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ABSTRACT

Thereis growing concernin mostdevelopingcountriesregardingtheuseoftechnologiesthat

are inappropriateto local conditions.In the areaof treatingsurfacewaterto drinking water

quality, considerationof alternativetreatmentmethodsis receivinggreatattentionparticularly

with regard to small and medium community water supplies. In Zambia, surfacewater

treatmentto potablewateris mainly by conventionalmethods.A recentevaluationof these

methodsrevealedthat operationandmaintenanceproblemsassociatedwith the chemicalpre-

treatmentstagewere rampant,particularly in small and mediumcommunitywater supplies.

To date,therehavebeenhardlyany studieson alternativemethods.The currenttrend in the

watersectoris largely inclinedtowardsaddressingtherehabilitationofwatersupply systems

sothat private sectorparticipationis facilitated. One of the sectorprinciples,however, is to

consideralternativetreatmentmethodsto alleviatecurrentproblems.

The combination of roughing and slow sand filtration systems has emergedto be an

appropriatealternativeto conventionalmethodsin mostsmall andmediumcommunitywater

supplies.Roughingfiltration asapre-treatmentmethodneitherrequiresexpertsupervisionnor

chemicals.However, current studies elsewherereveal that adequatedesignguidelines for

roughing filters are not yet fully established.Slow sandfiltration, as the main and fmal

filtration stage,is excellentin producingpotablewater. However,new applicationsof slow

sandfiltration requirepilot testing to ascertaintheir suitability. Operationand maintenance

needsofroughingandslow sandfiltration systemsarereportedto be simplerandeconomical

comparedto conventionalsystems.Nevertheless,for new applications,and where local

experienceis lacking, this canonly beascertainedthroughpilot studies.

The principal objectiveof the study was to evaluate the potential of a combination of

roughingfiltration andslow sandfiltration systemsfor small and mediumcommunitywater

suppliesin Zambia (using local materials)as alternativesto conventionalsystems.A pilot

plant encompassingup-flow roughing filtration in layersand slow sandfiltration processes

was designed,constructedand investigated.Local filter media were usedfor the filtration

processes.Thepilot plant treatedKafueRiver waterandhigh turbidity simulatedrawwater.

Theuseof simulatedrawwaterwasinevitablesincetheinvestigationperioddid not coverthe

rain seasonwhenhigh turbidity rawwateris common.Thecharacteristicsofthe actualKafue
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River waterduring the periodof investigationwere: daily averageturbidity < 5 NTU, total

suspendedsolids < 5 mg/i, faecalcoliforms < 200 FC/l00 ml. Thoseof the simulatedraw

waterwere: daily averageturbidity < 300 NTIJ, total suspendedsolids < 2000 mg/L and

faecal coliforms <4000 FC/100 ml. The performanceof the pilot plant was evaluatedby

analyzingthe quality ofthe filtrates. Roughingfilters wereoperatedat filtration ratesranging

from 0.4 to 1.25 rn/h, while slow sandfilters wererunatan averagefiltration rateof0.24 mlh.

Up-flow roughingfilters in layersmanagedto pre-treatrawwaterto quality suitablefor slow

sandfiltration, by significantly reducingthe levels of turbidity, total suspendedsolids and

faecalcoliforms.Therewasno significantdifferencein performance,with respectto turbidity

and suspendedsolids removal, ofthe roughing filters by varying filtration ratesfrom 0.4 to

1.25 mlh. However,the removaloffaecalcoliforms wasslightly lower at 1.25 rn/h. Thefinal

slow sandfiltrates showedacceptableturbidity levels (<1 NTIJ). However, faecal coliform

levelsoccasionallyexceededthe lessthan 1 FC/lOOml recommendationby theWorld Health

Organization.Hence,slow sandfiltrates may still requiredisinfectionto guaranteepotable

water supply. Becauseof the sufficient pre-treatmentprovidedby roughing filtration, slow

sandfilters were characterizedby longer filter-runs thanthosereportedfor slow sandfilters

applied in Zambia, and elsewherewhere chemicalpre-treatmentmethodsare used.The

operationandmaintenanceofthepilot plant waseasy,simplerandeconomical,managedby a

local, comparedto reportedoperationandmaintenancerequirementsofconventionalsystems.

It wasthereforeconcludedthatthe useofroughingandslow sandfiltration systemshasgreat

potential for small and medium communities in Zambia.Local materialscan readily be

utilized to constructthesesystems.Thesystemsareableto treatrawwaterofhigh turbidity to

potable water without the use of pre-treatmentchemicals. Operation and maintenance

proceduresare relatively easy and can evenbe met at communitylevel management.The

resultsof the study provide the first basis for designingroughing and slow sandfiltration

systemsin Zambiabasedon local practicalinvestigations.
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Chapterone 1 INTRODUCTION

Chapter one

INTRODUCTION

1.1 Background

The treatmentof raw water to potablequality is a world wide problem. Conventionalwater

treatmentprocesses(coagulation,rapid mixing, flocculation, sedimentation,slow or rapid

sandfiltration, disinfection) arewidely usedin developedanddevelopingcountries[Schulz

and Okun, 1984].The chemicalpre-treatmentstage(coagulation,rapidmixing, flocculation,

sedimentation)improvesrawwater to quality suitablefor effectiveperformanceof the main

treatment(slow or rapid sandfiltration). Chemicalpre-treatmentcombinedwith rapid sand

filtration hasdisadvantages,particularlypronouncedin poordevelopingcountries[Wegelinet

al., 1991]. Thesedisadvantagesinclude high capital and operatingcosts, and the needfor

expertsupervisionfor thecomplexoperationandmaintenance.Thesesetbackshaverendered

conventionalprocessesinappropriatein mostdevelopingcountries,especiallyfor small water

supply systems [Visscheret al., 1987; Wegelin et al., 1991]. Tn m7st developingcountries,

equipment,spareparts,andchemicalshaveto beimportedandsmall watersupply systemsare

usuallyunableto attractskilled manpowerandadequatefunding. Slow sandfiltration aloneis

an effective, cheap, and easy to operate and maintain option, and it has been widely

recommended in most developing countries.

Oneof the early mistakesin the sole useof slow sandfiltration was to subjectit to highly

turbid rawwater[Grahamet al., 1994]. In an attemptto pre-treatsuchrawwatersto quality

acceptablefor slow sandfiltration, chemicalpre-treatmenthasbeenwidely applied.However,

where chemical pre-treatmentis not efficient due to lack of reliable chemical supplies,

equipmentand expertsupervision,slow sandfilters are fed with inadequatelypre-treatedraw

waterwhich leadsto rapid clogging of the filters and accompanyingproblemsof frequent

cleaning. Frequentcleaningsreducethe productionreliability and increaserunning costs.

Short filter-runs arealsonot effectivein removingpathogens[Vzsscheretal., 1987].

Of thevariouspre-treatmentoptionswhich canalleviateslow sandfilter cloggingproblems,

roughing filtration has emerged to be an appropriate method. It has received considerable

attentionbecauseit doesnot usechemicals[Wegelin,1996; Galvis et al., 1996].
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Chapter one 2 INTRODUCTION

Multi-stage filtration by roughing and slow sand filtration systems is regarded as an

alternativeto conventionalwatertreatmentmethodsin mostdevelopingcountries[ Wegelin,

1996; Wegelin et al., 1991; Galvis et al., 1996; Clarke et al., 1996; Shenkut,1996]. The

systemsareeconomicallycompetitiveandare lessdemanding in operation and maintenance.

They are being applied in developedand developingcountries.Studies in Colombia have

shownthat running costsare reducedby a factor of more than five where the systemsare

appliedinsteadof conventionalmethods[Galvis et al., 1993]. Lambertand Graham(1995)

reportthat thesystemshavea long servicelife which reducesannualdepreciationratesof the

capitalcosts.Roughingandslow sandfilters areofequaltechnicallevel, and theiroperationis

characterisedby a high processstability which permits treatingraw waterof fluctuating

quality [Galvis et al., 1993; Wegelin, 1996]. They make full useof natural purification,

without anyuseof chemicals.In combinationwith terminal disinfection, the systems provide

multi-barriersto waterbornediseases[Clarke, 1996].Well operatedslow sandfiltersareeven

capableofproducingpotable filtrateswithout disinfection.However,the main disadvantage

of roughingandslow sandfiltration systemsis the low productioncapacity(waterproduced

(m3) per filter area(m2) per day) comparedto conventionalsystemsusingrapidsandfiltration.

This aspectlimits theirapplicationto small andmediumwatersupplysystemsalthoughthere

areknownapplicationsin largecities, especiallywhereland is abundant.

Logsdon(1994)andSharpeeta!. (1994)suggestthatthe bestway to determineif slow sand

filtration will treata specificrawwateris to conductpilot plant studies.Wegelin(1996) states

that thethreesalientconcernsthatcanbeansweredby roughingandslow sandfiltration pilot

plant studiesare: (1) canroughingfilters reducerawwaterturbidity to levels acceptablefor

reasonableslow sandfilter operation,(2) establishingfilter-runsof slow sandfiltersortherate

of head-lossincrease,and (3) establishingdesignvaluesof aproposedfull-scale plant. The

first concerncentreson pre-treatmentefficiency of roughing filters with regardto turbidity

and suspendedsolids reduction. The secondconcern is crucial in determiningthe filter

capability to treat a specific pre-treatedraw water. The last concernaims to optimisethe

treatmentplant design.Otherpilot researchconcernsinclude effectivenessof availablefilter

mediaand filter cleaning[Collins et a!., 1994]. The problemwith new filter mediafor slow

sandfiltration is the “bleedingout” ofturbidity from sandsthat containexcessiveamountsof

clay. Logsdon(1994)reportsthatoneslow sandfilter plant in theUSA producedfiltrates with
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Chapter one 3 INTRODUCTION

turbidity above 1 NTU for over a year, occasionallyexceedingraw water turbidity. Hence,

pilot studiesof new filter mediaaresignificant, eventhoughthey may meet the grain size

specifications.Pilot studyingofthehydrauliccleaningofroughingfilter mediais vital aswell

sinceback-washingaspractisedin rapidsandfilters is impossiblebecauseoftheheavycoarse

filter media used.Collins et a!. (1994) report that adequateguidelinesfor the design of

roughing filters are not yet fully availableand researchon these filters is still necessary.

Operationandmaintenancecharacteristicsofroughingandslow sandfiltration systemscanbe

studiedonpilot plantsif localpracticalexperienceis not available.

In Zambia,surfacewatertreatment-employsconventional methods,anddirect filtration by

slow sandfilters without anypre-treatment[Holzhausand Versteeg,1993]. Slow sandfilters

areusuallyapplied in rural areasand townships.The numberof rapid sandfilters is about

twice ashigh as that of slow sandfilters and they aremainly applied in large cities. The

potential of roughing and slow sand filtration systemshas not beenstudied in Zambia

[VersteegandHolzhau~,1993].Thestudy of thesesystemswould providealternativesto the

currentconventionalsystemswhich arecharacterisedby operationandmaintenanceproblems.

This is particularly significant for small and medium water supply systems where the

problemsof conventionalsystemsare rampant.For sustainableuse of these systemsin

Zambia,local experienceis also significant.

1.2 Rationale

The water sectorin Zambiais undergoingreformswhich include the conversionof existing

water supply systems into commercially viable utilities. The currentapproachis mainly

consideringrehabilitatingthesesystemsto improvetheir operationand reducemaintenance

requirementsandpossibly attractprivate sectorparticipation.The promotionof appropriate

technologiesis alsooneofthe sectorprinciples[GRZ, 1994].

In 1992, fourteentownships’watersupply systemsin Zambiawere studied,sevenof which

use slow sand filters [Holzhausand Versteeg, 1993]. Mwiinga (1994) studiedthe water

treatmentfacilities at Monzetownship (Zambia)which useslow sandfiltration. The main

conclusionsfrom thesestudiesindicatedthatmanyproblemsfacedrelatedto lackof funding

and inappropriatedesignsthat haveresultedin inadequateoperationandmaintenanceof the
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Chapter one 4 INTRODUCTION

facilities. Most watertreatmentsystemsin Zambiahavebeenrehabilitatedbefore.However,

original problems usually do not take long to resurface.Currently, conventionalwater

treatmentmethodsusedin most townshipsZambia in are characterisedby the following

problems:

a) The main treatmentstage(rapid or slow sandfiltration), is usually fed with inadequately

pre-treatedraw water, resulting in rapid clogging of the filter media. In some casesthe

filters aresubjectedto treatingrawwaterdirectly.

b) Poor funding, inadequatetariffs and tariff structures,and inappropriateuseof generated

incomehaveled to lackofchemicals,equipment,sparepartsandinability to attractskilled

personnel.

c) Inadequateor inappropriatedesigns: shallow filter-beds which shortenretentiontimes,

hencereducingpurification efficienciesfurther, filter mediumcoarserthanrecommended

is often used permittingdeeppenetrationof turbidmatterresulting in low quality filtrates.

