumately
10 mg/L at the maximum 123,000 m’/d plant capacity Dr Christoph Czehalla conducted
odor tests on the water in mud August and determuned a PAC dose of 60 mg/L was needed to
reduce the threshold odor number (TON) to 1,1 e, no odor Dr Czekalla recommended that
provision be made to feed PAC at the rate of 70 mg/L Currently, the Zar W1P 1s dosing
PAC at about 20 mg/L, using both feeders

To modify the existing feeders to feed 60 mg/L each of PAC will, according to the
manufacturer of the existing units, cost almost as much as replacing the exisung with new
feeders Therefore, complete system replacement 1s recommended

In the draft report of 30 September 1998, CDM recommended relocating the PAC
application point to the chemical mjection vault on the raw water pipeline ahead of the
regulating reservoir Test No 4 of Appendix C, conducted by CDM, compared adding PAC
to the raw water ahead of the regulating reservoir to the current pracuce of adding PAC to
the water along with the coagulant chemucal at the rapid muxer This test verified CDM's
belief that adding the PAC ahead of the reservorr would allow more ume for orgamc
molecules and particles to be adsorbed to the PAC and reduce the PAC dose required to meet
the same TON taste and odor reduction objective The current method 1s much less etfecuve
because the PAC parucles become nucle: for coagulant floc formation, therebtv depriving
surface area for molecule adsorption The test showed that only 3 mg/L was needed to meet
the same TON level to simulating the addition of PAC ahead of the reservoir compared to
the 20 mg/L being used at the plant at the tume Although 1t was not established that 20 mg/L
of PAC was necessary nor was 1t possible to simulate the same taste and odor conditions of
Julv-Aupust 1998, 1t does demonrstrate the effectiveness ¢ f this reccmmendatron
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The recommendations, 1n Section 6 3, "Nematode Inactivation and Disinfection”, to relocate
the potasstum permanganate application potnt to down at the IPS and to add chlorme dioxide
at that location also, will help in controlling tastes and odors Both chemucals are strong
oxidants (AWWA,1997 and Cooper, 1981) that will oxidize taste and odor compounds The
added contact ume allowed for these oxidants as they traverse the conveyance pipeline will
add to the facility's capacity to control major taste and odor events As discussed m the
bench scale test results (Appendix C), this pre ox:dation will improve the effectveness of the
PAC due to a break down of organic molecules that will have access to more PAC

adsorption sites

The recommended capacity of these units are 5 mg/L for both the potassium permanganate
and chlorine dioxide This dose 1s more than necessary for normal operations In fact, 1t may
be possible to use the chlorne dioxide alone most of the time Time and full plant
operational and/or bench scale experimentation will soon determune the opumum
conditions The average anucipated PAC requirement 1s 3 mg/L when used in conjuncuon
with the other two taste and odor controllers

Until there 15 a repeat of the major taste and odor event of July-August 1998, 1t 1s not possible
to prove the effectiveness of the recommendations It could be tested bench-scale using
Geosmin and MIB as the taste and odor producing compounds CDM has done this often in
pilot plant studies using ozone for taste and odor control and as a disinfectant However, the
problem compounds of July-August have not been specifically identified and unul they are or
there 1s a repeat of the episode, there is not a lot one can do that will guarantee a 100 percent
soluion Bench scale studies using Geosmun and/or MIB would demonstrate something, as
these are among, if not the most, potent algae secreted compounds known

In the mean time, CDM recommends that the exising PAC feeder system be replaced with
two new units each of 35 mg/L capacity at 123,000 m’/d, 1€, 4 3 kg/d This means that the
"standby" unit may need to operate on occasion This s a reasonable risk to take for two
reasons (1), with all the other provisions recommended to aid i taste and odor control 1n
place 1t 15 unlikely that anywhere near this dose would be required, and (2), even if 1t was
needed for the short and wnfrequent occasions when more than 35 mg/L 1s required, the other
unit can be used It will be advisable to lay a second PAC slurry line up to the chermcal
mjection vault on the raw water incomung pipeline as pipes carrying PAC slurry sometmes
become blocked and require cleaning

Should raw water quality deteriorate in the future, and the events experienced 1n July August
occur more frequently, 1t may be more cost effective to replace the exisung media with 800
mm depth, or more, of 1 mm effective size granular activated carbon (GAC) and 100 mm
depth of 05 mm effective size garnet This will ensure that there will always be a double
carbon barrier provided for taste and odor control The use of garnet in place of sand will
mean that the media will not need to be fluidized after backwashing to restraufy the dual-
media because the heavy garnet will not move during the backwash cycle This wall result n
less water being used for backwashing thereby reducing operating costs GAC 1s often
mstalled 1n the United States to act as both a filter and an adsorbent of taste and odor
compounds, natural organic compounds, and synthetic carbon compounds If GAC s
wnsralled 1n the filters at the Zai WTP 1n the future, = wou'd st Il be ad 1s1b'e to 1se 4 smrall
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amount of PAC to handle the background taste and odor, thereby calling on the GAC to
handle the occasional high excursions This will extend the hfe of the GAC The cost of
replacing the existing filter media with GAC and garnet 1s estimated at JD 300,000

A further way to ensure the control of taste and odor 1s to add ozone to the treatment train
Ozone 1s being used more and more in the United States, mostly as the primary disinfectant,
1 an effort to avoid excessive THM formations with raw waters with high amounts of THM
precursors It 1s also proven to be very effective in oxidizing the normal algae originating taste
and odor compounds dissolved 1n the water, such as Geosmin and MIB However, the on-site
generation and application of ozone 1s complex and very costly As pomnted out in Section
6 3, unul THMs limuts are regulated lower than the current Jordanian standard, ozone should
not be considered Monitoring of THMs should be continued Other disinfectant by-products
of chlorine dioxide and chlorine not currently regulated in Jordan should be regularly
analyzed for If and when the standard for THMs 1s lowered 1n Jordan, the relauve cost of
alternative disinfectants that avoid the formation of THMs, and the cost of taste and odor
control, can all be evaluated at that time to determine the most appropriate and cost effective
combination of control methods for taste and odor and disinfectant by-products

CDM believes the recommended modifications to be made to the water conveyance system
and the Za: WTP, together with the recommended relocation of the PAC and potassium
permanganate application points, and the addition of chlorine dioxide, provide the means to
ensure complete protection aganst current and immediate future taste and odor events
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70  Review of Japanese Funded Design and German Funded Report

71  Japanese Design

CDM reviewed the detailed drawings of the expansion and modifications of the Zai WTIP
prepared by Tokyo Engmneering Consultants Co, Ltd, for the Japan International
Cooperative Agency Based upon this review, comments and recommendations on the
proposed design concept follow The recommendations made here follow the
recommendations for the existing plant made 1n the preceding sections

1

That proposed changes to the raw water regulaung reservoir should be
modified to comply with the recommended reservoir baffling system as
outlined 1n Section 6 4

That the flash muxing concept be changed from the mechanical two stage
concept to a two stage hydraulic flash mixing concept as proposed 1n Section
6 5 of this report

That perforated inlet walls be included in the flocculation basins as proposed
i Section 67

That launders and weirs be omutted 1 the sedimentation basins, and
perforated outlet walls be included in the basins, as detailed m Section 6 8

That the filters include provision for concurrent air scour and water
backwash using appropriate underdrains The design should include the air
scour blowers and control system and allow for tymng mnto the proposed air
header for the exisung filters This blower system can be used for both the
existing and expanston filters as 1s proposed for the water backwash system

That the filter boxes be designed to allow for 1,000 mm of GAC over 100
mum of garnet 1n the future This allowance will necessitate locating the waste
backwash water troughs high enough to avoid GAC media loss

That the exisung and new filter turbidimeters all be fitted with transmutters
and included 1n the filter control system as one of the three criternia for
termunation of filters, 1 e, run tume, head loss, and turbidity

That the filters be fitted with provision to add a polyelectrolyte filter aid, to
add a polyelectrolyte into the backwash water tor filter maturing,
mncorporate slow start filter flow throughput linearly over 060 munutes
(adjustable) after backwashing, and allow for filters to rest (in the backwash
sequence) for 3060 munutes (adjustable) after bachwashing and before
bringing back on-line

That the existing and new filters all be incorporated mnto the same
programmable computer monitoring and automatic control system
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That the Japanese design include the use of PAC up to 70 mg/L as stated in
Section 6 10 The Japanese design for the plant expansion allows for utilizing
one of the ewusting PAC feeders Additional feeders will be necessary
Alternatively, two new feeders to feed 35 mg/L each at 236,000m3/d could
be furnished Space wise, this may be the more economic solution CDM
further recommends that the Japanese expanded PAC design system include
bag loading conveyors, bag splitters, bag compactors, and dust extractors

The Japanese design proposes to add chlorine to the filtered water only
because of the possibility of exceeding the THM standard However, it 1s
more important at this time to carry chlornnated water on to the filters to
aid in the macuvation of nematodes The need to reduce THM levels
should be addressed in the future f and when THM levels in the
distribution system are exceeded or the maximum allowable average THM
levels are lowered

The Japanese design does not allow for the use of an anionic polymer as a
flocculant axd CDM disagrees and recommends the contunued use of a
polymer to aid 1n floc formation This requirement should be included 1n
the proposed plant expansion

The new wash water recovery pumps 1n the wash water tank should have
variable frequency drive controls to allow a varable but daily constant flow
rate back to the head of the plant, based upon plant flow recovery volumes
The automatic plant control system should allow for this New or larger
pumps may not be necessary if a filter air scour system 1s installed

The design includes additional backwash pumps CDM does not beleve

these are necessary These and the force main can be omutted

72 German Report

CDM reviewed the report prepared bv Dr Christoph Czekalla for CONSULAQUA
Hamburg, Consulung Engineers Ltd for the Ministry of Planning of Jordan through the
Jordanian/German Technical Cooperauon GTZ Amman CDM's comments on the
recommendations of this report are as follows

1 CDM agrees that monitoring of the raw water 1n the KAC 1s advisable A
more detailed discussion can be found 1n Section 9 0

2 Although outside the scope of CDM's assignment, we would agree with the
recommendation of water resources management advocated i the German
Report

3 CDM does not agree with the concept of using ferric chlornide to reduce the
nutrient phosphorous 1n the canal because of other side effects, as discussed
in more detail in Section 5 0
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CDM supports the investigation of the elements that contribute to algae
growth

As stated earlier 1n this report, CDM has recommended an alternative
approach to algal control in the pumped conveyance system to the Zas WTP
using potasstum permanganate, as opposed to the use of copper sulfate as
recommended 1n the German report

CDM agrees that the PAC feeding system should be increased 1n capacity
CDM does not see the need to increase the alum dosing rate In fact, COM
has recommended using ferric sulfate as the primary coagulant chemical This
will eliminate the need to add an acid feed system as advocated by the
German report The addition of an acid wall necessitate the addition of a base
chemical to the finished water, as well

CDM agrees with the making of the anionic polymer dosing pomts to aid 1n
floc formation permanent CDM has gone further and recommended
providing alternative application pomnts at both the second and third
flocculator stages for added flexibility

CDM agrees that standby feeders, metering equipment, and spare parts
should be available With the Japanese adding to and modifying the chemucal
systems to cover the existing and expanded plant, they should allow for
adequate standby facilities and spares

CDM agrees with the change over from the existing filter surface wash
concept to an ar scour facihity

CDM does not agree with the concept of adding filter-to-waste 1n an existing
plant There are other methods that can be used to meet the object of
elimmating the mnwal turbidity sptke CDM has recommended these
alternatives 1n Section 6 9 of thus report

CDM does not see any water quality reason to accelerate the dramning of the
sedimentation basins

CDM does not agree that an additional two backwash and sludge decant
recovery tanks are needed However, the recovered water should be returned
to the head of the plant at a steady and consistent rate over 24 hours This
means the recycle pump motor controls should be changed to allow these
pumps to operate at variable speeds and, therefore, flow rates If the Japanese
expansion requires bigger pumps, they should wnclude variable speed pump
motors and automatic controls 1n their design

As discussed m this CDM report, the use of ozone 1s not warranted or
economiucally justified at his tume

CDM agrees that an alternauve disinfectant be investigated, although for
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shightly different reasons than those given by Dr Czekalla CDM has
recommended the use of chlorine dioxide

16 CDM agrees with the recommendation of using GAC 1n the filters, but only
m the future if and when 1ts use 15 proven to be required and 1s economucal

17 CDM agrees with the recommendation of changing from alum to a ferric salt
as a coagulant CDM has evaluated the effectiveness and cost merits of using
ferric chlonde and ferric sulfate as opposed to alum and has recommended
the use of ferric sulfate
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8 0 Prioritization

The CDM recommended modifications contained in this report have been prioriuzed below,
the first having the highest priority and the last the lowest CDM highly recommends that
all of the recommendations be implemented together However, if omussions were to be
made, then the recommendations CDM would propose for onussion would be numbers 14
and 15, since the pump station balancing tanks could be kept free of algae by operators
regularly flushing them out However, a lot of water would be wasted 1n the process

The CDM recommended modifications and additions contained 1n this report are designed
to meet the control of tastes and odors and nematodes Other benefits such as THM
formation potenttal reduction are coincidental and not primary considerations If for some
reason the staggering of their implementation were desirable, then the following
arrangement would be CDM's recommended order

1 Relocate the PAC application point to the chemical injection vault on the
raw water pipeline ahead of the regulatng reservoirr Relocate the chlorine
application pont to the settled water channel

2 Convert from alum to ferric sulfate as the primary coagulant

3 Replace the existing PAC feeders and slurry feed pumps with new feeders
and pumps to allow feeding PAC at 35 mg/L capacity each at the expanded
plant flow of 246,000 m’/d

4 Add a potasstum permanganate application point at the Intake Pump Station

5 Baffle the regulating reservorr at the Zar WIP

6 Add chlorine dioxide dosing facilities at the Intake Pump Station

7 Change over the existing mechanical flash muxing system to a hydraulic flash
muxing system

8 Add the perforated inlet walls to the flocculation basins, change the motor
speeds for all flocculators to their low speed, and apply polymer at the
impellers

9 Add outlet perforated walls to the sedimentation basins

10 Modify the filters to elinunate the turbidity spike after backwashing

1 Add a filter aid polymer system

12 Provide an air scour for the filters
13 Convert fixed-speed recoverv pumps to variable speed.
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14 Modify the piping at the storage tanks at Pump Stations 2, 3, and 4
15 Add baffles 1n the storage tanks at Pump Stations 1, 2, 3, and 4

Many of these recommendations offer more than one benefit in water treatment, making
their grouping into prionty “packages” difficult

In CDM’s judgment, taste and odor 1n the water 1s of greater concern than nematodes The
recommendations which deal most directly with the taste and odor issue include

recommendations 1 and 3 - 6

The recommendations dealing most directly with nematode 1ssues are 2 and 8 - 13, although
6 will provide great benefit, as well Recommendation 2, mnvolving the conversion of alum to
ferric sulfate coagulant, 1s listed second 1n priority, however, since 1t can be implemented
unmediately, at essentially no cost, and with immediate benefits for improved settling
characteristics 1n the sed basins

Recommendation 7, involving improved coagulant and polymer mixing methods, 1s strictly a
cost-saving measure which 1s histed as a medium prionity because of its ability to quichly pay
for itself, while requiring a day or less of plant downtime to implement

Recommendations 14 and 15 also deal most directly with the taste and odor issue but, as
explained earlier 1n this section, are lower m priority since their impact 1s less than the other
related recommendations  Also, close supervision and regular, manual flushing by an
operator could provide the same result i prevening water stagnation
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90  Water Quality Monitoring

CDM has reviewed the Norweglan (CESAR) Proposal on an Early Warning Water Quality
Monttoring System for the Water Supply to Amman This system 1s very comprehensive and
costly, calling for six monrtoring stations located along the KAC, at the Intake Pump Station,
and at the inlet to the Zat WIP Each station would monitor seven parameters pH, O, ,
turbidity, conductivity, UV absorption, PO, A, and ammonia Each station would be fitted
with automatic samplers and results transmussion capability to the control room of the Za:

WTP

An early warming system to advise the operators at the Zat WTP would be beneficial
However, if too much raw water data or samples are fed to the plant to be analyzed, 1t could
result in the plant chemsts and biologists being overwhelmed Taste and odor events can be
mtermittent, and analyzing all this data without an event occurring can result in analysts
becomung lethargic When a taste and odor event does occur, 1t could be through the plant
before the compounds causing the event are detected Further, the cost of the sampling
program and analytical work recommended by the Norwegians will be very high

The CDM (Medler/Horsefield) 13 August 1998 Greater Amman Water Problems Report
recommended continuous monttoring of pH, regular counting of taste and odor causing
algae, plottng the counts agamst time to identify rapid imncrease in numbers, wstallation of
automatic chlorophyll-z analyzers at a location(s) giving sufficient tume for plant operators to
be prepared Often, simplicity 1s the best answer, and CDM, therefore, recommends locating
a single automatic monitoring station with telemetering provisions approximately 30 km
upstream from the Deir Alla mtake This station should analyze for pH and chlorophyll 2
Manual samples should be collected every second day and examined for taste and odor
producing algae, nutrients and TON tests should also be performed These samples should be
collected at the top of the KAC, and at the 15 km and 30 km downstream muilestones

During recent discussions at WAJ in preparation for finalizing this report, the suggestion was
made to consider operating the clearwells as two separate chambers— one for flow-through to
Pump Stauon No 5 and the distribution system, and the other for temporary retention 1n
order to first run quality tests before releasing the water to the diestribution system Each
chamber would alternate 1n retaiming or supplying water

CDM believes this mode of operation would be impractical, given the number of tests which
would be required, both day and night  Also, these tests would need to be performed within
an extremely short timeframe, since at the expanded plant capacity, a retention ume of only
about one hour will be available CDM 1s not familiar with any other plants which operate
their clearwells in this manner
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100 Costs
10 1 Operating and Captal Costs for Alternative Chemcal Systems

CDM has suggested 1n the preceding Sections a number of changes that would affect the
operating costs, prumarily so far as alternative chemucals are concerned If other operational
factors 1mpact the comparative costs than these are also included as noted Polyelectrolyte
chemicals are common to all alternatives and therefore, are not included 1n this cost
comparison. Three basic alternative combinations of chemucals fall out These are

Alternatve A Potassium Permanganate
Chlorine Dioxide
Powdered actrvated carbon
Ferric sulfate
Chlonne

Alternative B Potassium permanganate
Chlorne dioxide
Powdered activated carbon
Sulfuric acd
Aluminum sulfate (Alum)
Caustic soda
Chlorine

Alternative C Potasstum permanganate
Ozone
Ferric sulfate
Chlorine

Table 10 1 shows the various chemucals under consideration This table gives the anticipated
doses of each, their unit cost per tonne, the annual cost of each, and the total annual cost for
each chemical and combination of each of the three Alternatives The operating costs are 1
Line with CDM's recommendations earlier in this report for reasons other than cost
Alternative B 1s the least expensive chemucal cost-wise Although, considering the level of
estumating for a report, the cost difference between Alternatives A and B 1s small However,
Alternative A uses a lesser number of chemucals and for that reason Alternative A 1s
preferred Operationally, Alternative B uses some undesirable chemicals, namely sulfuric acid
and caustic soda The control of these chemucals would be difficult with Little, if any, benefit

over Alternative A
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TABLE 10-1

ANNUAL CHEMICAL COSTS OF ALTERNATIVE COMBINATIONS ’
CHEMICAL DOSE UNIT COST COST PER YEAR(4)
(mg/L) (JD/TONNE) (JD x 1,000)

EXISTING | PROPOSED EXISTING | PROPOSED
EMnO, 13 15 2,600 152 175
CHLORINE 0 15(1) NaClO2 4,125 0 211 ‘
DIOXIDE |

Cl2 400

PAC 20 3 1,000 898 135
ALUM 45 2002) 200 404 36003)
FERRIC SULFATE 0 20(2) 965 0 866
SULFURIC ACID 0 35 548 0 2603)
CHLORINE 3 15 400 54 27
CAUSTIC SODA 0 5 2,040 0 45803)
OZONE 0 2 16,000 0 1,437
TOTALS EXISTING 1,508

ALTERNATIVE A, using ferric sulfate 1,414

ALTERNATIVE B, using alum with pH 1,241

adjustment

ALTERNATIVE C, using ozone in lieu of chlorine dioxide 2,505

(1) Made up of 1 1 NaClO2 plus 0 4 Cl2 (2 68 1 00 ratio assumung 95% efficiency)
(2) Reflects reduction 1n dose needed due to mrxer improvements (see Section 6 5)

(3) Alternauve to ferric sulfate
(4) mg/L x 123 x 365 x Cost/tonne x 1/1,000
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Table 10-2 sets out the capital cost of equipment for chemucals that come into the comparison
of chemucal alternatives, namely chlorine dioxide, sulfuric acid, caustic soda, ferric sulfate, and
ozone KMnO, and chlorine are not included as these are common to all Alternatives These
capital costs are presented as an annual sinking fund cost, 1 e, the cost to borrow money and
pay 1t back the Joan based upon 20 years and 6 percent

TABLE 10-2
CAPITAL AND SINKING FUND COSTS
CHEMICAL EQUIPMENT | CAPITAL COST | ANNUAL COST(1)
(D x 1,000) (JD x 1,000)
CHLORINE DIOXIDE 650 18
PAC 200 5
- SULFURIC ACID 78 2
CAUSTIC SODA 203 6
FERRIC CHLORIDE() 0 0
OZONE 3,200 87

(1) Sinking Fund, based upon 20 years and interest at 6%, 1 e , factor of 0 0272
(2) Exssting alum feeders used for ferric sulfate

Table 10 3, on the next page, combines the annual chemucal costs from Table 10-1 with the
smking fund costs from Table 10 2
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TABLE 10-3
CHEMICAL ANNUAL OPERATING AND SINKING FUND COSTS

CHEMICAL ANNUAL COST TOTAL ANNUAL
COST (JD x1,000) COST
- (JD x1,000/Year) (JD x1,000)

211 18 229

135 5 140
86 2 88

360 0 360

- 458 6 464
866 0 866

1,437 87 1,524

ALTERNATIVE A 1,235

ALTERNATIVE B 1,281

ALTERNATIVE C 2,390

10 2 Capital Costs for Individual Items

CDM has estimated the cost of the mdividual 1tems recommended for modification 1 this
report These are listed below in order of the prionties recommended

1 Relocate the PAC application powt to the JDo
ijection vault at the inlet to the regulaung
reservorr Relocate the chlorine application point
to the settled water channe]

2 Convert from alum to ferric sulfate JjDo
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11

12

13

14

Replace the existing PAC feeders and replace the
slurry pumps with larger pumps as recommended
1n Section 6 10

Add potasstum permanganate feeders at the Intake
Pump Station as described 1n Section 6 2

Baffle the Raw Water Regulating Reservoir as
recommended 1m Section 64 and as detaled mn
Figures 6 4-1, 6 4-2, and 6 4-3

Add chlorine dioxide facilities at the Intake Pump
Station

Modify the Flash Mixing as recommended m
Section 6 5 and detailed 1n Figures 6 5-6 and 6 5-7

Modify the flocculation basius, including the inlet
baffle walls, and 1nstall flocculation polymer aids
mn the second and third stages of flocculation as
recommended 1n Section 6 7 and shown 1n Figures
671and 67-2

Modify the sedimentation basins, which 1acludes
adding a perforated outlet wall and adding sluice
gates, as recommended 1n Section 6 8 and detailed
i Figure 6 8 2

Modify filter controls to eliminate the turbidity
spike, as recommended 1n Section 6 9

Add a filter aid polymer system to improve
filtration  performance, as recommended 1n
Section 6 9

Add an air scour system to filters as recommended
m Section 6 9 The air scour blowers and controls
should be included 1n the Japanese part of their
expansion design

Convert fixed-speed motors on wash recovery
pumps to variable speed, and modify control
system to recycle recovered water at a constant
rate over 24 hours, as recommended 1n Section
7 2, tem 12 (thus change should be included 1n the
Japanese phase of the project)

Modify and add piping and valves for the storage

JD 200,000

JD 85,000

JD 40,000

JD 650,000

JD 10,000

D 5000

JD 15,000

JD 88 000

JD 90,000

JD 450,000

JD 25,000

D 220,600
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tanks at Pump Stations 1, 2, 3, and 4 1n accordance
with Section 62 and as shown in Figures 6 2-1,
622,62-3,and 6 24