In somecasesthereis incorrectcontroloffiltration rates.

d) Lackofskilled or expertmanpowerfor operationandmaintenancerequirements.Operators

lack training andsensitisationin operationandmaintenance.

e) Lackof adequatestocksof filter media(usuallyimported) to replacedepletingfilter-beds

dueto frequentcleanings.

Theaboveproblemsarethe rationalefor carryingout this study. It is evidentthattheneedto

consideralternativetechnologiesfor thetreatmentof surfacewater in Zambiantownshipsis

enormous.Hencethe needto study on the potential of roughing and slow sand filtration

systems in Zambia. A pilot plant comprising up-flow roughingfilters in layersandslow sand

filters was constructedand usedto realise the objectivesof the study, presentedin the

following section.
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Chapter one 5 INTRODUCTION

1.3 Objectives

The overall objectiveof the study was to investigatethepotential ofusing a combinationof

up-flow roughingfiltration in layers(URFL)andslow sandfiltration (SSF) asan alternativeto

conventionalwatertreatmentsystemsin Zambia.Thefunctionalobjectiveswere:

a) to investigateand comparethe ability of IJRFL to pre-treatsurfaceraw water to quality

acceptableto slow sandfiltration with reporteddatafrom elsewhere.

b) to investigatethetreatabilityofKafueRiverwaterby URFL-SSFsystems.

c) to study the filter-run times of URFL and SSF, and compare with results reported

elsewhere,

d) to establishthesuitability of local filter mediafor URFL -SSFsystems,

e) to investigatethe influence of filtration rates on the performanceof up-flow roughing

filters in layers,

t) to investigatetheoperationandmaintenanceaspectsofURFL-SSFsystems,with emphasis

on thecleaningprocedures.

1.4 Scope
The performanceof TJRFL to pre-treatsurfacerawwaterto quality acceptablefor SSF was

investigatedby analysingthelevelsofturbidity, total suspendedsolids andfaecalcoliformsin

grab samplesof the raw andpre-treatedwater.Levels of theseparametersin URFL filtrates

werethencomparedto valuesthatarerecommendedfor effectiveperformanceofSSF.

The easewith which KafueRiver watercan be treatedto potable water (treatability) was

studiedwith respectto filter-run times and quality of the final filtrate. During the study

period, the quality of the actualKafue River waterwas: turbidity <5 NTIJ, TSS<5 mg/L,

faecal coliform < 200 FC/100 ml). The ability of URFL-SSF systems to treat highly

contaminatedandpollutedKafue River water,commonduring the rain seasonwas achieved

by simulation of the raw water (daily averageturbidity up to 300 NTU, total suspendedsolids

up to 2000mg/L and faecalcoliform levelsup to 4000 FC/100ml) sincethe investigations

werecarriedoutoveraperiodwhich did not includetherain season.
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Chapter one 6 INTRODUCTION

A filter-run of URFL was defmed as the operationperiodof time over which the head-

loss/filter resistanceor filtrate quality remainedacceptable.For SSF, the filter-mn was

consideredto be theperiodoftime overwhichthehead-lossremainedacceptable.SSFfiltrate

quality usually does not deteriorate with time. The minimum appropriate filter-runs

recommendedin literatureareoneweekand onemonthfor URFL andSSFrespectively.

The establishmentof the suitability of the local filter mediafor EJRFL-SSF systemswas

limited to onesourceofthefilter media.Theinvestigationsofthe availability ofvariousfilter

mediasourcesis beyondthe scopeofthis study. The suitability of the filter mediausedwas

assessedby theircapacityto produceacceptablefiltrates. The availability aspectswere not

analysedquantitatively,butvisual observationsweremade.

The influence of filtration rateson URFL performancewas studiedwith averagefiltration

ratesof0.4, 0.5, 0.75, 1.0 and1.25 m/h.Eachfiltration ratewas testedfor at leasttwo weeks.

The operation and maintenanceaspectswere assessedby comparing with conventional

systems.Theneedof expertsupervisionfor operationandmaintenance,andthe easeof filter

cleaningaspectswerethekey considerations.
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Chapter two: 7 LITERATUREREVIEW

Chapter two

LITERATURE REVIEW

2.1 General

The treatmentof surface water by RF-SSF systems has emergedto be competitive to

conventionalmethodsin small and medium watersupplies.The systemshaveparticularly

become more attractive in developing countries becauseof their simplicity in design,

operationand maintenance.They are characterisedby low operatingcosts since the pre-

treatmentby RF doesnot needchemicals.The main treatmentby SSF is very effectivein

producingpotablefiltrates. Theoperationofthe systemsis less likely to go wrongunderless

experiencedoperatorsbecauseof their simplicity in design. Constructionof thesesystems

usuallyutilises local materialsandlabour,thusprovidingeconomicbenefits.

This chaptermainly presentsa literaturereviewon RF-SSFsystems.However,sinceRF and

SSF are differentprocessescharacterisedby uniqueoperationandmaintenanceaspects,they

arepresentedin separatesections.Firstly, SSF is reviewedin detail,beingthe main treatment

process,so that theneedfor incorporatingRF asthepre-treatmentstep is clearlyperceived.

After identifying theneedforpre-treatingrawwater,severalpre-treatmentmethodsarebriefly

reviewedto justify theselectionofroughingfiltration. A detailedreviewofroughingfiltration

is thereafterpresented.The economicaspectsof RF-SSFsystemsare also presented.The

chapteralsopresentsa reviewof watertreatmentpracticesin Zambia,with emphasison SSF

andtheassociatedproblems,andendswith areviewofpilot plant studiessincethis studywas

basedon apilot watertreatmentplant.

2.2 Slow sand filtration

2.2.1 Components of a slow sand filter

A slow sandfilter is a box containinga filter-bed(with supematantrawwater)providedwith

a scumoutletioverfiow,an under-drainsystem,supportinggravel for the filter-bed, an inlet

andoutlet structure,andfiltration ratecontroldevices(seeFigure2.2-1 (a) and(b)).
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Chaptertwo 8 LITERATUREREVIEW

(a)Filter box

It is usually constructedof reinforced concrete,but fero-cement,stone or brickwork

masonrycanalso beused[Visscheret a!., 1993]. It shouldbewatertight to preventwater

lossesandpossiblecontaminationfrom shallowgroundwaterorsurfacerunoff.

(b)Inlet structure

It allows rawwaterinflow into thefilter boxwithout makingthe filter-bedsurfaceuneven

[Visscheret a!, 1994; Huisman 1989].Unevenfilter-bed surfacemayresult in puddlesof

waterwhenthe filter is drainedfor cleaning,andmakecleaningby scraping difficult. An

inlet structurecanbe a box, which at the sametime canbe usedto drainthe supernatant

waterduringmaintenance(seeFigure2.2-1).However,an inlet pipe providedwith abaffle

platebelow thedischargeend(abovethefilter-bedsurface)cansuffice.

(c)Supernatant water layer

The is the raw water layeron top of the filter-bed which provides the hydraulic headto

drive therawwaterthroughthefilter-bed.

(d)Scumoutlet and overflow provision

Thescumoutlet removesscumformedfrom algaeandfloating materialson thesurfaceof

thesupernatantwater. It alsoservesasan overflow for thesupernatantwater.

(e)Filter-bed

Thefilter-bedconstitutesthefilter media,which usuallyis fine sand(O.15<d10<O.35,UC<z5).

(f) Under-dram systemand support gravel

Under-drainsystems,locatedat thebottom of the filter-bed-evenlycollect filtered water.

Layers of graded gravel are placed on top of the under-drains to support the sand and

preventit from reachingand blocking the openingsof the under-drains.The latter is

achieved by ensuringthatthe pore sizeof the gravel layer in contact with the sand is less

thanthed10 ofthesand.

Outlet structure

Theoutlet structurenormally consistsof two sectionsseparatedby a wall equippedwith a

weir (seeFigure2.2-1).
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Chapter two 9 LITERATUREREVIEW

The weir crest level is set abovethe sand surface level to preventbelow atmospheric

pressures(negativepressures)in the filter-bedwhich can lead to thereleaseof dissolved

air. Theresultingair bubblespromoteshortcircuiting; rawwaterpassingthroughthe sand

is insufficiently filtered [Huisman,1989]. Outlet structuresensurethat filtration ratesare

independentof the fluctuating water levels in the clear water tanks. Purification

mechanismsin 5SF consumeoxygenresultingin low oxygenlevels in filtrates [Huisman,

1989].Low oxygenlevelspermit anaerobicconditionsto set in, which producetasteand

odour producing substances.Acceptableoxygen levels are usually restored through

appreciableaerationprovidedby gravity flow overtheoutlet weir.

(g)Filtration rate control

Slowsandfiltration ratesarecontrolledeitheratthe inlet line oroutlet line of thefilter (see

Figures 2.2.1(a)and (b)). Inlet and outlet controlled filters arecharacterisedby variable

andconstantsupernatantwaterlevelsrespectively.

,tiation KEY:
a valve For raw water inlet and Filtration rate control
b valve Fr drqwiape oF supernatant water
c’ valve For baclc-flling the Filter—bed with clean water
d valve For *a1,age or Fitter-bed & outlet chanber
e’ valve For delivery or titerS water to waste
F valve For delIvery or fltwred water to clear later

reservoir
g’ lilet wee
hi calibrated Flow indicator

ation KEY:
A’ raw water inlet valve
B’ valve For drainage off supernatant water
C’ valve For back-Filing the Filter-bed with clean water
C’ valve For drainage off Filter-bed I outlet chanber
E valve For regulation oF the Fitratlor rate
r valve For delivery off Filtered water to waste
13 valve For delivery oF Filtered water to the clear—

eater reservoIr
14 outlet weir
I calibrated Flow lndtator

ernatant water

I Bioloo’~”

Filter -bed

suDernatant water

laYer

rater-bed

Figure 22-1: Components of inlet (a) and outlet (b) controlled slow sand filters
[Source:Visscher, 1988]
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(i) Inlet-controlled or variable supernatant water filters (refer to Figure2.2-1 (a))

Thefiltration rate(quotientofthe inflow rate(m3/h)andsurfaceareaofthe filter-bed(m2))

is set by adjustingthe inflow rate, using valve ‘a’ on the inlet line, to the equivalent

filtration rate. The initial low supernatantwater level rises with time due to filter-bed

clogging, to compensate for the head-loss and thus ensure a constant filtration rate. When

thesupernatantwaterreachesasetoverflow, thefilter is duefor cleaning.

(il)Outlet-controlled or constantsupernatant water layer filters (refer Figure2.2-1 (b))

Thefiltration rateis set by adjustingvalve ‘B’. To compensatefor the increasinghead-loss

with time andmaintaina constantsupematantwater level, henceconstantfiltration rate,

valve ‘E’ is frequentlyopened.When this valve is fully openedand further increasein

head-lossresultsin lower thandesiredfiltration rate,the filter is duefor cleaning.

Thedisadvantageof (ii) is theneedfor almostdaily adjustmentsof filtration ratecontrol

valves. This increases the amount of work for operators and chances of humanerror in

setting filtration rates.In (i), once desired inflow ratesare set, no furthermanipulationof

the control valve is required. The rising supernatant water level compensatesfor head-loss

and also gives a clear indication of head-lossdevelopment.However, the initial low

supernatantwaterlevel may maketheremovalof scumandfloating objectsdifficult. This

problem can be easedby installing an adjustableoverflow pipe within the supematant

depth.Fixed supernatantwaterlevelsin (ii) maketheremovalofscumand floatingobjects

mucheasier.Thereducedamountof work in (i) andthe fact that filtration ratecontrol is

notsubjectedto humanerrormakesthempreferable.

2.2.2 Mechanisms of slow sand filtration

The treatmentof raw waterby SSF is brought about by various processes,which include

screening,sedimentation,adsorption,bio-chemicaland bacteriologicalor micro-biological.

Basically, particles to be removedhave to be transportedto the grain surfacewherethey

should remain attached before being transformed by biological andbio-chemicalprocesses

[Wegelin, 1996]. Three SSF mechanismsare distinguished: transport, attachmentand

transformation. In natureno suchpartitionof these mechanisms is present. Their interaction is

still not fully understood[Huisman,1989;~Wegelin,1996;; Galvis et al., 1993].
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Chaptertwo 11 LITERATUREREVIEW

(a)Transportation mechanisms

(i) Screening

It removesparticlestoo largeto passthroughtheporesof the sand.It takesplacealmost

entirely at the surface of the sand because of the small pores. The smallest pore is roughly

one sixth of the grain size [Huisman,1989]. With 0.15 mmdiameter sand grains, particles

larger than 0.02 mmin diameterare completely removed. Further partial removal of

smallerparticles(downto 5 or 10 jim) is enhancedby reducedpore openingsdue to the

continuous particle deposition [Huisman, 1989].Colloidal matter (0.001-1jim), bacteria

(0.3-10jim), andviruses(0.01-1 jim) arehardlyremovedin this way[Barret et al., 1991].

(ii) Sedimentation

Sedimentationremoveseasily settled particlesby gravity. Such particles are retained

within the top layerof the sandandon the sidesof the sandgrains. It plays a perceptible

role in removingparticleslargerthan 10 jim [Yaoet al., 1971].In principle, the largepart

of the combined surfaceareaof all the sandgrains is availablefor sedimentationin slow

sandfilters, makingsedimentationmoreeffectivethanin an ordinarysedimentationtank in

which depositsonly form atthebottom.

Sedimentation dependson the surfaceloading rate (quotient of inflow rate{m3/h} and

settling area{m2}) and the particle settling velocity(m!h). The settling velocity is

influencedby massdensity,particlesizeandshape,viscosity andhydraulic conditionsof

the water. Particles with settling velocities greater than the surface loading rate are

removed.Hence,the largesettlingareaprovidedby sandgrainslowersthesurfaceloading

rate to promote particle removal. Natural flocculation of colloidal particles aids

sedimentation.

(lii) Interception

The pore openings of the sand aregradually reduced by accumulation of particles [Wegelin,

1996; Galvis et a!., 1993]. Particlesalreadyretainedon the sandgrains interceptthose

trying to pass.Interceptionis significantin SSFbecauseofthe smallporespace.
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Chaptertwo. 12 LITERATUREREVIEW

(iv) Hydrodynanticforces

Hydrodynamic forces (inertial and centrifugal) ensure continuous water flow through the

sandpores[Galviset a!., 1993]. The flow-lines of water around sand grains arenot straight

butcurved.Dueto inertial andcentrifugalforces,particleswithin theflow-lines areforced

to leaveandcomeinto contactwith thesandgrainswheretheyremainattached.

(b)Attachmentmechanisms

The removal of suspendedand colloidal particlesby attachmentis consideredto be the

most important purification processduring SSF [Huisman, 1989]. Unless attachment

occurs,theremovalofparticlescannotbeeffective.

Electrostaticand massattractionare the main forcesthat hold particlesonce they have

madecontactwith sandgrains.A combinationof theseforces is referredto asadsorption

[Galviset a!., 1993; Wegelin, 1996].Theseforcesexerttheir influenceover small fractions

of the pore space,henceefficient adsorptionis only possibleafter transportmechanisms

havebroughtparticlesin the vicinity of the sandgrains. Adsorption is effectedpassively

whena particle is retainedby a slimy sticky gelatinouscoating formedaroundthe sand

grainby previouslydepositedbacteriaandorganicmatter,andactivelyby electrostaticand

massattractionforces.

(c)Transformation mechanisms

(i) Bio-chemicalprocesses

Bio-degradableorganicmatter accumulatedon the sidesof sandgrains is oxidisedand

brokendown to smalleraggregatesand finally into water, carbondioxide and inorganic

salts (nitrates, suiphatesand phosphates)[Huisman, 1989;; Wegelin, 1996]. Soluble

manganeseandiron compoundsareoxidisedto easilyprecipitatedinsolubleoxides.Bio-

chemicalactionsplay an importantrole in removingcolouranddissolvedsolids aswell.

They yield good results when enough time is available and temperatureis not low

[Huisman,1989].Comparedto rapidsandfilters, slow sandfilters providehigherretention

times sincefiltration ratesarelower.
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(Il)Bacteriologicalor micro-biological processes

Theseprocessesaremostimportantin removingpathogenicmicro-organisms.As filtration

progresses,a thin dirty layerof retainedimpurities is developedon top ofthe sand.This

layer is called the “Schmutzdecke”(Germanword meaningdirty skin) [Huisman, 1989;;

Visscheret al., 1987;;Barret et a!., 1991]. It is reportedto be biologically active and

responsible for the removal of pathogens. Predatory organisms in this layer eliminate

pathogenicorganisms.Micro-biological life thrives whenparticlesof organicorigin are

retained.Bacteriaandotherorganismswill form a sticky andslimy layeraroundthegrains

ormaybuild achainof organicmaterialon theporesin which theorganismsthrive.Micro-

organismsproduceantagonisticactions,suchas killing or at leastweakeningintestinal

bacteriawith chemical(antibiotics)orbiological poisons(Viruses)[Huisman,1989].

2.2.3 Design of slow sand filters

Thedesignprocessof slow sandfilters for a particularlocationcanbe split into two stages.

The first stage deals with the system capacity, main componentsand sizing of the water

supply, andestimatingconstructionandoperatingcosts.First stageresultsareusedasabasis

for fund-raising, planning and organisational aspects. The second stage involves the

preparationofstructuraldesigns,andspecificationsfor theequipmentandmaterials.

This sectiononly presentsthe designcriteria of a slow sandfilter unit with respectto its

componentspresentedin section2.2-1, to aid thedesignofthe pilot plant for this study. The

systemscapacity,main componentsof the watersupply (designperiod,populationand daily

waterdemand,waterdemandpercapita,rawwaterintake/pumps,balancingreservoirs,clear

water storage/pumping,the distribution system),and structural designs and specifications

werenot reviewedastheyarebeyondthescopeof thestudy.

Thedesignof a slow sandfilter unit dependson local conditionsandusuallymaximisesthe

useof local materialsto lower constructioncosts. Therefore,the designcriteria given by

different authorsshouldbe seenas guidelinesratherthan absolute.Visscheret a!. (1994)

suggestthat it is more importantto understandtherationalebehindgivencriteria.Table 2.2-1

presentssomedesignguidelinesfrom literature,anda reviewoftheseguidelinesis presented

thereafter.
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Table 2.2-1: Design criteria for slow sand filters

Design Criteria

Recommended level
Wegelin
(1996)

Ten States
Standards

USA
(1987)

Vlsscher et
aL (1987,

1994)

Schulz
& Okun
(1984)

Huisman
(1989)

1 .Designperiod(years) no data no data 10-15 no data 10-15

2.Operationperiod(hid) no data no data 24 24 24

3.Mmimurn#of filter umts 2 no data 2 2 2-4

4.Filter-bedarea(m21filter) 10-50-(100) no data 5-200 10-100 15-(100-200)

5.Filtrationrate(rn/h) 0.1-0.2 0.08-024 0.1-0.2 0.1-0.2 0.1 -0.3

(0.2-03) (0.1*)

6.Depthof filter-bed(m)

Initial 0.8-1.0 0.80 0 8 - 0.9 1~14 (1*) 0.9 - 1.2

Mimmum 0.6 no data 0.5 - 0.6 0.5-0.8 0.6 - 0.7

7.Sandsizespecifications

=~‘ Effectivesize, de(rnm) 0.15-035 03-0.45 0.15-0.30 0.15-0.35 0.15 - 0.35

=> Umforrmtycoefficient: 2-5 <2.5 <5 1.5-3 <3

8.Supernatantwaterdepth(m)

no data

1-1.5

no data

>0.90

<3*

1

<2*

I_1.5(1*)

<2*

1-1.5

9.Heightof under-drain
system+ supportgravellayer
(m)

0.2 - 0.5 0.40—0.60 0.3-0.5 0.3-0.5
~04*
‘..

0.2-0.3

l0.Freeboard(m) no data no data 0.1 0.2 no data
* meansthepreferredvalue,# meansnumber

(a)Operation period

The operation of SSF should be continuous to ensure effective bacteriological

performance. Intermittent operation disturbs the transformation mechanisms. These

mechanismstake place in different steps within the filter-bed and require continuous

supply of nutrients present within the raw water. Intermittentoperationimpairs the supply

of nutrients and upsets this balance [Huisman, 1989]. Although, transformation

mechanismsare able to adjustto suit operationchanges,this asksfor time. It hasbeen
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Chapter two. 15 LITERATUREREVIEW

shown conclusivelythat an unacceptabledeteriorationof the bacteriologicalquality of

filtratesoccur fourto five hoursafterfilters recommenceoperation[ Visschereta!., 1994].

(b)Number of filter units and filter-bed area

To ensureuninterruptedwater supply, at leasttwo slow sandfilters shouldbe installed.

Having more than 2 filters can increaseoperationalflexibility. Whethermore thantwo

filters areusedornot dependson themaintenanceand costsaspects[Barret et al., 1991].

No additionalunits needto beprovided for standby.When one filter is out of operation,

filtration rate(s)oftheothersis(are)increasedto maintaindesiredoutput.

Thefilter surfaceareamaybedeterminedby thetimerequiredfor cleaning,the layoutand

shapeof the filter units. Cleaningshould be completedasquickly aspossible,preferably

within 24 hours,sothat themicro-biologicallife is not starvedto death..

(c)Filtration rate (mlh)

SSF rates (0.1-0.3mJh)aremuch lower than thoseof RSF (> 20 times) sincethey are

appliedto improvethebacteriologicalquality [Wegelin,1996].Low filtration ratesprovide

longer retentiontimes, which give more time for effectiveperformanceof transformation

mechanisms.Attemptsto designfor higherratesso as to install a smallerplant and thus

reduceon constructioncosts,may result in frequentclogging of the sandandfiltrates of

lowerbacteriologicalquality. Temporaryincreaseofthefiltration ratesup 0.4 rn/h doesnot

have any adverseeffect on the effluent quality [ Visscher et a!., 1994;; 1987]. The

maximum ratecanevenbe higher than 0.3 mlh dependingon the raw water quality. In

Amsterdam(Netherlands)SSF operateat ayearly averageof 0.48 rn/h andhas a design

filtration rateof 0.65m/hbecauseof verygoodpre-treatedrawwater[Kors eta!., 1996].

(d)Filter media and depth

Sandis exclusivelyusedin SSF.It shouldbe inert, durableandfree from clayandorganic

matter. Importantparametersof the sandfor slow sandfilters are the effectivegrain size

(de) and grain size distribution defined by the uniformity coefficient (UC). These

parametersaredeterminedfrom sieveanalysisofthe sand(seeFigure2.2-2).Theeffective

diameteris thesieveopeningthroughwhich 10%(byweight) ofthegrainswill pass,while

the uniformity coefficientis theratiobetweentheeffectivediameterandthe sieveopening

(d.~0)throughwhich 60%(byweight)ofthegrainswill pass[Hazen,1913].
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Chapter two 16 LITERATUREREVIEW

Figure 22-2: An example of sieve analysis results for SSF sand

Huisman and Wood(1974) statedthat: “Ideally, the effectivediameterof the sand,d10,

shouldjust be small enoughto ensuregoodquality filtrate and to preventpenetrationof

cloggingmatterto suchadepththat it cannot be removedby scraping”.

Theeffectivediameterusually lies in the rangeof 0.15-0.35mm. It hasbeenassertedthat

the bacteriologicalquality of SSF filtrates deterioratewith increasingeffective diameter

[Barret et a!., 1991;; Visscheret al., 1994].Poreopeningsincreasewith increasinggrain

size. Largeporesmay not permit full establishmentof the Schmutzdeckesince particles

will penetratedeepinto the filter-bed.However,largesandsizes(d10 >=0.4)haveshownto

becapableofproducingbacteriologicallysafewateraslong astherawwateris notheavily

polluted and the filter-bed is biologically mature [Barret et a!., 1991]. However, d10

varyingfrom 0.15-0.35mm canbeusedwith confidence.Thekeyto successfuluseof sand

in SSF is to havea maturefilter-bed. Theupper limits on the UC aimsat havinga filter-

bed with sufficient porosity, andlower limits preventusing very fine sandwhich would

clog rapidly. Theuseof local sandinsteadofonewhich meetsthe strict specificationcan

saveon costsasrevealedby someapplicationsin CanadaandUSA [Barret et al., 1991].