15 Baffle the storage tanks at Pump Stauons 1, 2, 3, JD 35,000
and 4 1 accordance with the recommendations 1n
Section 62 and as shown 1n Figures 621, 622,
623,624, and 6 2-5
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110 Bench-Scale Test Results Summary

CDM, 1n the Draft Report of September 30, 1998, recommended a series of bensh-scale tests
be conducted These included Test No 1, to determine the potential trihalomethane (THM)
formation if the chlorine was added to the raw water at the Intake Pump Station (IPS), Test
No 2, to better identify ways to kill or mactivate nematodes, Test No 3, to compare
alternative coagulation chemucals, and Test No 4, to evaluate the effectiveness of relocatng
the application pounts of some chemicals A summary of these test procedures, results, and
interpretations 15 included m this Section As and where approprate, previous
recommendations 1 this report are based upon these test results

Appendix C contams the test protocols, tests, and interpretations mn a detaled report An
mtroduction to each of the four tests 1s followed by details of test procedures, the results, and
a discussion section Conclusions and recommendations at the end of each test section put the
test 1n context 1 terms of associated recommendations for plant upgrading and/or process
changes Other information and suggestions are provided as considered approprate, including
supporting documentation from plant design and water quality literature

A Laboratory Implementation Group formed in Jordan helped hone and plan the work The
group discussed a number of tssues, including needs for watershed protection and for further
protection of water quality within the distribution system It was noted that the peak taste
and odor episode had ended, making 1t difficult 1n some cases to extrapolate laboratory results

to worst-case conditions

Test No 1 nvesugated raw water oxidation at the IPS with chlorme or potassrum
permanganate (KMnQO,) Raw water samples were exposed to an oxidant as if 1t were added at
the IPS, and then treated according to plant simulation protocols These protocols followed
two flow rate scenarios high flow rate (after the planned doubling of the Zax Water
Treatment Plant and low flow rate (half the current WIP and raw water main capacity)
Temporal changes in THM formation were then monitored as if the product water was
traversing the distribution system under summer (worst-case) conditions

Test No 1 results indicated that preoxidation at the IPS with either chlorine or KMnO,
followed by simulated Zai WTP treatment, including chlorine addition, can result in THM
levels above Jordanian standards THMs formed during inmal prechlorination stages
decreased due 1o THM volatilization and to adsorpuion of THMs and THM precursots onto
PAC during the treatment simulation

The Jordaman THM standard of 150 parts per billion (ppb) was exceeded for the
prechlormnation simulating high flow rates For the low flow rate simulation, prechlorination
did not result in THM levels exceeding Jordanian standards over the eight day monitoring
pertod This unexpected result was likely due to several factors (or combinations of factors)
volaulization of THMs mitially formed, powdered activated carbon (PAC) adsorption of
these compounds, oxidation of THM precursors by chlorne, formation of other total
organic halogen (TOX) compounds such as haloacetic acids (of relatively recent health and
regulatory concern), and/or experimental error

KMnO:; preoxidation resulted in higher THM concentrations than for prechlonnation  Thus
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result 1s stmular to results sometimes obtained with ozone (AWWA, 1990) However, as
suggested by the Test No 4 results, KMnO; addition at the IPS can stll be effective for taste
and odor control without causing increases in THM levels Actual better field results from
using KMnO; to those used in the laboratory tests are possible because of the higher
turbulent mxing conditions in the raw water conveyance system Resulting increases in
oxidation may reduce the THM formation potential of the raw water, parucularly in
conjunction with the recommendation to relocate the PAC feed pont ahead of the regulaung
reservoir Experimental uncertainty and the inability to perform stanstical analyses must also
be considered 1n evalusting the results

Test No 2 procedures focused on effects of the following oxidants on nematode motility
KMnO,, chlonne, chloramines, and chlorine dioxade A fifth examination of a mixture of
KMnO; and chlorine was conducted because this approach 1s currently used at the Zar WTIP

Sufficient quantities of nematodes could not be found at the King Abdullah Canal (KAC) or
at the WTP, so cultures of the nematode Cephalobus were mnported Results for the
Cephalobus mdicate that they will not be inacuvated by KMnO; o1 chlorine, or a blend of the
two, at feasible concentrations within reasonable tumes While chloramines at high
concentrations were effective to some extent, only a very stiong oxidant such as ozone or
chlorine dioxide can provide maximum assurance that nematodes will be inacuvated

Chlorme dioxide proved very effective at inactivating the Cephalobus nematodes under test
conditions However, concentrations of chlorine dioxide required for mactivating these
nematodes may result 1n the chemucal concentrations of the morganic reaction product
chlorite 1on exceeding planned US EPA recommended levels, but as yet unregulated in

Jordan

Removal of nematodes and pathogens such as Gurdiz lamblia and Cryptosporidinm can be
maximized by optimuzing all treatment steps Maximuzing filter performance 1s a key factor
removing nematodes Highly appropriate recommendations are given 1n this report mclude
mmproved filter media and air scour Improving sedimentatton basin performance by
eliminating the finger weus and replacing them with baffle walls will aid filter performance,
as will adding polyelectrolytes as a filter aid and during the last few munutes of backwashing

Test No 3, jar tests, compared alum (used presently at the WTP) with ferric sulfate and ferric
chloride Prior to most of the jar tests, oxidation of raw water at the IPS was sumulated using
KMnO, doses matching those 1n use at the plant at the ime WTP simulation protocols were
then followed

Jar test results indicate the ferric salts work reasonably well Under test conditions, fernic
chloride worked better than ferric sulfate or alum, but suppressed pH values somewhat more
than did the other coagulants Alum worked better under test conditions than fernc sulfate
using the coagulant aides available Shghtly high doses (above optimum) of the ferric chloride
solution studied 1mparted a yellow color to the settled water

Efforts to use acid for lowening pH values with alum may help both coagulation and with
decreasing aluminum solubidity Dissolved aluminum concentrattons are often above the
Jordanian recommended level of 0 1 ppm, and often approach the Jordaman mazimum level,
02 ppm However, some caustic soda (or lime or soda ash) may have to be added later to
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prevent corroston and/or colored water problems 1n the distribution system It 1s likely that
ferric sulfate would function better with a different polyelectrolyte, and/or ferric
polyelectrolyte combination, than the one currently 1n use with alum  Current cost data
indicate that alum s less expensive than the other two coagulants However, if pH
adjustment(s) 1s needed for alum, total costs for alum use ncreases

Test No 4, PAC testing, targeted two suggested improvements for taste and odor control at
the plant providing a KMnO, feed system at the influent pump station (IPS), and PAC feed
at the regulating reservorr influent Because this testing was performed after the major July-
August 1998 taste and odor episode, test conditions cannot indicate precise means for
addressing a problem event Nevertheless, information on the relative effects of new KMnO,
and PAC feed locations were obtained

The results mdicate that the combination of KMnO; oxidation at the IPS followed by PAC
addition at the regulating reservou will require less PAC than used at present for taste and
odor control In fact, 1t 1s possible that with a long preoxidation stage, PAC may not be
requred for taste and odor control under present conditions However, 1t 1s difficult to
extrapolate these results to the compounds responsible for the summer taste and odor
episode, which may have different oxidation and adsorption properties

In the simulations of KMnO, addition at the IPS, adding PAC well before the coagulation
stage resulted mn less THM formation than when PAC 1s added just before coagulation Thus,
1t 15 likely that PAC addition at the regulating reservoir removed THM precursors, regardless
of whether KMnO; increased THM formation potential as suggested by the Test No 1
results However, other TOX compounds should be considered 1n examining these THM
results While PAC appears to have decreased THM formation, other as yet unregulated
TOX by-product compounds, such as haloacetic acids (FIAA), may have been produced 1n

unknown quantities

A test where KMnO, and PAC added simultaneously also indicated that adding PAC well
before coagulation lowers PAC dosage requirements However, effects on THM (and TOX)
formation were not determined for this experiment

These observations bolster the recommendation of adding a second KMnO; feeder to the IPS,
and adding PAC to the raw water at the injection vault on the raw water line feeding the
regulating reservorr This arrangement will provide added operational flexibiliry to respond
to the next taste and odor episode
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APPENDIX B Scope of Work

“SCOPE OF WORK, Emergency Assistance for Zar Water Treatment Plant Operations

Technical Assistance, and Commodity and Construction Procurement Services

Based upon the current and expected raw water quality of the Za plant system, the
contractor shall re assess the required chemucal treatment processes of the plant from the raw
water 1take structure through the Zai plant treated water discharges This should include
assessment of the chemucals required and dosage rates, dosing equipment capability, and
efficiency of operations Based upon this assessment, including review of available plant
operations and raw water quality hustoric data, and recent CDM and Stanley Consultant
reports on plant operations and effectiveness, the contractor shall provide alternative options,
recommendations, and cost analyses for permanent modifications to the plant and treatment
Subsequent WAJ and USAID approval and selection of a recommended option to be
implemented via an amendment to the IQC contract

The contractor shall review the proposed German and Japanese funded plans for expansion
of the Za plant to double its capacity, to assure plant operational compatibility and
uniformuty between the German and Japanese plans and proposed CDOM modifications 1n
plant operations and facihities ”
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APPENDIX C Bench-Scale Test Results

Introduction

This report summarizes a group of laboratory experiments conducted at the Zai Water
Treatment Plant (WTP), which serves a large portion of the population of Amman, Jordan
In the summer of 1998, a bloom of taste and odor producing algae resulted 1n severe customer
complaints and management turnover Nematodes were discovered within the system during
the resulting investgations The work described m this report was imtiated to aid with
finalizing recommendations made 1n this CDM Report and analysis of conditions at the Zat
WTP (CDM, 1998) These recommendations targeted helping the plant improve its
capabiliry to respond to future taste and odor events, and to enhance removal of rematodes
by plant unst operations  Four test protocols were suggested

Dunng preluminary planning, 1t was recognized that the testing protorols wete extremely
ambitious 1n terms of avalable resources and time, and associated needs for methods
development However, every effort was made to meet the goals and objecttves of the
ongmal plan As a component of this approach a Laboratory Implementarion Group was set
up during imtal meetings 10 Amman  This group consisted of Dr Narwal Sunna ([Water
Authority of Jordan] WAJ), Dr Murad Jabay Bino (Executive Director, Inter-Islamic
Network on Water Resources Development and Management), Dr Barnes Bierck (CDM),
Ms Mageda Alzoubt (WA] Za1 WTP), and Mr Haitham Kilant (WAJ Zat WTP) Dr Bierck
was responsible for directing the work and preparing the report The Laboratory
Implementation Group held numerous meetings, helping modify testing protocols to adapt
to current conditions, available, resources and constraints

The Laboratory Implementation Group discussed a number of issues Ferric chlonde was
being added many kilometers upstream from the mtake 1n the King Abdullah Canal (KAC)
To elimunate effects of thus chemical addition, Dr Murad Jabay Bino arranged to have the
ferric chlonide feed temporarily halted The importance of watershed study and protection
was noted, as were effects of distribution system factors on the quality of water reaching
consumers Other 1ssues and decisions made by the Laboratory Implementation Group are
noted along with test descriptions below

At the ume of this testing, the raw water no longer exhibited the problem taste and odor
characterisuics of July and August 1998 Emergency work, mncluding disinfecung the filters
and some process changes, are likely to have helped reduce nematode counts Characteristic
taste and odor algae were being identified at tumes, but 1n msufficient quantities to create
problems Thus factor bears directly on follow up taste and odor testing, making 1t difficult to
compare PAC dosages effective at present to those found necessary during the episode

Each test 1s discussed 1 detail below An introduction to each test 1s followed by details of
test procedures, and a results and discussion section Conclusions and recommendations at
the end of each test section help put the test i context i terms of associated
recommendations for plant upgrading and/or process changes Other mnformation and
suggestions are provided as considered appropriate, including supporting documentation
from plant design and water quality Literature
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tremendously with the nematode study

Others at CDM were extremely helpful The entire staff at the CDM Amman office provided
a nice and productive working environment and tremendous assistance and guidance  Others
in CDM's US offices, including the Environmental Health Project, helped as well and this
help 1s much appreciated

Test No 1 - THM Formation
Introduction

Test No 1 was developed to investigate raw water chlorination at the mfluent pumping
station ([PS) Raw water samples were exposed to chlorme as if 1t were added at the IPS and
then were treated using chenucals and treatment procedures in place at the plant at the tume
Following this full complement of testing, samples were taken for subsequent
trihalomethanes (THMs) analyses A test simulating use of potassium permanganate instead
of chlorine at the IPS was added to the protocol All testing procedures are described 1n detail
below