The maximumsanddepthis determinedby the numberof scrapingsdesiredbeforere-

sandingis neededandconstraintson the filter box depth [Barret et a!., 1991].Suspended

matterremovalhardly dependson the sanddepth.The minimum sanddepth limitations

relate to the biological and biochemicalperformance.Huisman(1989) reportedthat the

transformationmechanismsneeda certaindepthof sand,normally determinedfrom pilot

studies.Studiesdoneby Bellamyeta!. (1985a)revealedthat deeperfilter-bedsshowbetter

coliform removals(lm and 0.5 m filter-beds showed97% and 95% coliform removals

100

80
>‘.~ 60H4°
~ 20
C.) D~

0~

0.1

d jo = 0.3mm
Grain size(d)mm

d 0.63mm

10

UC =2.1
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Chapter two: 17 LITERATUREREVIEW

respectively).Deeperfilter-bedallow a longeroperationperiodbeforea filter is re-sanded.

However, the trade-offs would include stronger walls to handile additional hydraulic

pressuresand higherinitial head-loss.Further,thesetrade-offsaresmall comparedto the

benefitsof longeroperationperiods(seetheoreticalcalculationexamplesin AppendixA).

Despite various recommendationson the minimum and initial sand depths,minimum

valuesvary from 0.30-0.80m. An initial depthof im hasbecometraditional.

(e)Supernatantwater depth andfreeboard

The supernatantwaterprovidessufficienthydraulicheadto overcomethe resistanceof the

filter-bed, and prevent air-binding. In practice, a depth between1-1.5 m is usually

sufficient, although 1.0 m hasbecomeconventional.The free-boardaccommodatesand

facilitates scum removals.A minimum depthof 10 cm is sufficient. In caseof roofed

filters, thecombineddepthofthesupernatantwaterand freeboardshouldbedeepenough

to permitatall manto cleanthe filter freely.

(f) Under-dram and support gravel systems

The depth of the under-drainsystem and support gravel varies dependingon the

availability of desiredmaterials,and economicalaspects.Usually, under-drainsystems

consistofmain and lateral drains made of perforated pipes. Filter-bottomsmadeofstacked

bricks, concrete slabs, or porous concrete may also be used. Gradedgravel layers are

placedon topofunder-drainsystemto support the sand andaidin theuniformcollectionof

filtered water. Thetop layer( in contactwith thesand)shouldnot allow sandpenetration

intounder-drainsystemandblock the openings[Huisman,1989;Barret etal., 1991].

2.2.4 Operation and maintenance aspects

The main taskof operating andmaintaininga SSFplant is to ensureuninterruptedsupply of

potablewater. A plant operatoror caretakershould be knowledgeable and trained for the

varioustasksinvolved. To assisttheoperator, a detailedscheduleofhis tasksshouldbedrawn

clearly(seeexample,Table2.2-2).
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Table 2.2-2: An example of a schedule of activities for SSF caretakers
[Source: Visscher et al., 198fl

Frequency Activity

I. Daily =~checktheraw watermtake
~ Visit the slowsandfilter
O checktherateof filtration andadjustif necessary
O checkwaterlevel m filter
O Checkthelevel in the clearwaterwell
O sampleandcheckwaterquality
O removescumandfloatmg objects
=~checkall pumps
=> up-datelog bookof the plant

2 Weekly = check& greaseall pumpsandmovingparts
=‘ checkstocksof fuel andorderif necessary
~ checkthedistributionnetwork
=~communicatewithusers
=~cleanthesiteof theplant

3. Monthly or lessfrequently => scrapethe filter-bed(s)
=> washthescrapmgsandstorethe retamedsand

4. Yearly or less frequently cleantheclearwaterwell

~ checkthe filter andclearwaterwell for watertightness

5. Every2 yearsor less frequently re-sandthefilter unit(s)

Table 2.2-2 doesnot show tasks,

presentedanddiscussed.

which are carried out occasionally. These are hereby

(a)Startingup a new filter (refer to Figure2.2-1)

The sandof a new slow sandfilter, operatingfor the first time, usuallyhasair entrapped

within its pores.This air is drivenout by back-filling from thebottom,,otherwisestartinga

filter by directly filling from thetop maynot drive out all the air. Entrappedair cancause

air locks, andpossiblyshort-circuiting.Theback-filling valve ‘C’ is openedto allow water

to flow upwardsfrom the bottom. When the supematantwaterlevel is about0.1-0.2m,

valve ‘C’ is closed.To achievecompleteair removal,back-fillingrateshouldbe low (0.1-

0.2OmIh).Cleanwateris preferredfor back-fillingbecauserawwatermaycontaminatethe

sandandprolong maturationperiods.However,for just commissionedfilters, cleanwater

may not be available, then temporaryconnectionbetweenthe pre-treatmentunit outlet or

rawwatersourceandvalve‘C’ canbemade.
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During back-filling, the surface of the sand may become irregular. With an irregular sand

surface,puddlesofwaterform whena filter is drainedfor cleaning.Therefore,afler back-

filling to slightly abovethesandsurface,the filter shouldbe drainedagainuntil thewater

level is about10 cmbelow thesandsurfaceto allow levelling.

In inlet controlledfilters, whentheback-filling hasincreasedthesupernatantwaterlevel up

to 0. 1-0.2m, it is stoppedand the inlet valve is slowly openedto a filtration rate of 0.02

rn/h which is increasedeveryhouruntil thedesignrateis reached[Visscheretal., 1987].

Outlet controlledfilters arechargedby slowly filling thefilter throughtheinlet valveup to

its working supematantwater level. Then the filter is put to service by opening the

regulatoryvalve E (see Figure 2.2-1(b)). The initial rate should be low (0.O2mi’h) and

increasedgraduallyby 0.O2rnfheveryhouruntil the designrateis reached{Visscheretal.,

1987]. High initial rates for a new or just cleanedfilter can cause breakthroughof

coliformssincethe filter is not yet mature.Thefiltrate is chlorinateduntil quality analysis

showthatthefilter-bedhasmatured(<1 FC/l00 ml).

(b) Filter-bed Cleaning

Slow sand filters areconventionally cleaned by scraping off the top dirty layer (see Figure

2.2-3). Cleaning is duewhenthemaximumhead-loss is reached. -

Figure 2.2-3: The scraping operation during cleaning of slow sand filters



I

0

S

S

0

S

S

0

S

I



Chaptertwo. 20 LITERATUREREVIEW

[Source:Barretetal., 1991]
The cleaning procedure is as follows:

=> cleantheequipmentincludingbootsandfeet

=> enterthe filter box safely using ashort ladder

=~> protectthesandsurfaceby coveringwith timberboards

=> markout narrowstrips of sandsurfaceandscrapedesireddepth(0.5-2 cm) depending

on extent of silt penetration.Other areasare scrapedby moving the boardsto areas

already scraped

=> removescrapedsandto washingplatform

=> level thesandsurface

=> checkdepthofsand

=> rechargethe filter asdescribedin (a)

=> allow for ripeningormaturing,which shouldtakeafew daysdependingon thedepthof

scrapingandweatherconditions.

=~ slowly reduce the filtration rates of other filters whose rates were increased because of

havingtakenone filter outof operation.

(C)Washing scrapedsand

Scrapedsandmust be washedthoroughly,assoon as the scrapingis completedto prevent

development of unpleasant smells. The washed sand should be dried andstored safely for re-

sanding purposes. Storing wet sand results in unpleasant smell. Using water from a hose is a

simple method for which a platform should be constructed (see Figure 2.2-4).

Figure 2.2-4: A platform for washing 5SF Sand
[Source:Visscher at a!., 1987]
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A simple checkon how cleanthesandis canbe doneby rubbingahandfulof sandbetween

fingers. If thereis a sign ofdirty on the hands,the sandis not cleanenough.Thesilt content

can becheckedif possible.Values< 1% indicateenoughwashing[Visscheret at, 1987].

(d)Re-sanding

Re-sandingis necessaryafter successivescrapingshave reducedthe sanddepth to the

minimumdesired.Beforere-sanding,thefilter mustbedrainedto the support graveldepth.

Small and large filters are re-sandedin different ways. For small filters, the old sandis

completelyremovedfrom thefilter and stackednearby.Then,newsandis placedon top of

athin layerremainingon top of the supportgravel.Theold sandis thenplacedon top of

thenewsandto desireddepthto facilitateshortripeningperiods.In largefilters, old sandis

movedto onesideofthefilter, thenewsandis placedin positionandthe old sandreplaced

on top ofthenewsand(seeFigure2.2-5).After re-sanding,the filter is re-chargedasin (a).

— — .~glSSnl ~ sad W~ ] :~LEpi1lRiL*~.old sand

110W flfld ~
:1~jV rS1LoiaS~

—

I bafor. r.sandlng(m) Sand bed lava

~a~d

.,,e,~”W~:,Ae*•flp;tJ

(b) Placement of old sand on old sand

(d) Placement of old sand on new sand

(o) Placementof additional new sand

(c) Placement of new sand (f) Completion of resendIng with new
send on bottom, old sand on top

Figure 2.2-5: Steps in re-sanding filter-beds of large slow sand filters
[Source: Barret et at, 1991]
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(e) Record keeping

Day-to-todayrecordsgive useful information aboutthe performanceof a SSF plant, the

work of theoperators,andaboutplarmingimprovements.Theserecordsinclude:

=> waterquality parameterssuchasresidualchlorinein clearwaterreservoirs,turbidity of

rawwaterand filtrates,temperature,coliformsorganisms

=> interruptionsofthefilter operation

=> changesin filtration ratesandflow rates

=> filter cleaning

~‘ filteredwaterproductionrecordsfor eachfilter

=~he&1-lossdevelopment

2.2.5 Limitations of slow sand filtration use

Theconditionoftherawwater,andcontaminationandpollution levels limit theapplicationof

SSF asthe soletreatmentprocess.Thereareaspectsnot relatedto the stateof theraw water

which canaswell affect thechoiceof SSF.

(a) Contaminationand Pollution levels

(i) Micro-biological contamination

If the raw water is heavily contaminatedwith pathogenicmicro-organisms,SSF may not

producebacteriologicallysafe filtrates [Galvis et al., 1993].Di Bernardo(1991) suggests

200 FC/l00 ml as the upper limit in raw water for SSF.Experiencesin Colombiahave

shownthat SSF can handlerawwaterwith FC exceeding200 FCI100 ml [Wegelin,1996,

Galviset al., 1993]. Thesedifferentexperiencescanbeattributedto specificenvironmental

conditionsin which thestudieswereconducted.

(ii)Organic matterloads

SSF is reportedto showlow removalsof organicmaterials.Despitethe aestheticaspect,the

removal of colourhasbecomeimportantbecauseof its ability to reactwith chlorine and

form harmfulproducts[Galviset al., 1993]. Colour is anindicatorofhumic acids(organic

matter), hencepollution. The removalof true colourby SSF is as low as25% and canbe

much lowerwhenhighly colouredrawwateris treated[Barret et al., 1991; Cleasbyet al.,

1984; Ellis, 1985].
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(iii) Turbidity (suspendedsolids)

Generally,turbidity refers to thecloudinessofwater.It is an indirect indicatorof the amount

of particles in water. It is reportedto be a major limitation in most applicationsof SSF

[Galvis et al., 1993;; Schulz and Okun, 1984;; Barret et al., 1991;~Huisman, 1989;~

Wegelin, 1996]. Raw waterwith high turbidity levels easily clog the filter media and

reducethefilter-runs, necessitatingregularcleaning,consequentlyhighoperationcosts.

Upperlimits oftherawwaterturbidity havebeenestablishedin differentapplications,and

the majorityof thereferencesgive an upper limit of 10 to 50 NTtJ. For bestperformance,

less than 10 NTU is consideredvery appropriate.However,with drinking water quality

norms becomingstrict in recentyears,upper limits of 5 NTU have beenrecommended

[Galvis etal., 1993]. Turbidity mainly causedby very fine particles of colloidal nature may

not only reducefilter-runsbut alsobedifficult to remove.

Suspendedsolids can clog filter sandwithin hours. Wegelin (1996) limits maximum total

suspendedsolids to 5 mg/L in rawwaterfor effectiveSSF.

(iv)Presenceof algae,iron, and manganese

Algae presentin raw waterwill grow in the supernatantwater if nutrients and light are

available.Algae bloomsprematurelyblock filter sand.Theyalso causetheproductionof

tasteand odoursubstances,and depositsof calcium carbonatewhich contributeto filter

clogging [Galvis etal., 1993].

The presenceof insolubleoxidesof iron and manganesemay significantly contributeto the

blockingof thefilter-bed. -

(b)Rawwater Conditions

(i) Temperature

Transformationmechanismsin SSFdependon rawwatertemperature.Coliform removalcan

vary from 99% at 20°Cto 50% at 2°C[Huisman, 1989]. TomsandBayley(1988) report

filtrate FC levelsexceeding50 FC/100ml for 4°Crawwater.Clearly,biological processes

are directly related to temperature. Most tropical countries are characterisedby high

temperatureand henceslow sand filtration becomeappropriate.The strategyfollowed in

cold climatesis to coverthe filters andconstructthemin the ground.Low filtration rates
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(<0.1Om!h) may cope with low temperaturesbecausethe retention times are then

augmentedtherebyprovidingmoretimefor thebiological actions.

(ii) Nutrient levels

Micro-organismsresponsiblefor thebio-chemicalactivities in SSF require ample supply of

carbon,nitrogenandsulphatesfor theirmetabolismandgrowth. Therefore,raw waterlow

in thesenutrients will inhibit the developmentof a mature Schmutzdecke.Addition of

nutrients can enhancethe biological activities in SSF as reportedby Bellamy et al.,

(1985 a).

(iii) Dissolvedoxygen(DO) levels

The absenceof sufficient dissolvedoxygen in raw watercan causeanaerobicconditions

which producetasteand odour substances[Huisman, 1989]. Anaerobicconditions can

causethe re-suspensionof insoluble iron andmanganeseoxidesto solubleforms which

may reappearin filtrates, transportationmains or distribution systemswhen they get

oxidisedto insolubleforms.Insolubleformsimpair theaestheticquality ofthewater.

(c)Other aspects affecting the use of slow sand filtration

Apart from the waterquality andconditionslimitations, other importantrestrictionsto using

slowsandfilters citedby Huisman(1989) include:

=> high constructioncostsper unit capacityfor largeinstallationsin urban areas;about 3

timesaslargeasfor rapidsandfiltration.

=> largeareaoflandrequired;morethan5 timesasmuchasfor rapidsandfiltration.

=> large force of unskilled labour for the manual cleaning,comparedto a fully automated

rapidsandifiter; about10 and2 men,respectively.

Accordingto Huisman(1989),theabovedisadvantagesarepronouncedin largerinstallations.

In developingcountries,landand cheaplabourareabundant,making SSF appropriate.Cost

comparisonsmadein India betweenSSF andRSF haveshownthat capitalcostsfor SSF are

much lower than thoseof RSF up to a capacityof 3000 m3/day, and when operationand

maintenancecostsareheededthebreak-evenwasat 8000m3/day { Vzsscheret al., 1987].The

demandto increasefiltrate quantity while reducingthe land areauseis citedasthe causeof

reducedSSFusein theUSA [Fox etal., 1994].However,in theearly 1980s,theuseofSSFin
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theUSA resurfacedfor small communitiesthatusesurfacewaterbecauseoftheeffectiveness

ofSSFto removepathogens,andthe simplicity associatedwith operationandmaintenance.

Barrez’ et al. (1991)suggestthat slow sandfilters aremoreappropriatefor small communities

with populationsup to 10000persons.Although, thereareknownapplicationsfor over 10000

persons,it is generally acceptableto limit SSF to small communitiesbecauseof their

simplicity in design,andhencelow operationandmaintenancerequirements,which caneasily

be met at village level management.Many otheradvocatesof slow sandfilters recommend

them for small communities [WHO; Wegelin, 1996; Huisman, 1989; Galvis et al., 1993;

Grahametal., 1996; Collins andGraham,1994].

2.2.6 PractIcal performances

The useof SSF datesbackto over one and half centuries. SSF is credited with being the first

drinking watertreatmentprocessusedto improvethequality ofwaterin bothmodernEurope

and the USA [Graham and Collins, 1996]. Some historical events in the l8~Century

underscoredtheuseofSSF.Thousandsofpeoplediedfrom epidemicsof waterbornediseases

(e.g. cholera)due to the useof unfiltered surfacewater. In locationswere SSF was applied,

fewvictims werecounted[Galvis etal., 1993]. It had thenbecomeclearthatSSF improvethe

bacteriologicalandbiological quality of the waterandhencecontributedto the reductionin

the transmissionof waterborne diseases.To date, SSF hascontinuedto be an important

componentof surfacewatertreatmentsystemsin developedanddevelopingcountries.

In view of the simplicity in design, low technical, economical and organisational

requirements,SSF hasbecomecompetitivewith other treatmentmethods.Although, many

SSF advocatesrecommendit for small systems,it is applied in somelargecities of Europe

(for instanceAmsterdam,LondonandZurich).

The efficiency of SSF dependson the condition and quality of raw wateras illustrated in

section2.2.5. A properly designed,constructed,operatedandmaintainedslow sandfilter is

ableto producefiltrateswith turbidity < 1 NTU. The effectivenessin removingcolifonns is

usuallysubjectto amaturefilter-bedwith a fully developedSchmutzdecke.Averagecoliform

levels less than 1 FC/100ml is easilyachievedwith sucha filter-bed. Galvis et al. (1993)



I

S

I

S

S

I

I

S

S

I



Chaptertwo. 26 LITERATUREREVIEW

reportthat coliform countsgreaterthan 100 FC/ 100 ml in rawwaterscanbe reducedto less

than 1 FC /100 ml over an operationalperiodexceedingonemonth. However,a just started

slow sandifiter will show low removalsof FC since the Schmutzdeckeis then not fully

developed.Different periodsthroughwhich theSchmutzdeckeis fully developed(maturation

or ripeningperiod)havebeenreportedsinceit dependson the rawwaterquality. For a new

filter, thematurationperiodmaytakeoneto threeweeksin tropical areasandlongerin more

temperateregions[Visscheret al., 1987].Low temperaturesin temperateregionsslow down

biological andbacteriologicalmaturationof a filter-bed. A matureslow sandfilter takenout

for cleaningwould takea few daysto oneweekto re-establishits maturitysincethe cleaning

processusuallydoesnot completelyremovetheSchmutzdeckelayer.

Filter-runsofslow sandfilters vary dependingon therawwaterquality. A filter-run ofat least

one month is preferredfor optimal operation[Wegelin, 1996]. Filter-runs greaterthan one

montharereportedfor rawwaterwith low turbidity (<5-10 NTLJ) [Barret et a!., 1991; Galvis

et al., 1993; Wegelin, 1996]. The characteristicsof the particlescausingturbidity affect the

cloggingoffilter-beds.This hasbeenvalidatedby casesin theUSA whereshorterfilter-runs

(<1 month)wererecordedfor ifiters which werefedwith low turbidity rawwater (<1.5 NTEJ)

comparedto longerfilter-runs(6 months)for filters which werefed with higherturbidity raw

water(6-10NTTJ).

Typical SSF treatmentefficiencies reportedin literature arepresentedin Table 2.2-3. For

effective performanceof slow sand filters, it is imperative that adequatepre-treatment

methodsareappliedto copewith rawwaterquality limitations. Theworldwide needsfor raw

waterpre-treatmentpriorto slow sandfiltration is enormous(seeFigure2.2-6).
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Table 2.2-3: Typical treatment efficiencIes of slow sand filtration
[Source:Ga/v/s et a!., 1993; Wege/in, 1996; El/is ,1985; Co//ins and Graham, 1994]

Parameter Typical reduction

1. Cohformorgamsms
[number!100ml]

averagingless than1

2 Protozoancysts 99 to 99.99%removalevenafter ifiter scraping

3. Cercariaeor schistosomiasis Virtually completeremoval

4. Turbidity [NTtJ] generallyreducedto less than 1

5. Total suspendedsolids completeremoval

6. Colour 30 to 90 % with 30 % being mentionedas the most usual
efficiency

7. Organicmatter COD 30 to 70 ; TOC 15 to 30 Organicmatter suchas humic
acids, detergents,phenols,and some pesticidesand herbicides
arebeing removedfrom5 to over90%.

8. honandmanganese Considerableremoval

9. Heavy metals 30 to 90 % or evenhigher

• > 100
I 10-100
• <10

SSF plants In
the country

D Research &
‘‘ Development

Affica

Figure 2.2.6: Reported locations where SSF pre-treatment is required

[Source:Collins etal., 1994]
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AlthoughFigure2.2-6doesnot showZambia,theneedfor appropriatepre-treatmentfor SSF

has been recognisedalready [Holzhaus and Versteeg, 1993; Mwiinga, 1994]. The pre-

treatmentpaired with SSF has to have similar levels of simplicity in operation and

maintenanceasslow sandfiltration. Thepre-treatmenttechnologiesappliedprior to slow sand

filters arepresentedanddiscussedin thenextsection.

2.3 Pre-treatment technologies prior to SSF

Possiblepre-treatmentmethodswhich can be used prior to SSF are classified into two

categories:chemicalandnon-chemical.This sectionbriefly reviewsthesemethods.However,

thechosenmethodfor this study, roughingfiltration (non-chemical),was furtherreviewedin

detail,andis presentedin section2.4.

2.3.1 ChemIcal pre-treatment

Chemical pre-treatmentis conventionally applied for both RSF and SSF. Chemicals

(aluminium and iron salts)areaddedto rawwaterto aid the removalof turbidmatterwhich

can not settle by gravity. Various processesare distinguishedin chemical pre-treatment.

Detailsofthestructuresin whichtheyoccurarebeyondthescopeof this study.

(a)Coagulation:This is the processof addingthe chemicalswhich destabilisethe particles

responsiblefor turbidity. Thedestabilisationoccurswithin a few seconds.

(b)Rapid mixing: This processuniformly dispersesthe coagulantchemical throughoutthe

entiremassofwaterfor theeffectivedestabilisationaction.

(c)Flocculation:To induce the removal of the initially small destabilisedparticles,rapid

mixing is followed by a periodof gentlemixing called flocculation. Flocculationallows

small flocs to collide andform fewerbut largeandeasilysettleableparticles.

(d)Sedimentation:This is usually the final processin chemicalpre-treatment.It removes

flocculatedparticles,heavierthanwater,by gravitationalsettling.

The aboveprocessesnormallyoccurin separateunits, but can also takeplacein single units

calledup-flow sludgeblanketclarifiersorsuspendedsolidscontacttanks.
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Althoughchemicalpre-treatmentis appliedprior to SSF,it is generallynot suitablefor small

communities becauseof the stringent and costly operationand maintenancerequirements

[Galviseta!., 1993; Wegelinet al., 1991; Wegelin, 1996]. Theprocessesofcoagulation,rapid

mixing and flocculation require expert supervision. Most rapid mixing and flocculation

facilities arehighly mechanicaland requireconstantenergysupply. Hydraulic mixers are

available,but arenot flexiblesinceonceconstructed,mixing intensitiescannotbe adjusted.

The dosagesof chemical coagulantsare determinedfrom laboratory tests (JarTests) and

dependon rawwaterquality. Thesetestsneedto beperformednearlydaily sincein practiceit

is rare to haveconstantraw waterquality, especiallyin wet seasons.A sufficient stock of

coagulantchemicalsis also very vital for consistentperformanceof chemicalpre-treatment

methods.Removal efficiencies of the sedimentationbasins are greatly reducedwithout

chemical coagulants.Chemical pre-treatmentis very sensitive to operationalchanges.

Improperoperationleadsto theformationof light flocs which areeasilycarriedoverto slow

sandfilters. Schulzand Okun(1984)reportofa casein Mharashtra-Indiawherechemicalpre-

treatmentwasusedprior to SSF to treat rawwaterwith turbidity rangingfrom 50-500NTIJ.

Observationsshowedthat light flocs werecarriedover to slow sandfilters and causedrapid

clogging. The entire filter-bed was removed for cleaning. This clearly shows that

inappropriatepre-treatmentcan leadto a prematureand rapidclogging of a slow sandifiter.

Consequently,operationcostsincreasedue to theresultingneedfor frequentcleaning.

Thestringentoperationrequirements,needfor expertsupervision,daily laboratorytestsand

continuous supply of chemicals,have renderedchemical pre-treatmentinappropriateor

inapplicablefor mostsmall and largesystems,especiallyin developingcountries[Wegelinet

a!., 1991].Most of the water supplyutilities in developingcountrieslack funding, and are

thereforeunable to afford chemicals,spareparts, and skilled manpower.Moreover, the

operationandmaintenanceofchemicalpre-treatmentsystemsis not assimple asthat of SSF,

making the combination inappropriate.Galvis et a!. (1993) suggest that pre-treatment

methodsprior to SSFshouldbe assimple asslow sandfilters themselvesfor compatibility

purposesduringoperationandmaintenance.