The Laboratory Implementation Group modified the THM formation procedure targeting
specific treatment opuons and associated issues The commuttee considered the odds to be
very high that the prechlornation approach would lead to THM levels exceeding Jordanian
standards

The commuttee elected to test two contact times to stmulate addition of chlorine at the IPS
The contact time used 1s the time required for pumping the raw water to the regulating
reservorr at the plant (at which powmt potassium permanganate 1s currently added) The times
chosen were one half the existing raw pumping and plant capacity (1 e, one half of 123,000
cubic meters per day [m3/d]), and twice the exisung capacity, 1 e, 246,000 m3/d The smaller
value 1s the lowest water production rate used by the plant, while the higher value will be
attamed after the planned doubling of the plant's capacity (which will not include enlarging
the raw water pipeline)

Note that raw pumping methods vary-the operators can make use of storage 1n basins at the
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pump stations, such that sometimes the IPS 1s operated at less than half capacity even when
the plant flow 1s half 1ts maximum capacity Incorporating such operations complexities into
the testing was considered unnecessary for the testing program

It was decided to "incubate” samples of raw water with different chlorine dosages for the two
calculated contact times, and to select the samples resulting 1n total chlormne residuals closest
to 0 2 mg/L for the plant simulations

A third THM test was also added to the protocol This test procedure simulated addition of
KMnO;4 at the raw pump station for the raw water conveyance ume after the plant
expanston The sample was then treated following the plant sumulation protocol for Test
No 1

It was agreed that 1t would be optimal to use incubation temperatures equivalent to the
maximum water temperatures found Warm temperatures were considered the best approach
because such temperatures represent "worst-case" conditions during which THM formation
would be greatest

Following the mncubation period, the samples were to be treated as at the plant, using the jar
test apparatus Chlormation and filtration simulations were 1ncluded, and finally a group of
samples were taken for THM analysis To sumulate worst case conditions for THM
formation during summer, final samples for THM analysis were held in the dark at 28
degrees C  This temperature condition 1s the one avaiable at the WAJ laboratories, where
THM analyses are performed on a regular basis

Regarding THM formation kinetics, 1t was originally suggested that THM analyses be carried
out to an endpoint equivalent to the maximum travel tume mn the distribution system
However, the commuttee considered 1t unnecessary to estimate and use as an endpoint the
time of conveyance to the furthest customer Estimating this time 1s complicated by a
number of factors including point of-use water storage and intermittent water provision
schedules Instead, measuring the maximum THM concentration formed over time was
considered to be an effective approach for the present testing program It was decided that
daly THM testing for one week would suffice Testing laboratory resource himitations and
the commuttee's opuon that the prechlorination procedure would result in THM levels
exceeding Jordanian standards were additional factors leading to the decision to limit kinetics
testing to a one-week period

Testing Procedure

Nomunal residence times in each treatment process for the three components of Test No 1
(labeled 1A, 1B, and 1C) are shown 1n Table C-1 These times were used for sumulating plant
operating condittons as described below Note that the residence tme m the regulaung
reservoir was determined assuming that 1t will be baffled to promote a near plug flow regime
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Table C 1
Plant Residence Times
Residence Time with System Residence Time
System Component at Double Capacity with
Tests 1A and 1B System at Half
Capacity
Test 1C
Raw Water Pipeline 16hr 65 hr
Regulating Reservoir 05 hr 40 hr
Rapid Mix 11 sec 22 sec
Flocculation 33 pun 66 mun
Sedimentation Basin 3 hr ¢ hr

Tests 1A and 1B were run concurrently Test 1A was a test simulating addition of chlorne at
the IPS, while Test 1B stmulated addition of KMnQ, at the IPS

Test 1A was begun by setting up a sertes of 12 one liter glass flasks containing raw water from
the KAC intake Measured volumes of a stock solution of 1,100 ppm chlorine wete added 1o
pawred raw water samples, resulting 1n 5 pairs of one-liter samples with chlorine dosages of
05,10, 15,20 and 25 ppm The stock chlorme solution was made from a solution of
Hypex, which 1s 2 6 5% solution of sodum hypochlorite stmilar to Chlorox Chlorme
residual concentrations were measured using a Hach Model CN-66 DPD test kit Thus
approach was taken to munimize sample volumes used for measuring chlorine residuals
After 1 6 hours at ambtent temperature, 1t was determined that the sample pair dosed at 15
mg/L chlonne resulted m a total chlorine residual concentration of 02 mg/L A 40 ml
portion of th sample pair was preserved with thiosulfate and held for later THM analvsis

Zai WTP stock solutions for plant jar testing were used for subsequent process simulations,
except for chlonne solution which was made up as outlined above

Next, 2 3 mg/L of KMnO, was added to each one liter flask, and the two flasks were allowed
to sit for 30 munutes to simulate conditions 1n the regulating reservorr  The concentration of
KMnO, was the same as that being added to the regulating reservoir at the tume of the test

The samples were exposed to sunlight for a few minutes toward the end of the 30 minute
pertod  Exposure to light was considered a conservative approach, sumulating day tume
conditions which promote KMnO, dissipation 1n the iegulating reservorr through sunbght

exposuie

Jar testing was then performed using the plant jar test apparatus All chermucal additions
produced the same concentrations as used 1n the plant iself at the tume of testng, 1 e, alum at
45 ppm, cationic polyelectrolyte at 15 ppm, and powdered activated carbon at 20 ppm
These chemicals were added while surring the water samples at 130 rpm. Rapid mixing
contmued at 130 rpm for 1 mn, followed by gentle stirring at 30 rpm for 22 mnutes to
sumulate floc formation, at which pomt 001 ppm of anionic polyelectrolyte was added.
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Surring at 30 rpm continued for another 11 mun, then stirring was stopped for a 3 hour
period to allow the floc to settle

The samples sull were pink from KMnO; addition at the end of the flocculation step In
addition, the flocs appeared similar to those produced during a plant jar test performed a few
hours before Test 1A These flocs appeared normal, yet some PAC laden particles floated to
the water surface, remaining there throughout the testing  The samples were no longer pink
following the 3 hour setthng period

Following the settling period, sedimentation, the turbidity of the water was 16 NTU The
clear muddle portion of water was removed and chlorine was added until the total chlorine
residual measured 12 mg/L (matching the target value then at the plant, prior to filtration)
The sample was then filtered through 90 cm Whatman GFE/C filter paper m a Buchner
funnel and the residual chlorine was increased to 1 65 ppm, agan as practiced at the plant A
40 ml portion was taken and preserved with a few crystals of thiosulfate for THM analysis
A seres of unpreserved 40 ml portions were taken and held for THM analyses over the
follow ing week

Test 1B was run together with Test 1A, following essentially the same procedure with two,
one liter water samples Instead of chlorine, however, incubation for Test 1B was performed
using 2 3 mg/L KMnO; for 21 hr, simulating the future residence time 1n the raw water
pipeline (following the plant expansion) plus the residence time 1n the regulatng reservoir
(after baffling) Test procedures from that point were the same as for Test 1A Following the
setthing phase, the settled water turbidity was 1 03 NTU The prefiltration chlornation step
resulted 1n a total chlorine residual of 12 mg/L, while chlornation following filtration
resulted 1n a total chlorme residual of 160 ppm A 40 ml portion was then taken and
preserved with a few crystals of thiosulfate for THM analysis A series of unpreserved 40 ml
portions were taken and held for THM analyses over the following week

Test 1C was run 1n a manner simiar to Tests 1A and 1B A sertes of pairs of one liter
samples of raw water were dosed at 2, 4, 6 8, 10, and 12 ppm chlorine with the chlorine stock
solution Following 2 65 hour incubation time at ambient temperature, the sample pair
dosed at 2 ppm had a chlorine residual of 0 1 ppm chlonne, and was closest to the 0 2 ppm
criterton  Thus, this sample was used for subsequent testing following the procedure as for
Test 1A, but following the tuming sequence shown in Table C1 Pror to the treatment
procedure a 40 ml portion was preserved with a few crystals of sodum thiosulfate for THM
analysis  Following serthing, the turbidity of the settled water was 051 NTU  The
prefiltration chlorine residual adjustment resulted m a total chlorine residual of 115 ppm,
while the post-filtration chlorination step resulted 1n a chlorine residual of 155 ppm A 40 ml
portion was the taken and preserved with a few crystals of thiosulfate for THM analysis A
series of unpreserved 40 ml portions were taken and held for THM analyses over the
following week

Results and Discussion

Results are summarized m Table C-2 THM levels following incubation, simulating
chlonnation at the IPS, are in line with expectations The THM concentration of 113 ppb
for Test 1C was greater than the Test 1A high flow result of 86 ppb due to the longer
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reactton time afforded by Test 1C and the higher inttal chlorine dose

Following treatment simulations, the THM levels were reduced due to PAC adsorption
However, THM levels were slightly greater for Test 1A than for Test 1C This result was
due to a number of factors The jar test treatments, chlorination, and filtration steps were, of
necessity, performed out in the open, permutting THM losses to the atmosphere Such THM
losses are likely to have been greater during Test 1C treatment siumulations (which took far
longer) than for Test 1A The residual chlorine level following treatment was shightly greater
(by 01 ppm) for Test 1A than for Test 1C, possibly creating more THMSs during
chlorination treatment 1n Test 1A than for Test 1C In addition, PAC adsorption of THMs
may have been more effictent during the Test 1C jar testing than during the Test 1A
procedures Given the limited time avaiable for testing, 1t was not possible to generate
sufficient data to permut statsstical analyses to shed further light on these phenomena

Results for the Test 1B sample following the treatment simulation are reasonable The
chlorine contact tume was short at that stage, such that the THM concentration was 21 3 ppb
soon after treatment Note however, that for subsequent days this sample, which had been
pre oxtdized with KMnO,, had higher THM concentrations than the samples preoxidized

with chlorine

Dunng Test 1B, THM formation potentsal may have been increased by KMnO; preoxidation
due to tcomplete oxidation of natural organic matter (NOM) Such a process could decrease
the hydrophobicity of some NOM compounds by reducing them mto smaller sub-units not
as likely to adsorb onto PAC as the oniginal NOM molecules  While expertmental error due
to factors discussed above could also account for the results, this explanation s plausible For
example, Waer and Vlastnik (1994) applied this reasoning, suggesting using preoxidation of
NOM to increase the number of available adsorption sites on activated carbon for removing
the resulung smaller taste and odor producing NOM molecules

Other oxidants have been shown, under some conditions, to increase THM formation
potential As discussed by AWWA (1990), ozone often decreases THM formation potential,
but under some crcumstances, ozone can increases THM formation potential Dafferent
water quality factors affect the results As a result, AWWA (1990) strongly recommended
piot studies when ozone 1s proposed i the treatment train  Note that 1n some cases,
preozonation can stumulate removal of THM precursors through biological acuvity in
anthracite and sand, and GAC filters While ozone can be problemauc i reacung with
bromude to form THMs such as bromoform, AWWA (1990) notes that "Field studies have
shown that the yield of bromoform 1s not significant unless the bromude level 1s high, for
example, m certain groundwater and 1n seawater ozonated for control of biofouling in
coohng towers"  Nevertheless, most THMSs formed during test experiments were
bromunated, suggesting that bromide concentrations and vanauons should be carefully
exarmuned if ozone 1s considered further as an oxidant at the Zar WIP The formation of
bromoforms can be minimized by lowening the pH of the water, or adding ammonua to the
water, before ozonation

Although KMnQO;, may have increased the THM formation potential mn Test 1B, 1t sull may
be useful as an option at the IPS for aiding 1n taste and odor control As discussed 1n the Test
No 4 section, KMnO; 1s often used for this purpose Turbulence in the raw water pipeline
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1s substantial, such that it should be possible actual field results would be better than the test
results Increased oxidation beyond what was accomplished in Test 1B may not have the
same effect on THM formation potential as suggested by the test results In addition, effects
of adding PAC 1o the regulating reservorr mfluent must be considered, as discussed i the
Test No 4 section below PAC addition at this point will markedly increase 1ts effectiveness
for removing both taste and odor compounds and THM precursors Note further, that
adding a KMnO; feeder at the IPS would add to plant operations flexibility, resulting 1n two
KMnO, feed pomts for oxidation Such flexibility 1s highly recommended (Kawamura,
1991), particularly under present circumstances

The use of oxidants other than KMnOj; for taste and odor control can be considered
Chlorine dioxide and ozone are both commonly used for this purpose in Europe, and North
American use 1s mcreasing However, note that "Of the common oxidants, ozone appears to
be the most effective at destroying some of the recalcitrant taste and odor compounds
particularly geosmuin and 2 methylisobornecl (MIB), but all oxidants are limuted in thewr
effectiveness of taste and odor control " (AWWA, 1990)

Trends shown m Table C-2 indicate that THM formation peaked after about three days,
declined, and then increased toward another maximum on Day 8 Some of these fluctuations
may be due to instrumental error  (For quality control, a duplicate sample was submutted for
analysts on Day 6 The result was quite reasonable ) It 1s possible that THM levels would
have continued mcreasing beyond the eight days of monitoring For Test 1A the Jordansan
THM standard value of 150 ppb was exceeded within a few days, for Test 1B, the standard
was exceeded within one day

For Test 1C, the Jordaman THM standard was never exceeded The chlorine residual
concentratton following the Test 1C treatment was shightly lower than for the other Test No
1 procedures However, this small difference 1s not considered responsible for the fact that
the Test 1C samples did not exceed the Jordanian THM standard This result may also be
explained by volatlization of THMs as discussed above A high proportion of the relatvely
large THM concentration formed during the Test 1C incubation phase may have volatlized
during the plant simulation jar testing However, PAC adsorption may also have played a
role 1n reducing THMs durning the jar test phase Another explanation 1s that the relatively
high 1ntial chlorine dose (2 ppm) oxidized organic matter to compounds less likely to form
THMs than for potasstum permanganate oxidation, for example Note that such reactions
would likely include formauon of other, as yet unregulated in Jordan, chlornated
compounds, or total organic halogens (TOX), some of which, such as haloacetic acids, may
be of health concern above certain concentrations

Conclustons and Recommendations Regarding THMs and Raw Water Oxidation

The results indicate that preoxsdation at the IPS with erther chlorine or KMnO; can result 1n
THM levels above Jordaman standards It 1s lbkely that THMs formed dunng
prechlorination simulations volatiized during subsequent experimental steps, contributing to
expertmental error However, PAC adsorption of THMSs and THM precursors may also
have contributed to observed THM decreases Nevertheless, the Jordanian THM standard of
150 ppb was exceeded for the prechlonnation simulating high flow rates For the low flow
rate stmulation, prechlormation did not result in THM levels exceeding Jordanian standards
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over the eight day monitoring period This result was due to any of several factors (or
combinations of these factors) volatilization of THMs mitially formed, PAC adsorption of
these compounds, oxidation of THM precursors by chlorine, formation of other TOX
compounds such as haloacetic acids (HAA, of relatively recent health and regulatory
concern), and/or experimental error

The observation that KMnO4 preoxidation resulted 1n higher THM concentrations than for
prechlorination 1s sumular to results sometimes obtamed with ozone (AWWA, 1990)
However, as suggested by the Test No 4 results, KMnO, addition at the IPS can stll be
effective for taste and odor control without causing increases in THM levels A second
KMnO; feed point would add to operations flexibility Higher turbulent muxing conditions
in the raw water conveyance system could result 1n better results than 1n the laboratory tests
The resultng increases 1n oxidation may reduce the THM formation potental of the raw
watet, particularly in conjunction with PAC adsorption improvements when PAC feed 1s
added to the regulating reservoir Experimental uncertainty and the mabiity to perform
statistical analyses must also be considered 1n evaluating the results

Test No 2 Nematode Inactivation

Introduction

Nematodes were found at the Zar WTP during invesugations of the taste and odor problem
However, 1t 1s generally agreed that these phenomena are unrelated At present, nematode
counts 1n the raw water are low, although 1nactivated nematodes are sometimes detected 1n

the fiushed water

There s a consensus that no parasitic nematodes were ever detected One major pubhc
health concern 1s that nematodes do mgest pathogens and therefore, can harbor viable cysts,
shielding them from disinfection Aesthetic concerns are also important Nematodes are
quite resistant to nactivatton Their ova (or eggs) are even more resistant than the larvae

Recently, the staff began adding chlorine and KMnO4 simultaneously at the chemical
addition vault preceding the regulating reservorr (Chlorine 1s added at 1 6 -2 0 mg/L, with
KMnQ; at 1 6 to 25 mg/L) Apparently, KMnO, alone did not inactivate nematodes, but
adding both compounds appears to have a synergistic effect

When KMnO; and chlorine are added simultaneously in this manner, 1t was found that
chlonne restduals of 2 mg/L result in THM concentrations 1n the fimished water of 65 to 80
ppb, with chlorine added at 1 6 17 ppm, THMs leaving the plant are about 40-50 ppb  One
plant operations criterion 1s to try to keep fimished water THM values at half the Jordanian
standard of 150 ppb total THMs Thus, adding the chlorine and KMnOj at reported levels
does not appear to cause THM problems However, the method of oxidizing simultaneously
with chlorine and potassium permanganate apparently does not always result 1n elimination
of Iive nematodes from the finished water Further elaboration of these effects 1s expected by
plant staff, once they have THM measurement capabilities and a new, functional TOC unit

Chang, et al (1959) and Wey, et al (1969) studied nematodes mn public water supplhies Very
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high chlorine concentrations are generally neffective at eliminating nematode viabdity For
example, Chang, et al (1959) found that 100 min 1n a hypochlorite solution containing 1 8
14 ppm {ree chlorine residual at a pH of 8 3 8 4 was insufficient to inactivate nematode larvae
in their experiments However, it was found that nematode removal by filtration 1s
enhanced significantly by reducing or eliminating their motlity through mactivation

Test No 2 procedures focused on effects of the following oaidants on nematode motility
KMnO:;, chlorine, chlorammnes, and chlorine dioxide A fifth examination of 2 muxture of
KMnO; and chlorne was conducted because, as noted above, this approach s currently used
at the plant

Testing Procedure

Exhaustive efforts were made without success to locate more than one or two live nematodes
at a time 1n the Amman area Some nematodes were found at a nearby trickling filter plant
However, the low numbers of nematodes, and the fact that they were suspended 1n trickling
filter effluent, which would exert an oxidant demand, ruled out this source Additionally,
nematodes were sought in the sediments of the KAC, but without success Herce, all testing
was performed using the nematode Cephalobus, from Carolina Biological Supply (Burlington,
NC, USA) Stock solutions of 1,000 mg/L KMnO; and 1,000 free chlorne (made from
Hypex, a 65 % hypochlonte product discussed under Test No 1 above) were used for
testing

A chloramune stock solution was produced by adding excess ammonium chloride to 100 mL
of the 1,000 ppm stock chlorine solution  Attempts to measure the total chlorine residual of
this solution were unsuccessful due to formation of a dark orange precipitate during the DPD
measurement, suggesting interference by the excess ammonmum chloride Free chlorne
residual values were zero and thus 1t was reasoned that added ammomna had been converted to
combined chlorine It was not possible to deterrmune the distribution between mono-, dt , and
tr1 chloramine 1o the resulung solution However, presuming all of the tree chlorine present
reacted such that only tnichloramine resulted, the stock solunion_concentration was 2,300
mg/L chloramine Note that the possibility of some ammomnia toxicrtv of this solution
cannot be ruled out at this time

Chlorme dioxide (ClO;) solutions were produced using an Aquamura water treatment kit
provided by McNett Corporation (Bellingham, WA, USA) Instructions were followed to
produce ClO; by combining equal volumes of the two solutions and adding distilled water
ClO; residuals were measured using the DPD ClO,; method as in Srandard Methods

KMnO, and chlorine dosing experiments were performed using the first  stock solutton' of
nematodes This stock solution was produced by adding disulled water to a test tube
containing potato plug growth medium and twirling the test tube The resulting nematode
slurry was placed 1n a separate test tube, and one ml was removed for counting The
remaining slurry was poured into 100 ml of canal water to make the stock nematode
solution ‘Ten ml portions of this stock solution were added to beakers contamming 100 ml of
raw water Four beakers were dosed to 10, 15, 20, and 25 ppm KMnOs, and four beakers
were dosed to 10, 15, 20, and 25 ppm of chlorme Two undosed control samples containing
10 ml of the nematode stock solution were also set up The beakers contamning the
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nematodes and chermicals were mixed intermittently by swirling One mulliliter portion from
each beaker was counted at recorded tme mtervals All experiments with this stock
nematode solution were performed at ambient temperature, 24 3 degrees C

A second "stock solution” of nematodes was used for another set of experiments For this
solutton, three test tubes of nematodes were used, creating a more concentrated solution of
nematodes than the first stock solution  Fifteen ml portions of this stock solution were added
to beakers containing 100 ml of canal water Four beakers were dosed with 4 6, 23, 34 5 and
69 ppm chloramine using the stock solution discussed above Another four beakers were
dosed with 2 ppm KMnO#4 plus 15 ppm chlorine, 7 ppm KMnO, plus 5 ppm chlorine, 25
ppm KMnO, plus 25 ppm chlorine, and 15 ppm KMnO; plus 10 ppm chlorme A control
was also set up with no oxidant The beakers containing the nematodes and chermcals were
muxed termuttently by swirling One ml portion from each beaker was counted at recorded
tume wmtervals All experiments with this stock nematode solution were performed at
ambient temperature, 22 6 degrees C

Chlorine dioxide was produced 1n distilled water to concentrations of 08, 17, 88, and 50
ppm ClO, The 17 and 50 ppm solutions were 200 ml, while the 0 8 and 8 8 ppm solutions
were 100 ml 1n volume Fifteen mulliliters of the second nematode stock solution were added
to each of these beakers One mulliliter portion from each beaker was counted at recorded
tume ntervals

A distilled water control was also run to deterrune effects of distilled water on the
nematodes Cephalabus were "extracted” from a test tube as described above, and eight ml of
this extract were added to 100 ml of canal water to make a third nematode "stock solution "
Ten ml of this third stock solution were added to 100 ml of distilled water Nematodes were
counted 1mmediately and at the end of two hours as a check on effects of distilled water on
the nematodes

Results and Discussion

Results of the nematode mactivation studies are shown 1n Tables C3 through C8 All
nematode counts 1n the table rows were obtained with 1 mL samples using a counting shde
and mucroscope Thus, the number alive and the number dead for each concentration and
exposure tume listed are for the same 1 ml sample Following counting, each 1 ml sample was

discarded

The results help to understand relative effects of the different oxidation procedures on the
Cepbalobus nematodes  Extremely high concentrations of chlorine and KMnO: were
required to mactivate very many nematodes The combination of KMnO, and chlorine
(Table C 6) was only effective at very hugh concentrations as well These concentrauon levels
are not practical

Chloramines at high concentrations (Table C 5) were more effective than chlorne (Table C-
3) or KMnO; (Table C4) (Note that ammonia toxicity may have been a factor contnbutung
to the toxicity of the chloramine solution used for this study ) Agam, such high chloramne
concentrations are not feasible
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Chlorine dioxide (Table C-7) at 17 ppm was effective at inactivating nematodes within a two
hour period Because the experiment was performed in a solution that was about 90%
distilled water, the chlormne dioxide demand exerted was likely to have been somewhat lower
than would be expected 1n canal water (Note that the distilled water control test mdicated
that distilled water 1n 1tself did not affect nematode viability over the testing period ) Thus,

Table C 3
Nematode Inactivation Using Chlorine
Chlorine Residual
Concentration | Exposure time No Alive | No Inactivated | Chlorine after
(ppm) (mn) 240 mum (ppm)
10 117 1 0 32
15 127 5 0 10
20 137 5 0 13
25 147 4 1 20
Control 98 7 0 -
10 204 4 4 32
15 222 4 0 10
20 237 5 1 13
25 247 4 4 * 20
Control 257 7 0 -
Table C-4
Nematode Inactivation Using KMnO,
KMIIO4
Concentration Exposure time No Alve No Inactivated | Comiments
(ppm) (mun)
10 110 4 0
15 120 3 0
20 130 2 1
25 138 4 0
Control 98 7 0
10 204 4 1
15 215 2 3 1 damaged,
2 yellow
20 223 1 2
25 233 1 3 2 yellow
Control 204 3 0
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Table C 5
Nematode Inactivation Using Chloramine