Non-conventionalpre-treatmentmethodsthat do not usechemicalsareless complex,easyto

operateandmaintain.Theyarereceivinggreatattentionasalternativesto chemicalmethods.
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2.3.2 Pre-treatment by non-chemical methods

(a) River-bank filtration Unfiltralion wells)

River-bank filtration consists of infiltration wells along river banks characterisedby

permeablesoil formations(alluvial sand& gravelsediments).The wells canproducewater

which may only needdisinfecting [EngelsandPoggenburg,1989]. Limitations of river-

bankfiltration include: (1) re-suspensionof iron andmanganesewhentherawwaterin the

groundhasdissolvedoxygenlevels lessthan 1 mg/L [EngelsandPoggenburg,1989], (2)

maintenanceis difficult since the wells are underground,and (3) can only be usedin

permeablesoil formations,which cande a limiting factorin termsofproductioncapacity.

(b) River-bedifitration (Infiltration galleries)

Figure2.3-1 showsalayout and sectionofinfiltration galleriesin river-bedfiltration.

n ,-~ 10pV1G%a
ii Ii __________________
II Ii
Pu Ii

P H cross sec.E~on

1 ~ I

L~ ____________________

\\\\\\\\\\N\\\\\\\\\~..pc’-..... b-a \\\\\N\\X~\\\~\\\\\\’-~~\\\

Figure 2.3-1: Layout of infiltration galleries in river bed filtration
[Source:Smetet at, 1989]

River-bedfiltration is usedto thawriver waterandpre-treatit to quality acceptablefor SSF.

Raw wateris filtered througha natural or artificial river bedand collectedin perforated

pipes placed in the river bed. Construction is difficult in water bearing aquifers, and

periodic blockage of the infiltration zone (locatedunder water) makeseither practical

cleaningor repositioningof thepipesandfilter materialdifficult (seeFigure2.3-1).These
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disadvantageslimit theiruse.An evaluationmadein Colombiaindicatesthat the systems

havelow(about20%)efficiencies[Galviset at, 1993].

(c) Plainsedimentation

Plain sedimentationremoves suspendedparticles from raw water by gravitation settling,

without chemicalcoagulants.Theefficiencyofplain sedimentationdependson theparticle

sizes and the distribution of their settling velocities (v,). In practice,water is treated

continuouslythroughthe sedimentationbasin. The surface-loadingrate(v0) is the major

parameterthat affectstheperformanceofplain sedimentation.Sedimentationis effectiveif

rawwaterhashigh contentof easilysettling suspendedsolids (with v5 > v0). Raw water

with a lot ofcolloidal particlesis difficult to pre-treatby plain sedimentationbecausethey

aretoo light to settle.Theprocessdoesnot saveanypracticalpurposefor the removalof

particlessmallerthan0.01 mm [SchulzandOkun, 1984].

(d) Roughing filtration (RV)

The quality of rawwatercanbe improvedwhenpassedthroughgravel.The efficiency of a

gravel layer is enhancedby greatly reducedsettling distancesfor suspendedsolids

comparedto thesituationin aplain sedimentationtank(seeFigure2.3-2).

sedimentationtank
horizontal flow direction

Inlet _______________________________

~‘ C ~. 1~’c~IJJoutlet

03 ~- — — — fine particle 14flow palh -.. ~ S~ttiifl9E~] distance
coarse particle - - ~

~J
1 1 flow velocity of water

— — — 2settling velocity of particle3 flow path of particledrain for
sludge removal
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roughing filter

Inlet

settling
dlstanôe

horizontal flow direction

Figure 2.3-2: Particle removal in a sedimentation basin and a roughing Filter
[Source: Wegelin, 1996]

The contact frequencyof particles with the settling surfacebecomeshigh comparedto a

sedimentationbasinwhereonly thebottomis availablefor settling. This is attributedto the

presenceofthe small pore spacesystemandlargeinternalfilter surfaceareain the gravel.

This increasedcontactpromotestheremovalof particlesby othermechanismsother than

sedimentation.Suchgravel layersarecalledRoughingFilters sincetheyarecomposedof

relativelycoarse(rough)materials[Wegelin,1996].

The significant advantageof RF is that no chemical is necessaryto achievealmost similar

resultsof chemicalpre-treatmentmethods.The operationandmaintenanceof RF is also

simpler. Roughingfilters aremore effectivethanplain sedimentation,andmucheasierto

operateandmaintainthanriver-bedandriver-bankfiltration.

2.4 Roughing filtration

2.4.1 Components and types of roughing types

(a)Components

The basiccomponentsof a roughingfilter include a filter box, filter media, inlet and outlet

structuresandfilter drainagefacilities [Wegelin,1996].

drain for gravel as filter material
filter cleaning
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(I) Filter box

Thefilter-box containsthe filter mediaandfilter drainagefacilities. It canbe a singleunit or

separateunitsdependingon the typeofroughingfilter in question.

(II) Filter media

Any inert, clean and insoluble gravel having a large specific surface area to enhance

sedimentation,andhighporosityto increasethestoragecapacitiescanbeusedfor roughing

filtration [Wegelin,1996]. Filtration testshaveso far revealedthat neither the roughness

northe shapeorstructureofthe filter mediahaveagreatinfluenceon efficiency [Wegelin

et al., 1987]. Therefore,naturalgravel,brokenstonesor rocks, brokenburnt clay bricks,

plasticsmaterialsaschips, burnt charcoalandcoconutfibre canbe used[Wegelin,1996].

For plastic media, attentionhasto bepaidto up-lifting forcessinceit is lighter. Coconut

fibre shouldbe usedwith carebecauseit can flavour the water. Gravelhasbecomethe

conventionalfilter mediain roughingfiltration.

(iii) Inlet and outlet structures

Thesestructuresare necessaryto regulaterawwater flow, evenly distribute raw water and

evenlyabstractpre-filteredwater.

Inlet structuresmustbeequippedwith accurateflow measuringdevices(e.g., V-notchweirs),

providedwith anoverflow to accommodatemaximumhead-loss.A flow measuringdevice

on the outlet is not recommendedbecausebackwatereffectscan createdifficulties with

flow adjustment[Wegelin,1996].

(iv) Filter-drainagesystems

Filter drainagefacilities areessentialfor thehydraulic cleaningof the filters. Theyshould be

able to collect washwaterunifonnly from the filter-bed. This is importantto ensureeven

cleaningof thefilter-media.

(b)Typesof roughing filters

Roughing filters are classified according to the location within the treatmentarea,main

purpose,flow direction,filter designandfilter cleaningmethods(seeFigure2.4-1).
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intake and dynamic filters installed in the tied
— - of small canals

roughIng filters __________________________

•~r

yE uptlow
(in layers)

Figure 2.4-1: Types of roughing filters
[Source: Wegelin, 1996]

(i) Intake and dynamicfilters

Thesefilters areusuallylocatedat therawwaterintakesite. They areappliedto abstractraw

water,andpre-filter it to protect the main treatmentplant againstheavysuspendedsolids

commonafterheavyrains. Their filter mediasizeincreasesin the directionof downward

flow. Therefore,most of the solids areretainedon top of the filter-bed, and cleaningis

simply achievedby manually scouringthe top fine filter mediawith a rake or shovel.

Suspendedsolids re-suspensionsare flushed by the sameraw water. Relatively high

filtration ratesareapplied.Usually onefilter is adequatefor agiventreatmentplant.

(Ii) Roughingfilters prior to SSF

Thesefilters are locatedwithin the main treatmentplant site, before SSF, to improve raw

water quality. They areoperatedaseitherup-flow, down-flow or horizontal-flow filters.

The flow direction identifies four main types: horizontal-flow roughingfilters (in series)

(HRF), up-flow roughing filters in series (URFS), down flow roughing filters in series

(DRFS) and up-flow roughing filters in layers (URFL) (see Figure 2.4-1). The main

principle in roughingfiltration is to filter rawwaterthroughgravel layersdecreasingin size

in thedirectionofflow. Hence,for down-flow roughingfilters in layers~,most suspended

solids would be retainedat the bottom where the finest gravel layer is resulting in

-~=a
• horizontal

flow
(In series)
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deterioratedfiltrate quality and frequenthydraulic cleaning by draining. Therefore, it

would not be effective to have DRFL. -In HRF, UIRFS and DRFS, eachgravel layer is

installed in separatecompartmentsor boxesin series,while in URFL all the gravellayers

areplacedin onefilter box.

HRF, DRFS, URFS and URFL are deepbed filters which allow deep penetrationof

suspendedsolids into the filter-bedsbecauseofthe coarsefilter mediacomparedto either

RSFor SSF.Thesesolids areonly removedhydraulicallyby periodicdrainingor flushing

ofthe filter-beds [Wegelin,1996]. Practically,not all retainedsolidswould be flushedout.

Hence,with time, the filter media is also changeddue to remainingsolids. After long

periodsof operation,hydraulic cleaningis normally unableto restorethe filter efficiency.

Then,thefilter mediais manuallyexcavatedandwashed.

2.4.2 Mechanisms of roughing filtration

Mechanismsof roughingfiltration aresimilar to thoseof slow sandfiltration. However,the

extentof the effectivenessof eachmechanismis not the samesinceroughingfilters operate

underdifferent conditionsusingcoarserfilter materials.

(a)Transportmechanisms

(i) Screening

Screeningplaysaminorrole in RF sinceporespacesofgravelarelargerthanthoseof sandin

SSF.With time andneartheendofa filter-run,, screeningcouldplay aperceptiverole since

theporespacesarereducedasaresultofexcessiveaccumulationofsuspendedsolids.

(ii) Sedimentation

Unlike in SSFin which particlestransportedto the sandgrainsby sedimentationare retained

within thetop thin layerofthe filter-bed,sedimentationin RF takesplacewithin thepores

ofthe whole filter-bed. It is reportedto be themain transportprocessin roughingfiltration

[Wegelin,1996; Galviset al., 1993]. Laminar flow conditionsarenecessaryfor effective

sedimentationandpromotionof thenaturalagglomerationofsmallerparticlesto largerand

heavierparticles.Theseconditionsare ensuredby low roughingfiltration rates.However,
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truly colloidal particles(<100 urn) could bedifficult to removeby sedimentationbecause

theyaretoo light to settle,anddon’t easilyagglomeratenaturally.

(iii) Interception

Suspendedsolids retainedon the gravel interceptthosetrying to pass.Becauseof the large

porosity of the gravelusedin RF, interceptiondoesnot play a significant role [Galvis et

al., 1993].However,it is possiblethat interceptioncouldplay a perceptiverole in the fine

gravel layers(1.6-6mm) especiallywhenthe filter is closeto reachingits allowablefilter

load(weightofaccumulatedsolidsper filter volume).

(iv) Hydrodynamic forces

Hydrodynamicforces(inertial and centrifugal)couldplay a moreperceptiverole in RF since

RF is usuallyapplied to removesuspendedsolids. Large suspendedsolids have greater

inertial andcentrifugalforces,hencecaneasilyleaveflow lines.

(b)Attachmentmechanisms

Attachmentmechanismsensurethatsuspendedandcolloidalparticlesbroughtin contactwith

the gravel,by transportmechanisms,remainattached.The absenceof the Schmutzdecke

makes attachmentmechanismsthe most likely meansby which micro-organismsare

retainedby RF. Electrostaticand massattractionforces (adsorption)hold particlesonce

they havemadecontactwith the gravel.Comparedto adsorptionin SSF,adsorptionin RF

couldbe lesspronounceddue to the higherfiltration rates(3 to 10 times). High filtration

ratesmaynot allow sufficienttime for adsorption.

(c)Transformation mechanisms

(I) Bio-chemicalactivity

Bio-chemical activity involves the oxidation of retainedbiodegradableorganicmatter into

smaller aggregates,and finally into water, carbondioxide and inorganic salts (nitrates,

sulphatesand phosphates).Soluble ferrous and manganouscompoundsare oxidised to

insoluble oxides which are readily precipitated. Bio-chemical actions also play an

importantrole in removingcolouranddissolvedsolids. As mentionediii the caseof SSF,

bio-chemicalactionsyield goodresultswhenenoughtime is available.Comparedto SSF,

RF doesnot provide enoughtime becauseof higher filtration rates,and thereforethese

actionsarerelativelylesseffective.
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(II) Bacteriological or micro-biological activity

The absenceof a Schmutzdeckelayer, due to the coarse filter-media, makes the micro-

biological activity less significant in RF. However, removal of coliforms by RF have been

reportedwhich indicatethepresenceofmicro-biologicalactivity. It is also mostlikely that

adsorptionplays a majorrole in removingcoliforms in RF. Bacteriaand otherorganisms

will form a sticky and slimy layer aroundthe gravel grains, in which actionsof micro-

organismswill thrive.This layercouldbe responsiblefor effectiveadsorption

2.4.3 Design of roughing filters

Themain objectiveof roughingfiltration is to removesuspendedmatterfrom rawwaterto a

level acceptablefor effectiveSSF[Wegelin,1996]. Pre-tréatedrawwater with turbidity values

lessthan 10 NTU andtotalsuspendedsolids lessthan5 mg/L is generallysuitablefor SSF.