Chloramne
Concentration Exposure time No Alive No Inactivated
(ppm) (mun)
46 180 27 23
23 169 7 29
345 173 3 45
69 193 2 48
Control 180 50 60 0
46 210 16 38
23 225 3 40
345 238 2 62
69 248 4 53
Control 230 50-60 0
Table C 6
Nematode Inactivation Using KMnO, And Chlorine
KMIIO4 +
Chlorne Exposure tume No Alwe No Inactivated
Concentrations {(mm)
(ppm)
2+15 115 39 2
7+5 128 36 10
25+ 25 130 40 5
15+ 10 148 52 6
Control 130 50-60 0
2+15 236 29 1
7+5 245 23 19
25+ 25 238 16 36
15+ 10 285 28 26
Control 255 50-60 0

Za1 WTP Assessment - Final Report (Revised)

Page 71 of 92




Table C7

Nematode Inactivation Using Chlorine Dioxide

Chlorine Residual Residual
Dioxide Exposure No No Chlorine Chlorine
Concentration | tune (mun) | Alive | Inact1 Dioxide Dioxide
(ppm) vated | Concentration | Concentration
after 121 mun | after 241 mun
(pprm) (ppm)
08 110 25 1 0
17 121 3 15 18 10
50 121 0 23 46 27
88 108 0 51 58 39
Control 118 50 60 0 - -
08 233 22 0 - 0
17 245 0 36 18 10
50 233 0 18 46 27
88 285 0 45 58 39
Control 250 50 60 0 - -

nematode 1activation was probably greater than had concentrations been reduced by some
chlorine dioxide demand exerted by constituents of the canal water Given the short scope of
the testing program, 1t was not possible to perform chlorme dioxide demand studies needed
to understand this compound further

Over a four hour period, the chlorine dioxide level decreased from 17 to 10 ppm  Thus
chlorine dioxide concentration suggests that the US EPA's proposed maximum value of 10
ppm for chlorite (ASCE, 1998) may have been exceeded

Note that the turbulent conditions existing 1n the raw water pipeline would lead to much
stronger muxing conditions than were possible during this study  Thus, 1t 15 anucipated that
better wnactivation would be achieved 1n the raw water main than during this stmulauon  In
addition, chemucal residuals in water reaching the plant would be lower than those measured
during the laboratory study, again due to turbulence 1n the transmussion main

Conclusions and Recommendations Regarding Nematodes

Results for the Cephalobus nematode mdicate that they will not be mactivated by KMnO; or
chlorine, or a muxture of the two, at feasible concentrations within reasonable times While
chloranunes at high concentrations were effective to some extent, only a very strong oxidant
such as ozone can provide maxumum assurance that nematodes will be inacuvated. However,
chlorme dioxide proved effective at wnactivating the Cephalobus nematodes under these test

condrtions
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Concentrations of chlorine dioxide required for mactivating these nematodes may result 1
chemical concentrations of the by-product chlonte exceeding possible US EPA future
recommended levels Even if nematodes are inactivated or killed, however, they sull may
harbor pathogens, shielding them from disinfection

Removal of nematodes can be maximuzed by optimuzing all treatment steps  Applying water
of mummum turbidity to the filters helps assure maximum removal prior to filtration
Currently the plant 1s upgrading its jar test apparatus to the more applicable square jar type
Plant personnel are performung many jar tests, and are evaluating various coagulants and
different polyelectrolyte types and concentrations It i1s important to approximate plant
conditions with the jar test as closely as possible, making sure velocity gradients (G) and
temperatures 1n the jar test apparatus are the same as within the plant coagulation and
flocculation steps

Maximizing filter performance 1s a key factor in removing nematodes Improving
sedimentation basin performance by eliminating the finger weirs and replacing them with
baffle walls will improve sedimentation performance Adding polyelectrolyte filter aid and
filter condmioner durng the last few munutes of backwashing will result in lower filter
turbidities  An air scour system will provide improved media cleaning for more effective

performance

Test No 3 - Jar Testing

Introduction

The object of the jar tests were to compare alummnum sulfate (alum, (used presently at the
plant) with the alternative 1ron salt coagulants, ferric sulfate and ferric chloride Prior to most
of the jar tests, oxadation of raw water at the IPS was simulated using KMnO, doses matching
those tn use at the plant at the time Then, plant simulations were performed in the jars using
chermucal dosages 1n use at the time of testing

ASCE (1998) noted that opumum pH values vary for alum and ferric salts, and listed pH
ranges within which alum and ferric salt coagulation can generally be opturmzed For alum,
thus pH range *s from 5 5t0 7 5 (typically 7 0), while for ferric salts, the pH range 1s from 50
to 85 (typically 75) Note that optimum coagulant and coagulant aide concentrations as
well as opumum pH values are best determuned by jar testing and observations of plant
performance

Jar tests were performed using an old, impeller type of jar test device This unn required
shghtly higher mixing speeds than the more modern unit used for process control jar testing
at the Zas WTP  All jar tesung was performed in one-liter beakers At present, plant
personnel are planning to build the square type of muxing vessels, which can be used to more
closely match rapid muxing and flocculation stage muxing charactenstics It was not possible
to study the many vanables affecting jar test (and plant) results, such as muxng speeds and
durations, and temperatures Results can be used for comparative purposes, however, because
testing condrtions were kept as 1dentical as possible for comparing alum, ferrnic sulfate, and
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ferric chloride

At present, plant personnel are conducting numerous jar tests for process control, with alum
as the chuief coagulant While alum appears to be serving well (both functionally and
economucally), there may be problems associated with aluminum solubility The Jordanian
standard for dissolved aluminum 1s 0 1 with a maximum of 02 ppm  (The maximum level
suggested 1n the US 1s 005 ppm  This suggested level 1s not a requirement, but rather 1s a
preferred goal) Plant jar tests run m concert with dissolved aluminum determnations are
revealing that normal alum doses resulung 1n good coagulation and flocculation do not
suppress pH values enough to lower aluminum solubdity to desired levels Hence, plant staff
are experimenting with increasing alum doses for lowering pH values such that aluminum
solubility 1s reduced

It 1s recognized that increased coagulant doses can also be used to remove Total Organic
Carbon Thus approach 1s being developed 1n US regulations (where 1t 1s termed "enhanced
coagulation”) for reducing THM formation potenttal However, use of sulfuric acid for pH
suppression 1s being mvestigated 1n terms of treatment effecuveness and costs  Once
laboratory total orgamc carbon (TOC) and THM wnstruments are up and running, the plant
staff will be targeting and optimizing the various interrelated treatment objectives

Note that pH values favorable for reducing alum solubiity and/or for opumizing alum
coagulation can be corrosive to distribution systems For this reason, pH values often are
subsequently increased, further adding to chemical and labor expenses Thus factor further
favors ferric salts which are usually effective at higher pH values than alum, without posing
aluminum solubility problems, or necessitating the initial downward adjustment of pH and
final upward adjustment of the pH in the treated water to avoid corrosivity and colored
water problems i the distnbutions system

Testng Procedure

Ferric sulfate, ferric chloride, and alum were compared 1n a set of tests on a sample of raw
water taken from the KAC mtake The plant laboratory stock alum solution used was 10
g/l A 10 g/L stock ferric sulfate (as tetrahydrate, that s, Fex(SO4); * 4FL0) solution was
made for testing using reagent grade ferric sulfate purchased from Fisher Scienufic

A ferric chlonde stock solution was made by diluting the 40% (nomunal concentration) ferric
chloride solution on-hand Label information on this solution was as follows FR-1410
Ferric Chloride, Made n India, supplied by Saleh and Abdulaziz Abahsain Co, Ltd
(Chemucals Division), P O Box 209, AL Khobar 31952, Saud: Arabia The resultung stock
solution for jar tesuing was 6 88 g/L fernic chloride and had the same 1ron concentration as
the ferric sulfate stock solution

Raw water charactenistics were measured before testing  For each coagulant, six one liter
samples of raw water were dosed with 2 ppm KMnO; (as used at the plant at the tume) and
kept 1n the dark for 195 munutes (the nominal ume for raw water to reach the plant at the
tume of testing) Whule stirning at 115 rpm, coagulant was added mn varymg amounts, along
with 15 ppm cationic polymer and 20 ppm PAC The samples were stirred at 115 rpm for
one munute, followed by slow muxing at 44 rpm for 20 munutes Then the amomic
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polyelectrolyte was added at 0 01 ppm, followed by another 10 minutes of slow mixing at 44
rpm  Muing was then stopped  Following a 30 munute settling period, turbidity and other
properties of the settled water were measured

Two other jar test sets were run using raw water at the plant tap, which had KMnO; added at
the regulating reservorr (and a low dose of copper sulfate added at the IPS) One jar test set
mvolved adjusting the pH of raw water 1 six one liter beakers from 859 to 7 58 using
sulfuric acid  Then, the jar tests were run as above Another jar test set was run 1 an
attempt to optimize the cationic polyelectrolyte dosage used with ferric sulfate This test
mvolved using the best ferric sulfate dosage previously determuned, and different catiomc
polyelectrolyte concentrations Other chemucal additiors and mixing procedures were then
carrted out as described above

Results and Discussion

Initial raw water properties were as follows

Table C 8
Raw Water Character.stics
Property Value
Turbidity 216 NTU
Alkalinity 190 mg/L
pH 8 44
Temperature 216

Restlts of the mnitial coagulant tests, which included preliminary oxidation with KMnOs,
are shown 1n the following three Tables C-9 through C 11

Table C 9
Jar Test Ferric Sulfate Coagulant

Ferric Sulfate
Concentration Turbidity pH Alkalinity Temperature
(ppm) (NTU) {mg/L) (Degrees C)
20 155 797 166 215
25 105 7 89 160 214
30 129 78 162 215
35 130 7 69 160 214
40 135 7 61 160 214
45 115 7 56 150 214
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Table C 10
Jar Test - Alum Coagulant

Alam
Concentration Turbidity pH Alkalinity Temperature
(ppm) (NTU) {(mg/L) (Degrees C)
30 045 773 162 216
35 078 7 83 160 214
40 075 7 69 160 216
45 072 7 64 156 214
50 055 759 150 215
55 081 752 150 216
Table C-11
Jar Test - Ferric Chloride Coagulant
Ferric Chloride
Concentration | Turbidity | pH | Alkalmity Temperature | Comment
{ppm) (NTU) (mg/L) (Degrees C)
14 070 7 82 164 219
17 044 7 66 156 218
21 033 7 52 154 218
24 030 7 48 146 219 yellowish
28 037 742 146 219 yellowish
31 027 7 35 146 221 yellowish

All three coagulants reduced turbidity levels below the US guideline maximum of 2 NTU
(UAEPA, 1991) before filtraton However, mimmizing turbidity applied to filters 1s an
important treatment goal, such that values well below 2 NTU should be obtained if possible
Fernic chloride and alum reduced turbidity levels to a greater extent than ferric sulfate during

testing

Under the jar test conditions, ferric chloride functioned best, although above 21 ppm the
settled water was yellowish 1n color Fernc chlonde suppressed pH values more than the
other coagulants, although this effect was a small one This may have been due to the fact
that the ferric chlonde solution on hand was reported to contain acid )

Alum functioned best at 30 and 50 ppm However, the 30 ppm result appears anomalous
because this alum dose should have resulted in the least pH suppression compared to the
other dosages The 50 ppm alum dose functioned well, and 1s 1n line with current use (except
when alum concentrations are increased to reduce alumunum solubility) Ferric sulfate
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worked reasonably well, but not as well as alum or ferric chloride under test conditions At
concentrations resulting i maximum turbidity levels, fernic sulfate did not suppress settled
water pH values to the same extent as the other two coagulants It is not known whether the
ferric chloride solution used 1n the canal (and used for these tests) 1s approved for potable

purposes

Results for the ferric sulfate jar testing with varying cationic polyelectrolyte doses is shown n
Table C 12

Table C-12
Jar Test Ferric Sulfate With A Cationic Polyelectrolyte Aid
Ferric Sulfate Cationic
Concentration Polyelectrolyte Turbidity
(ppm) Dose (ppm) (NTU)
25 00 110
25 02 16
25 04 11
25 08 14
25 12 16
25 15 125

As noted above, this testing was performed using raw water as 1t exuts the regulating reservorr
The ferric sulfate dose was 25 ppm, which gave the lowest settled water turbidity during the
mitial ferric sulfate jar test Other chemucals dosages were as at the plant at the time of
testing PAC dosing was at 22 5 mg/L, and anionic polyelectrolyte dosing was at 0 08 ppm
Further bench scale or full-scale testing with different (lower perhaps) fernic sulfate doses and
perhaps shghtly higher polyelectrolyte doses could result 1n a more cost effective coagulant
and aid combination At the city of Los Angeles' Aqueduct Filtration Plant for example, the
polyelectrolyte 1s the primary chemucal and ferric chlonde 1s the coagulant aid

The results indicate that the cationic polyelectrolyte currently 1n use 1s not nearly so effective
a coagulant aide with ferric sulfate as 1t 1s with alum Dr Murad Jabay Bino s 1n contact
with Alliled Colloids (and perhaps other polyelectrolyte manufacturers) and further jar tests
are planned in an attempt to identify a more effective coagulant aide (or aides) for ferric
sulfate

Results of the alum jar testing with pH adjustment are summanized i Table C 13

For this pH adjustment test, the raw water turbidity was 134 NTU, alkalinity was 180
mg/L, pH was 8 59, and the temperature was 24 8 degrees C The initial pH was lowered
from 8 59 to 7 58 prior to tesing  PAC was dosed at 20 ppm, cationuc polyelectrolyte at 15
ppm, and amionic polyelectrolyte at 0 01 ppm. Mixing conditions were the same as used for
all Test No 3 jar testng
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Table C 13
Jar Test - Alum Coagulant With pH Adjustment

Alum
Concentration Turbidity pH Alkality Temperature
(ppm) (NTU) (mg/l) | (DegreesC)
10 102 7 58 155 220
20 060 7 58 150 219
25 049 755 150 219
30 048 752 150 219
40 033 742 142 219
50 045 7 33 140 219

The alum results with pH adjustment was somewhat better than without pH adjustment
However, different raw water samples were used for the two jar test sets, such that this result
could be due to differing raw water characteristics In addition, the water temperature was
greater duning the pH adjustment jar test than during the 1niuial testing  Thus, water viscosity
was less during the pH adjustment test than when pH values were not adjusted, favoring
hugher particle velocity setthing and hence promoting lower settled water turbidities

Opumum turbidity removal was at 40 ppm alum  The final pH was lower when alkahinity
was reduced with sulfuric acid first than when alkalinity was reduced by alum alone In
addition, sulfuric acid addition resulted 1n final pH value (at the lowest turbidity) within the
range of optimums generally found for alum (5 5 to 7 5) as reported by ASCE (1998) These
results indicate that pH adjustment with sulfuric acid can lower alum requirements

Note also that decreased final pH values are helpful (within limuts) for reducing aluminum
solubility However, corrosion phenomena 1n distribution systems can be problematic when
pH values are too low A munimum pH value of around 7 8 1s often considered necessary 1n
distribution systemis to prevent copper dissolution from piping, for example Thus, the
stifuric acid approach could necessitate addition of a base to bring pH values back up
somewhat Base addition also could be needed if high alum doses are used to suppress pH
values, and if ferric chloride 1s used as well Optimuzing ferric chlonde addition appears to be
a better approach than altering pH values with sulfunc acid when using alum The use of
ferric sulfate avoids the use of ether acid and base pH adjustments

Cost estimates for the using the three coagulants are shown in Table C-14 Note that the
costs are based on the plant running at full capacity (123,000 m’/d)

Clearly, alum 1s much less expensive than the other coagulants at the dosages and prices
shown However, costs assoctated with alum will mncrease should pH adjustment be
practiced As discussed above, such pH adjustment could be both downward to optimuze
coagulation and to mumimze aluminum solubility, and then upward to reduce corrosivity
Other sources of ferric salts may be found, with better prices
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Table C 14
Comparative Coagulant Costs

Estimated
Coagulant Unit Cost | Dosage Daily Cost at
(JD/Tonne) | (ppm) Full Capacity
JD)

Alum
(as currently used) 200 50 1,107

Ferric chlonde

(solution, on-hand) 950 24 2,804
Ferric sulfate 965 25 2,967
(tetrahydrate)

Conclusions and Recommendations Regarding Coagulants

Jar test results mndicate the ferric salts work reasonably well Under test condtions, ferric
chloride worked better than ferric sulfate or alum, and suppressed pH values somewhat more
than did the other coagulants Alum worked better under test conditions than fernc sulfate
using the coagulant aides available Shghtly high doses (above optimum) of the ferric chloride
solution studied 1mparted a yellow color to the settled water

Efforts to use acid for lowening pH values with alum may help both coagulation and with
decreasing aluminum solubility, however, some caustic (or lime or soda ash) may have to be
added later to prevent corrosion problems 1n the distribution system It is likelv that ferric
sulfate would funcuion better with a different polyelectrolyte than the one i use with alum,
plant staff are currently seeking alternative coagulant aides for further jar testing with ferric
sulfate  Current cost data indicate that alum 15 much less expensive than the other two
coagulants However, if pH adjustment(s) 1s needed for alum, total costs associated with alum
use will increase

If fernc sulfate 15 used, 1t 1s recommended that jar tesung be performed to find alternative
polymer coagulant aids and doses for use with different ferric sulfate doses

Ferric chloride may also be considered as well Potable apphicability of the ferric chloride on
hand should be confirmed and further jar testing should be performed to understand any
color changes Caprtal costs of ferric chloride storage, feed (and backup feed), etc all must be
considered 1n terms of switching to ferric chloride Base addition will be necessary for
corrosion contro] if pH values are suppressed too far by ferric chlonide
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Test No 4 - PAC Testing

Introduction

This test targeted testing two improvements for taste and odor control at the plant
providing a potasstum permanganate feed system at the mfluent pump station (IPS), and PAC
feed at the regulating reservorr influent (It was assumed for purposes of this test procedure
that the regulating reservoir will be baffled such that 1ts flow regime approaches plug flow )

Note that this testing was performed after the taste and odor episode 1n the summer of 1998
Thus, the test conditions cannot indicate precise means for addressing a problem event of this
kind However, information about the relative effects of new potasstum permanganate and
PAC feed locations can be learned

A number of aspects of chemucal oxidation for taste and odor control at the Zas plant were
discussed under Test No 1 Chemuical oxidation 1s commonly practiced for addressing taste
and odor as well as other problems, and potasslum permanganate 1s often used in this
application  However, oxidants are not always effective at taste and odor control and can
impart taste and odors themselves In addition, as suggested by the Test No 1 results and
the literature, preoxidation can 1n some circumstances increase THM formation potential In
any event, oxidant feed at the IPS will add significantly to plant operations flexability for
addressing future taste and odor episodes Activated carbon 1s also very important for
addressing taste and odor problems at the Za: WTP, and providing an improved feed point
for PAC will significantly enhance taste and odor reduction

Use of PAC for taste and odor control was reviewed 1n some detail by ASCE (1998), and
concepts from this design text follow PAC contact tume should be at least 15 munutes
Further, 1t has been reported that even longer contact tumes than 15 munutes can be required
for adsorption of 2-methylisoborneol (MIB) and geosmin  These compounds are commonly
associated with offensive odors caused by certain algae, and can be difficult to oxidize PAC
should be fed prior to addition of coagulants because they can coat the surface of PAC
particles, inhibiting mass transfer to carbon adsorption sites

Total Odor Number (TON) testing at the Zai WTP 1s performed by operators on a regular
basis Dilutions are performed using distlled water

Interest has been expressed in alternative treatment of canal water prior to the imntake
Kawamura (1991) discussed chemical treatment methods useful for algae control Copper
sulfate can be added 1n dosages ranging from 005 to 08 ppm, depending on algae species,
potassium permanganate dosages from 04 to 5 ppm can be effective, and free chlormne
residuals of 02 - 1 ppm can control algae However, chlormne residuals are difficulr to
maintain when organic matter 1s present, and sunlight increases chlonne dissipation
Potasstum permanganate 1s not usually used 1n water reservoirs due to 1ts cost and resulung
purple to puk color Use of natural treatment methods such as different fish species requires
careful evaluation by lmnologists and aquaculture experts
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Testing Procedure

The test was a treatment stmulation procedure sumular to Test 1B described previously Six
one-liter raw water samples were dosed with 2 3 ppm potassium permanganate and held 1n
the dark for 3 3 hours (the nomunal detenton time 1n the raw water piping system at the tume
of testing) Then, one liter beakers were dosed with 3, 6, 9, 12, 15, and 18 ppm PAC
followed by gentle agitation with the jar test apparatus for 129 mun (the detention time m the
regulating reservorr at the tume of testing

Next the jar contents were treated using essentially the same procedure as for Test No 1,
adding during rapid muxing at 115 rpm alum at 45 ppm plus cationic polyelectrolyte at 15
ppm, followed by one munute of rapid moing Then the mixing speed was reduced to 44
rpm for 20 mn, followed by addition of 0 01 ppm anionic polyelectrolyte After another 10
mun of slow surring, muxing was turned off Following 30 mun of settling, the settled water
was removed from each beaker and the chlonne residual was adjusted to 0 8 ppm using the
chlorine stock solution from Test No 1 Next, each sample was filtered as in Test No 1,
followed by addition of chlorme from the stock solution to a residual of 1 45 ppm, matching
the value 1n the finished water at the tume

Then, TON flasks were set up for each sample, and for raw and finisned water samples taken
at the ume of testing In consultation with operators on shuft at the time, who reported a
TON of 1 for the finished water, dilutions were set up only for the raw water sample TON
determination (Note that diutions are performed with distilled water) It was learned that
finished water TON values were considered to be 1 if the only odor detected was that of
chlonine Asin Standard Methods, sodium thiosulfate 1s generally added by plant staff at that
potnt to suppress the characteristic chlorine odor to confirm 1t 15 the only odor constituent

After the TON flasks reached 60 degrees C, the bottles were smuffed It was ascertained that
the only odor present in all the flasks was the charactensstic chlorine odor The odor level
was the same 1n each flask Therefore, the sample with the lowest PAC dose (at 3 ppm) was
reserved for long-term odor exarmmation Thus flask and the finished water odor flask were
stored at room temperature except when odor testing was performed at 60 degrees C over a

three day period

A sample from each jar test and one finished water sample were set up for THM testung three
days later THM samples were stored at 28 degrees C as discussed for Test No 1, to simulate

worst-case temperature COIlleOnS

A second test was conducted sumulating simultaneous addition of KMnO, and PAC prior to
the reguleung reservorr 'The test was run as above, using the same PAC dosages as above,
and other chermical additions as at the plant at the ume of testing  These chemucal additions
were 173 ppm KMnO4, 59 5 ppm alum, 177 ppm cationtc polyelectrolyte, and 0 011 ppm
antonic polyelectrolyte The residual chlonine before testing was adjusted to 12 ppm (as
opposed to 0 9 ppm withun the plant), and to 1 3 ppm after filtration Odor tests were set up
as above for the sample with 3 ppm PAC and plant effluent at the tume of tesung No THM
tests were performed for this second experiment

Results and Discussion
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For both tests, the TON of the raw water was 12, and that of the finished water was 1 The
odor of the first water sample dosed initially with 3 ppm PAC was followed daily for three
days No discerruble change was detected in this sample's odor The plant fiished water
sample held in the same manner also did not change At the end of the three day period,
even the charactenistic chlorine odor had dissipated, and chlorine residuals were found to be

ZEro

Therefore, the results indicate that preoxidation with KXMnO, followed by 3 ppm PAC
before coagulation was at least as effective as plant procedures at the ume of testing  Within
the plant, 20 ppm PAC was bemng added just prior to the coagulation step As noted above,
this location 1s not recommended because 1t both binds adsorption sites and mhibits mass
transfer to the sites However, rt 1s difficult to extrapolate thus result to the taste and odor
compounds responsible for the summer episode These compounds may respond differently
to preoxidation and may have different adsorption charactenistics than the compounds
responstble for the relatively mmor odor at the tume of testing

THM testing results following three days of storage are shown in Table C 15

Table C-15
PAC Versus THM Formation
THM concentration

Carbon Dose, ppm after 3 days, ppb

20 198
(Plant finished water)

3 111

6 796

9 131

12 160

161
15 81
18 186

The plant finished water sample had the highest THM concentration of all samples taken,
and was above the Jordanian regulatory level of 150 ppb  Thus, the combination of
oxidation at the IPS and PAC addition at the regulating reservorr appears to result in less
THMs than the current configuration However, THM volatization duning testng may
have influenced this result, somewhat