Roughing filter designparametersinclude operationperiod,numberof filter units and size,

flow control and filtration rates,gravelsize,number/depthof gravel layers,and under-drain

systems.

(a)Operation period

Roughingfilters shouldrun continuouslybecauseintermittentoperationmaydisturb thebio-

chemical and micro-biological activities. Continuous operation is also essential for

completedevelopmentofattachmentmechanisms.

(b)Number of filter units and sizeof eachunit

A minimum of two filters operatingin parallel is requiredto maintain desired plant output,

andalso for thecontinuousproductionif onefilter is undergoingmaintenance.

Dimensions of a roughing filter are different dependingon the type chosen. Structural

limitations,operationandrawwaterqualitymaydecidethe filter dimensionsarid shape.

The length of HRF normally varies from 5-7 m [Wegelin, 1996]. Raw water with high

suspendedsolidsmay probablyrequire longerlengthsto provideenoughstoragecapacity.

Shallow HRF depthsof 1-2 m and widths of 4-5 m are recommendedto avoid leakage

problemswhich may result from cracksif largervalueswere used.In view of possible

manualcleaning,shallowerdepthsofnot morethan 1 m aremoresuitable[Wegelin,1996].

ForURFL, DRFS,andURFS, Wegelin(1996)suggestsdepthsvaryingfrom 80 to 120 cm.

Experiencesin Colombiasuggestdepthsvaryingfrom 85-125cm for URFL and50-80cm
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for DRFS [Galvis et at, 1993]. Too deep filters may be characterisedby inadequate

stmcturalstability andpossibilitiesof cracks,henceleakage,maynotbe ruled out. Filter

surfaceareaperpendicularto direction of flow for URFL, DRFS and URFS should not

exceed25-30m2 or 4-6 m2 for HRF for easymaintenance.

(c)Flow control and ifitration rates

(I) Flow control

Thecontrol of flow to roughingfilters aimsto equallyand evenlydistributeflow to each

filter for uniform hydraulic performanceof all filters. It is necessaryto limit maximum

flow through the filter units to avoid overloadingthe plant, otherwisetherecan be no

allowanceto increaseflow if needto increaseariseswhen demandincreases.The flow

control shouldpermit theexpectedmaximumhead-loss(normally 10-30 cm).

Weirs, overflow pipes, andvalves,areusedto control flows. The locationof the outlet

structurecontrols the water level in the filter. Although, a normal effluent pipe can

maintaina desiredwater level, it would not allow for dischargemeasurements.V-notch

weirsallow accuratedischargemeasurements,while still maintainingadesiredwaterlevel.

Flow controldevicesareusedto set inflows equivalentto desiredifitration rates.

(i i)Filtration rates

In roughing filters, filtration rates generallyvary between0.3-1.0 rn/h [Wegelin, 1996;

Galvis at at, 1993]. Wegelin (1996)hasshownthat filtration ratescan occasionallybe

increasedto 1.5 - 2 rn/h if oneofthefilters is outofoperationfor maintenance.

Applied filtration rateshavean impacton the penetrationof the particlesinto the gravel

bed, and retentiontimes. With increasingfiltration rates,the performanceis expectedto

decreasesincemore solidswouldpenetrateandeventuallybreakthrough.Studiesby Galvis

a’ at (1993)on filtration ratesof 0.30-0.60rn/h showthat the removalefficiency did not

varymuch.Although filtration ratesarereportedto affectremovalefficiencies,theremoval

efficiency for a given filtration ratewill significantly be affectedby the quality of raw

water. It is easierto reducehigh turbidity (say 1000NTU to 100 NTU) thanlow turbidity

(10 NTU to 1 NTU). Rawwateroriginating from clay bearingareasis moredifficult to

treatbecauseclay formscolloidal suspensionswhich do noteasilysettle.
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(d)Size and layout of the filter media

RF usuallyemploysseverallayers of gravelwith different sizesdecreasingin sizein the

directionof flow [Galviset al., 1993; Wegelin;1996]. Therefore,rawwaterfirst comesin

contactwith coarsegravel.Arranging the gravel in this wayensuresthat fine graveldoes

not directly treat highly turbid raw water, otherwiseit would clog rapidly. However, in

intakeordynamicfilters, the layout is opposite:rawwaterfirst comesin contactwith fine

gravel to block high suspendedsolids from reachingthemain treatmentplant. This gravel

configurationalsoensureseasycleaningby simply rakingandflushing thetop fine gravel.

Wegelin (1996) recommendsa gravel size range of 20 - 4 mm for RF prior to SSF.

Experiencesin Colombiahaverevealeda rangeof25 - 1.6 mm [Galvis et al., 1993]. The

limitation on thelower limit is associatedwith effectivehydrauliccleaningofthegravel.It

would bedifficult to dislodgesolidparticlesif very fine gravelis used.

Theoretically,the numberanddepthof gravellayersto be installedis not limited. Several

deep layers can give best results. But constructioncosts and overall benefits limit the

numberanddepthof gravel layers.Onegravel layerwould requirea longeroverall length

(HRF) ordepth(URFL,URFS, DRFS) to achievethesameefficiency achieved by several

gravel layersofdifferentsizes(seeFigure2.4-2).

Acceptable
level For SSF
10-20 NTU

with 2 gravel yers(Fra~tlons)

Filter length

TurbidIty

Mo ximuri
turbidity

co~r~segravel

mediuM gravel
Fine gravel

with 1 gravel layer(Erac:tlan)

with 3 gra.vei layers(fro.c-tiansY

Figure 2.4-2: Turbidity reduction along a roughing filter-bed
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[Source: Wegelin,1996]

Whenmorethantwo gravel layersareused,eachgravel layerlightensthe suspendedload

on the next layer. Therefore, the use of several layers with different sizes aims at

optimisingthefilter performance.Theoptimalnumberofgravel layersthat haveshownto

give adequateresultsis three[Wegelin,1996; Galvis et at, 1996; RietveldandMatsinhe,

1993]. Eachgravel layer should be uniform to achieve large and uniform porosity for

adequatestorage capacity. Wegelin (1996) recommendsuniformity coefficients not

exceeding2 within eachlayer. For simplicity, hedefinedthe uniformity coefficient asthe

quotientbetweenthe largestand smallestgravelsize in eachgravel layer. According to

Wegelin (1996), the bulk of the solids is retainedin the first coarselayer, the second

(medium) layerhasapolishingeffectwhile thethird (fme) layerremovesremainingtraces

ofsolidmatter.Therefore,thedepthllengthof individual layerscanbedesignedin theratio

3:2:1. Despitethe largerstoragecapacity,thebottom and coarsegravel layerretainsmost

of the suspendedsolids becauseof the fact that sedimentationis the principal RF

mechanism.Hence,mostsuspendedsolidshaveto settlenearor at thebottom.

In URFL and DRFS, depthsgravel layerscanvary from 20-35 cm [Galvis et at, 1993].

Wegelin(1996) suggests that depths can range from 20-80 cm depending on the raw water

quality. In HRF, the length of the first, secondandthird layerscanvary from 3-5 m, 2 - 4

m, and0.5 - 2 m, respectively[ Galvis et at, 1993; Wegelin, 1996]

The filter mediais normally supportedby amuchcoarsergravel layer.The supportgravel

shouldnotbe too largeto permitpenetrationof thegravelit supports.Thisshould alsohold

for the
1st, and2°’~layers in UREL, which supportthe2°”and3~layersrespectively.

(e)Filter drainage systems

As filtration progresses,accumulatedsolids reducethe gravelbedporosity, and eventually

lower the efficiency in termsof filtrate quality, output, and filter resistance.Removalof

accumulatedsolidsbecomesnecessaryto restorethestoragecapacityandefficiency. Back-

washing,asdonein rapid sandfilters, is not feasiblein roughingfiltration becauseofthe

heavyfilter mediaused.It would requirevery largeamountsofenergyandwaterto expand

the gravel beds. Hence, filter media cleaning in roughing filtration is achievedeither

manually(excavating,and washing)or hydraulically (drainingthe filter unit). The former
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method is labour intensiveand cumbersome.Draining the filter unit dislodgesretained

matterfrom the filter mediaand flushesit out throughthe drainagesystems.This is an

easieroptionusedin roughingfiltration.

For drainagesystemsin roughingfiltration, Wegelin(1996)recommendsfalsebottomsfor

up or down-flow roughing filters and perforated pipes or prefabricated culverts for

horizontalroughingfilters (seeFigure2.4-3).

horizontal-flow uptlow
roughing filter roughing filter

location of drainage points

—I-,,4~ ~ ~ £
v I

I
J1 1 ~ or J
~ L~~2Wi~i

a=1-2m

drainage system false filter bottom
perforated pipe

gravel pack 6-8 mm

aggregates ~spacln 100mm 8-12 ~ 1l~mJ

150 mm prefa~cated slab

pr,labdcatedculvert 16-20mm]]) ~ B
(perforatedand ~ 50 cm
open joints) I U

Li i~iocm
______ U

Figure 2.4-3: Layout of drainage systems in roughing filtration
[Source:Wegelin, 1996]

In horizontalroughing filters, falsebottomscancauseshort-circuitingalong the opening

below the falsebottom sincetheflow is horizontal.Galvis et al. (1993)haveestablished

preliminarydesigncriteriafor drainagesystemsmadeofperforatedpipes.

Drainagesystemsshould be providedwith simple, sturdy and easyto operatedrainage

valves. These valves must be able to complete open suddenly. This initiates high drainage

velocitiesfor effectivecleaning.Additionally, the valvesshouldbe ableto be completely
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shutsuddenlyto initiate waterhammereffectswithin the filter bed.Theseeffectsdislodge

retainedsuspendedsolids. Butterfly valves are appropriatebut could be expensive.A

modelofmilk-canvalveshasbeenvery successfulin Colombiafor draining.

2.4.4 Operation and maintenance aspects

The operationandmaintenanceof roughingfilters is critical for theirperformance.Methods

developedso far are simple and easy, demandingneither special equipmentnor expert

supervision.Nevertheless,operatorsto beemployedneedadequateon-the-jobtraining and an

environmentthat supports,respectsandstimulatesthem.Operationandmaintenanceactivities

should be scheduled,illustrating-the key onesand frequency.The schedulescanbe reviewed

dependingontheperformanceoftheplant. Pilot and full scaleplantsin Colombiahaveshown

thatregularmaintenanceensuresgoodperformanceofroughingfilters [Galvis etal., 1993].

Daily tasksof the operatorinclude monitoringthe head-losses,flow ratesandwaterquality

(e.g. turbidity, temperature,colour). Thesedatahelp to detectoperationproblemsand will

assistin decisionmaking.Additionally, keepingtheplant siteandstructurescleanestablishes

apleasantandprofessionalenvironmentwhichraisestheconfidencein consumers.

Intakeanddynamicfilters arenormally cleanedby manuallyscouringthetop filter-bedwith a

rakeor shovel, andflushing there-suspensionsusingrawwater.They arecleanedmoreoften

during rain seasonswhensurfacewaterscarryheavyloadsofsuspendedsolids.

For roughing filters prior to slow sandfiltration, cleaningof gravel is carried out either

manually or hydraulically [Wegelin,1996]. Hydraulic cleaningis achievedby drainingthe

filter unit, henceflushing out accumulatedsolids. Whendrainingdoesnot restorethe filter

capacity anymore, the gravel is removed and washed manually. Hydraulic cleaning

frequenciescanrangefrom daysto weeksto monthsdependingon thequality ofraw water.