The Test No 4 jar test samples did not show a clear THM trend. Most samples were close
to or below the Jordantan maximum allowable THM value As discussed for Test No 1,
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non-untform THM volaulization during the different treatment steps, and experimental
error, contributed to varability of the results However, unlike Test 1B, when PAC was
added just prior to coagulation, PAC added well before coagulation 1n Test No 4 1s likely to
have had a beneficial effect PAC added 1n Test No 4 was readily available to adsorb THM
precursors 1 spite of potential adverse effects of preoxidation on THM formation potential
Thus, Test No 4 THM levels at three days were below the Test 1B THM result (except for
the 18 ppm PAC sample) after three days of storage Thus result may also have been due to
the fact that the miual chlorne residual was lower mn Test No 4 than in Test 1B (145 ppm
versus 160 ppm) However, at these chlorine residual levels, the correlation berween
chlorine concentration and THM formation 1s not a strong one

The second TON test gave odor results sirmular to the first The sample with the least amount
of PAC (3 ppm) had a chlorne odor that was indistinguishable from the plant fimished water
sample taken at the same time Both samples had only the characteristic chlorine odor noted
above When sodmum thiosulfate was added as 1n Standard Methods, neither sample had a
discermible odor Thus, under test conditions, stmultaneous addition of KMnO, and 3 ppm
PAC prior to coagulation was as effective as the plant practice of adding 20 ppm PAC  Note,
however, that at that time the plant was adding a very hugh alum dose (59 5 ppm) Thus high
alum dose may have resulted in removal of more NOM responstble for some taste and odor
than at the 45 ppm alum dose previously 1n use

Conclusions and Recommendations Regarding PAC and KMnO; Addition

The results indicate that the combination of KMnO; oxidation at the IPS followed by PAC
addition at the regulating reservoir will require less carbon than used at present for taste and
odor control In fact, 1t 1s possible that with a long preoxidation stage, PAC may not be
required for taste and odor control under present condiions However, 1t 1s difficult to
extrapolate these results to the compounds responsible for the summer taste and odor
episode, which may have different oxidation and adsorption properties

In the simulations of KMnO, addition at the IPS, adding PAC well before the coagulation
stage resulted mn less THM formation than when PAC 1s added just before coagulation Thus,
1t 1s likely that PAC addimon as at the regulating reservoir removed THM precursors,
regardless of whether KMnO; increased THM formation potential as suggested by the Test
No 1 results

The experiment with adding KMnO; and PAC simultaneously also indicated that adding
PAC well before coagulation lowers PAC dosage requirements However, effects on THM
or TOX formation were not determuned for this expertment

These observations bolster the recommendation of adding a KMnO; feeder at the IPS, and
adding PAC at the (baffled) regulating reservorr This arrangement will provide added
operattonal flexibdity to respond to the next taste and odor episode

Because 1t was not possible to run these tests with the problem water, 1t appears necessary to
provide PAC feed capability comparable to that found necessary durning the event Thus
approach will be a conservative one, of course Two carbon feeders, each feeding from zero
to 35 ppm carbon at current flow rates could be used. This approach would provide a
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maximum of 70 ppm PAC, which was found adequate during the taste and odor event The
feeders should be piped to maximuze operations flexibility Decisions would have to be made
later 1n terms of needs for more carbon feed capacity after the plant capacity 1s doubled, data
gathered over the near term will aide with that decision-making

If GAC 15 added to the filters, then a 70 ppm PAC feed capability will of course not be
necessary However, the lifetime of GAC for taste and odor control cannot be known
precisely  Careful monitoring of the carbon 1n the filters will be necessary if this route 1s
taken GAC may present some cost savings over PAC feed 1n the long run

Regarding the KMnO; feed concentration at the IPS, dosage ranges from 0 5 to 5 mg/L are
usual for KMnO, feed (Kawamura, 1991) Note also that 0 6 to 1 2 mg/L KMnO; 1s often all
that 1s necessary to remove taste and odor compounds (Kawamura, 1991)

Other oxidants may be considered, such as chlorine dioxide and ozone, for removing taste
and odor compounds These oxidants should be considered for long-term upgrading of plant
facihses
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APPENDIX D

MANUFACTURER’S CHLORINE DIOXIDE SYSTEM
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CHLORINE DIOXIDE

Chlonne dioxide {ClOp) 15 a yellow-green gas
similar i1n appearance and odor to chiorine Uniike
chlorine chlorine dioxide gas cannot be compressed
and bottled Consequently chlornine dioxide must be
generated on-site

Prior to the introduction of Rio Linda Chemical
Company's (RLC s) chiorine dioxide system industry

standard was to generate chlorine dioxide using
chemical feed pumps to add actd and sodium chlorite
to a solution of chlorine {chlorine/chiorite/acid sys-
tem) Typical yieid* for this type of generator 15 80-
80% Rio Linda Chermical Company discovered a way
1o increase the chlorine dioxide yield to 85-98% with-
out using acid or chemical feed pumps

The Chemustry of Chiorine Dioxide**

When chlorine gas 1s dissolved in water it rapidly
hydrolyzes (actually reacts with the H,O molecule) to
form hypochlorous acid

Clo(gas) + H,0 === HOCI+H*t+ CI— (1)

The further dissociation of hypochiorous acid foliows
to produce hypochlorite 1on

HoCcl —— H*+o0cCI— (2)

The pH of the water into which the chlorine gas s
dissolved determines the speciation of chlorine as
shown in Figure 1 for a 0 05 M chlonne solution (this1s
the highest chlorine concentration encountered In
typical installations)

The reactions that generate chlorine dioxide from
chlorine and sodium chlorite are

2NaClOj + Cly(gas) — 2Cl0O5(gas) + 2NaCl  (3)
and

2NaClOy + HOCI—~2Cli02(gas) + NaCl + NaOH (4)

RELEVANT CHLORINE SPECIES

CHEMICAL FORMULA NAME

Molecuiar chlorine
(gas)

Hypochlorous acid

Clz
Hypochiorite ion
Chlonde ion
Sodium chlorite
Sodium chiorate

Chiorine dioxide
(gas)

TABLE 1

There are also some undesirable side reactions
that can take place in the generation of chlorine
dioxide These reactions consume sodium chiorite
and produce an undesirable reaction by-product
sodium chlorate

HOCI + NaClOg + OH™ —NaClOgz + CI~+ H20 (5)

and

Clp +NaClOg + HoO——NaClO3+ 2CI+2 H*  (6)

Reaction (3) 1s extremely fast as compared to
reaction (4) which s about 100 times slower Reactions
(5) and (6) become important in dilute solutions The
ideal situation from the standpoint of maximizing
chlorine dioxide yield 1s to seiect reaction conditions
to promote reaction (3) and minimize reactions (5) and
(6) With our fundamental understanding of chlorine
dioxide chemistry Rio Linda Chemical Company has
done just that We manufacture chlorine dioxide gen-
erating systems based on sound chemical principles
Our systems simplify chlorine dioxide generation
achieve yields approaching the theoretical maximum
and are virtually maintenance free
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FIGURE 1

Yield defined as conversion of sodium chiorite to chiorine dioxide
Relevant chlorine species for this discussion are shown in Table |



——

E CHLORINE DIOXIDE

SOLUTION
PACKED TO PROCESS
TOWER
GENERATOR
EDUCTOR

<

CHEMICAL
FEED PUMPS

HC! ACID
SUPPLY

Cly GAS
SUPPLY

CHLORITE
SUPPLY

FIGURE 2

THE COMPETITION

To illustrate the counterproductive nature of our

competitors’ systems, consider this the
chlorine/chiorite/acid systems (Fig 2) require the
use of acid (some use excess chlorine in place of acid)
to increase the relative concentration of hypochlorous
acid and molecular chiorine 1n the eductor water (see
reactions 1 and 2) Figure 11llustrates the factthateven
at pH 2 most of the chionne ts still hypochlorous acid
which promotes the slower reaction (4) instead of
reaction (3) Furthermore these systems feed the
concentrated sodium chlornite solution nto the
chlorine water stream where 1t 1s diluted before 1t can
react with the chliorine These conditions force
reaction {4) to compete with reactions (5) and (6) for
the sodium chiorite thereby decreasing chlorine
dioxide yield and forming the undesirable reaction by-
product sodium chlorate
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OUR SYSTEM

in contrast the RLC patented reactor brings the
concentrated sodium chlonte solution into contact
with molecular chlorine gas in such a way that the only
reaction that takes place s the substantially
instantaneous reaction (3) which yields only chlornine
dioxide (see Figure 3) Since the molecular chlorine
gas and concentrated sodium chlonte react before
dilution reactions (5) and (B) are completely
suppressed The pure chlorine dioxide gas Is then
dissolved nto a water stream ready for use—
uncontaminated by costly competitive reaction by-
products by excess chlorine or by acid We provide a
simple and efficient system that achieves a 95 to 88%
yield—and that means more chiorine dioxide for your
dollar

Economy

This revolutionary 2-chemical process does not require acid addition and does not require chemical
feed pumps, this results in lower operating costs less maintenance and simplified control

High Yield

An immediate and complete reaction occurs yielding a continuous 85 to 88% conversion of sodium
chilorite to chlorine dioxide The high yield insures a pure product uncontaminated with chlorine or
other by-products This results in reduced chemical costs

Safety

The chlorine-chlorite reaction takes place under vacuum insuring maximum safety and simplicity of
operation Both the chlorine gas and the sodium chlorite solution are educted into the reaction
column The system automatically shuts down If eductor water supply fails or If chemical feed lines

break

Rio Linda Chemical Company has a national and international reputation as a supplier of high performance chlorine
dioxide systems Our patented process for generating chiorine dioxide provides consistently high yields and does so
more cost efficiently than any other equipment on the market today So no matter what your application for chiorine
dioxide Rio Linda Chemical Company s engineering staff can custom design a chlorine dioxide system to fit your

needs

If you want a simple and economical method for generating chlorine dioxide, talk to Rio Linda Chemical Company—
we can save you money!
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Cost Comparisons

To illustrate the savings of the RLC Chiorine Dioxide System consider the following conditions

Flow Rate 25 MGD
Chlorine dioxide dose 3 ppm
Sodium chiorite 25% solution
Chiornne dioxide usage 625 5 1bs CiOo7day
Sodium chlonte consumption at 85% yield 336 gals/day
Sodium chlorite consumption at 85% yieid 376 gals/day
SODIUM CHLORITE SAVINGS

40 gals/day

= $200/day

= $6,000/month

= $72 000/year

AND THIS DOES NOT EVEN INCLUDE THE SAVINGS FROM NOT ADDING ACID!

FOR WHATEVER REASONS YOU ARE CONSIDERING
CHLORINE DIOXIDE

- DRINKING WATER DISINFECTION AND THM CONTROL

- TASTE AND ODOR CONTROL

- IRON AND MANGANESE CONTROL

- MICROBIOLOGICAL CONTROL OF COOLING WATER

- WASTEWATER DISINFECTION

- PULP BLEACHING

- DISINFECTION AND SANITATION IN FOCD PROCESSING

Rio Linda Chemical Company’s Chlorine Dioxide System can save you money!

RIO LINDA CHEMICAL CO, INC

2444 ELKHORN BLVD
RIO LINDA, CA 95673

(916) 991-4549
{916) 991-3071

TELEX 171-388
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GIARDIA AND VIRUS INACTIVATION CT TABLES
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TABLE E-8
CT VALUES FOR

INACTIVATION OF GIARDIA CYSTS
BY CHLORINE DIOXIDE

Temperature (C)

Inactivation <=1 = 10 15 20 23
0 5-Tog 10 4.3 4 25 2
1-log 21 87 717 63 5 3.7
1 5-log 32 13 12 10 7.5 5.5
2-1og 42 17 15 13 10 73
2.5-log 52 22 19 16 13 9
3-log 63 26 23 19 15 11
TABLE E-9
CT VALUES FOR
INACTIVATION OF VIRUSES
BY CHLORINE DIOXIDE pH 6-9
Temperature (C)

Removal <=1 5 10 13 20 23
2-Tog 8 4 5.6 42 21 14
3-Tog 25 6 17.1 12 8 86 6.4 43
4-Tog 50 1 334 25 1 16 7 125 8 4