Theneedfor cleaningis normally indicatedby thehead-losswhich givesan ideaof theextent

ofdirt retained.If the head-lossexceedsan allowablelimit (normally 30 cm), thencleaningis

due. High turbidity levelsspeedup filter-bedclogging andeffluentquality deterioration.The

needfor manualcleaningmayberequiredafter3-5 yearsofoperation.
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2.4.5 LimitatIons of roughing filtration use

Sincethe main applicationof RE is to reduceturbidity and suspendedsolids in raw water

prior to SSF, the type of roughingfilter to be employedis usually limited by the levels of

theseparametersin the available raw water source. Generally, LTRFL is suitable for the

treatment of lower turbidity raw water. This is attributed to its reduced total gravel

depthllengthcomparedto othertypes [Wegelin,1996; Galvis et al., 1993]. Shortergravelbed

depthllength means reduced retention times for effective performanceof the filtration

mechanisms.Someindicative waterquality limits recommendedby Galvis et al. (1993) for

filtration ratesbetween0.3 to 0.60 rn/h arepresentedin Table2.4-1.

Table 2.4-1: Indicative raw water limits for roughing filters used before SSF
Source:Galvis et al., 1993]

Filtration
rate

(rn/h)

RF
Type

Turbidity
(NTU)

True colour
(TCU)

Faecalcoliforms
(*1000/100ml)

Tota[iron (mg/L) Manganese

Max’ Aver Max Aver Max Aver Max Aver. Max. Aver

03

0.45

060

URFS’
URFL

URFS
URFL

URFS
URFL

650
500

440
240

330
150

85
70

53
44

44
39

230
100

115
61

72
48

60
48

48
38

35
32

300
200

300
200

300
200

89
84

89
84

89
84

5.5
5 5

5.5
5.5

5.5
5.5

4 5
45

45
4 5

4.5
45

1 3
1 3

1.3
13

1.3
1.3

0.9
0 9

0.9
0.9

09
0.9

The limitations indicatedin Table2.4-1 couldbe lower for higher filtration ratesthanthose

givenbecausehigh filtration ratesoffer shorterretentiontime for purification. Wegelin(1996)

reports lower turbidity limits in his experiences,becausehe recommendsthe inclusion of

intake or dynamicfilters aswell, unlike the limits in Table 2.4-1 (compareto Table 2.4-2).

The significance of intakeordynamicfilters is demonstratedin the practical results shown in

Tables2.4-3and2.4-4,demonstratinghow theyareableto improverawwaterquality.

‘Maximum valuesindicatedcorrespondwith changesmraw waterqualityduring adurationof lessthan3 hours
2The linutations for URFS alsoapply to DRFS andHIRFS
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Table 2.4-2: Raw water turbidity limitations for roughing filters
[Source: Wegelin,1996]

Averageturbidity level -NTU

(raw water)

Typeof roughing filter

maximum< 5 none

5-30~NTU URFL

30-200NTU URFS

>200NTtJ URFSorHRF

It is worthwhileto mentionthatthesuggestedrawwaterquality limitations from literature,so

far mainly dependon thespecific characteristicsof theparticlescausingturbidity. Therefore,

theyarequite flexible. Theconstructionof thefilters andthematerialsusedarealso likely to

contributeto theperformanceofroughingfilters,andhencetheir limitations.

Sincesedimentationis reportedto be themainsolids removingprocessin RF, laminarflow is

essentialfor effectiveperformance.The needfor laminarflow limits the applicationof RF to

low filtration rates,usually0.30 to 1.0 rn/h. This meansthat specificproductionofpre-treated

water (m3/m2/d) in RF is low comparedto conventionalchemicalpre-treatment.This aspect

limits the application of RE prior to SSF since it is also characterisedby low specific

productioncapacities(m3/m2/d) comparedto RSF.Largelandareas,hencehigh construction

costs,would be requiredif RF were appliedbeforeRSF.Besides,RSFbesttreatscoagulated

raw waterwith largeflocs retainedby the coarserfilter media comparedto that of SSF.

Usually,RF doesnotusechemicalsandthereforecannotproduceflocs acceptablefor RSF.

2.4.6 Practical performances of RF prior to SSF

Practicalexperienceswith roughing filtration (reportedfrom literatureso far) revealthat its

performancedependson rawwaterquality characteristics,plant layout, typeof roughingfilter

and applied operation and maintenance.Identical roughing filters, operatedin the same

mannercan performdifferently with different raw water sources[Wegelin, 1996]. Even a

specific filter cannothavea constantefficiencywith the samerawwatersource.As filtration

progresses,accumulatingimpurities usually influence further removal efficiencies. Filter

mediasize, filter-bedlength-depth,filtration ratesandcleaningoperationaresomeofthekey
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factorswhich determinethe efficacy ofroughing filtration. Thereforean exactindication of

REefficiencies is generally quite impossible.

Combinations of roughing filters andslow sandfilters havebeenstudiedboth on pilot and

full-scaleplantsworld-wide (seeFigure 2.4-4).To date,HIRF have been widely studied since

it was the first type of roughingfiltration to be used.The first known HIRF usedin a public

watersupplywasconstructedby JohnGthb atPaisley,Scotlandin 1804 [Baker, 1981].

Asia
17 PakIstan
18 India
19 SriLanka
20 Burma
21 China
22 Thailand
23 MalaysIa
24 Indonesia

Australia and Oceania
25 AustraUa

Figure 2.4-4: Geographical distribution of rouging
[Source: Wegelin, 1996]

filtration use

The efficiencies of different pilot roughingfilters with similar gravel fractions, for studies

done in PuertMallarino, Cali, Colombiaby CINARA, aregivenin Figure 2.4-5.Theifitrate

of eachroughingfilter in Figure 2.4-5was fed to a slow sandfilter. Total suspendedsolids

andfaecalcoliform removals were analysed (see Tables 2.4-3 and 2.4-4).

I

Latin America
1 CostaRica
2 Colombia
3 Peru
4 Bolivia
5 Argentina

Africa
6 Burkina Faso
7 Ghana
8 Cameroon
9 Sudan

10 EthiopIa
11 Kenya
12 Tanzania
13 Malawi
14 ZImbabwe
15 Swaziland
16 Madagascar
17 SouthAfrica
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• Upliow Roughing Filter in series
— HorIzontai~flow Roughing Filter

D Downflow Roughing Fitter in series
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Figure 2.4-5: Turbidity removal by different roughing filters in Call, Colombia
[Source:Wegelin, 1996]

Table 2.4-3: Suspended solids removal by RF-SSF pilot plants in Call, Colombia

[only dataadaptedfrom Wegelin, 1996]

Raw
water

Intake filter
(fl?) RoughingFilter Slowsand filter

Overall
~

removal

Treatment
system

SS
mg/I

Effluent
SSmgIL

%
removal

Effluent
SS mgIL

%
removal

Effluent
SSmg/L

%
removal

IF-tJRFS-SSF-l 198.3 86.8 56.2 2.2 97 5 0.3 86 99.85

rF-HRF-SSF-2 198.3 86.8 56.2 1.7 98.0 0.2 88 99.90

IF-DRFS-SSF-3 198.3 86.8 56.2 2.1 97.6 0.2 90 99.90

IF-URFL-SSF-4 198.3 86.8 56.2 5 94 0.2 96 99.90

IF-MHRF-SSF-5 198.3 86.8 56.2 4.2 95 0.3 63 99..85

NOTE:
= All suspendedsolidsfiguresaremeanvalues,andthenumberofsampleswasnotgiven
~ IF — Intakeroughingfilter was installedto mtercepthighly pollutedandcontaminatedrawwater
=> MHRF — modifiedhorizontal-flowroughing filter with reducedfilter lengthcomparedto normalHTRF

raw water turbidity
30-50NT1J

raw water turbidity
150-500NTU

ii

0.30rn/h 0.45 mTh 0.
fittratlon rate

0.45rn/h 0.6Dm/h
filtration rate

Upilow RoughingFilter in layers Lt01 1 6Dm

Horizontal-flow Roughing Filter Lt01 4.4Dm
0 (reduced filter length)
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Table 2.4-4: Faecal coiiform removal by RF-SSF pilot plants in Call, Colombia
[only dataadaptedfrom Wegelin,1996] -

Raw
water

Intake filter
(IF)_________

RoughingFilter Slowsand ifiter
Overall

log
removalTreatment

system
FC #

/100ml
Effluent

FC #/100ml

log
removal

Effluent
FC #/100ml

log
removal

Effluent
FC #1100

ml

log
removal

IF-URFS-SSF-1 39527 23644 0 22 100 2.3g 0.2 2.70 5.30

IF-HRF-SSF-2 39527 23644 0.22 187 2.10 0.9 2.32 4.64

IF-DRFS-SSF-3 39527 23644 0.22 136 2.24 0.6 2.36 4.82

IF-URFL-SSF-4 39527 23644 0.22 341 1.84 0.6 2.74 4.80

IF-MHRF-SSF-5 39527 23644 0.22 834 1.45 2.6 2.51 4.18

NOTE:
=> All FC figures aremeanvalues, and the numberof sampleswasnot given

IF - Intakeroughing filter wasinstalled to mtercepthighly polluted andcontaminatedraw water
=> MHRF — modified horizontal-flow roughing filter with reducedfilter lengthcomparedto normal I{RF

Thepercentageturbidity removaldifferencesby RF in Figure2.4-5bringsout somepointsfor

discussion.URFS, HRF and DRFS indicate marked differencesin removal efficiencies

comparedto eitherMHRF orTJRFL. Two observationscanbe drawnhere;

(1) the reducedfilter length in URFL, comparedto all other filters, canbe attributedto its

lower removal efficiency since the retentiontime (which directly influences filtration

mechanisms),is reduced.The effect of reducingfilter length is also evidentwhenyou

compareFIIRF (7.lOm)andMHIRF (4.40); theformershowa higher removal efficiency.

(2) the layout of the filter media and directionof flow may affect the efficiency of RF to

someextent. TJRFS,DRFS and MIHIRF havethe samefilter-bed lengthsbut different

efficiencies.Theeffect ofthedirectionofflow is seenwhenUIRFS is comparedto DRFS.

In RF, most ofthe solids areretainedat the filter bottom.The URFS filtrate outlet is at

thetop while in DRFS, it is at thebottom(seeFigure2.4-1). It is thereforepossiblethat

scouringof theretainedsolids at theDRFS bottom could affect the filtrate quality since

theeffluentpointis at thebottom.

Despitedistinct removalefficiency differences in Figure 2.4-5, the actual filtrate turbidity

levelsfor the 30-50NTU rawwaterrangefrom 4 to 15 NTIJ, for all filters. This is suitablefor
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SSF.Hence,URFL in this casecan suffice and would be appropriatedue to their reduced

length, hencelow constructioncosts. For the 150 to 500 NTTJ rawwater,URFS, HRF and

DRFS offer the bestperformance.How long high turbidity lasts, is an importantquestion

becauseURFL is alsoreportedto withstandshortperiodsofhigh turbidity.

In Table 2.4-3, URFL filtrates showedrelatively high levels of suspendedsolids in the

effluent, againpossiblyan indication of low processstability due to the reducedfilter-bed

length. Otherwise,all roughing filters here showedthat they can reducesuspendedsolids

levelsoftherawwaterin question,to levelsacceptablefor SSF.Faecalcoliform removalsby

RF (seeTable 2.4-4) indicatethe presenceof adsorptiveandmicro-biological mechanisms,

sinceneither sedimentationnor screeningmechanismsare ableto removeFC in RF. The

combinationofRF-SSFhereshowgreatremovaloffaecalcolifonns.

Rietveldand Matsinhe(1993) studieda pilot URFL (vf= 0.Sni/h,gravel size: 5 to 38 mm)

beforeSSF.Their studyrevealedthat URFL with threegravel layersperformbetterthanwith

one ortwo gravel fractions.Forthe rawwaterturbidity greaterthan 10 NTU (11-100NTU),

about70%,40%and45%of thesamplesanalysedhadturbidity levels lessthan 10 NTU for

the three, two and one gravel layer(s) filters respectively. These results confirmed the

adequacy of a threegravel layer IJRFL. -

The performanceof a full scaletreatmentplant (at La Javeriana,Colombia) comprisingan

intake filter (Vf = 1.3 mlh), two J{RF (vf = 0.6 mlh), and two SSF (vf = 0.08 mlh), is

summarisedin Figure2.4-6.
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average raw water
——— average pretrealed waler

average treated water

FC levels ranging from 1000 to 10000 FC/100ml were reducedto about200 FC/100 ml

This performancedid not declineduring the six monthsmonitoringperiod.SubsequentSSF

filtrates had elevatedFC contaminationof more than 10 FC/100 ml which levelled out to

about 1 FC/ 100 ml overa periodof threeweeks.This periodrepresentsthe ripening period

for the studiedSSF.Turbidity, colourandFC removalalso increasedwith time, probablyon

accountofthegradualdevelopmentofattachmentandtransformationmechanisms.

Other examplesof full-scale applicationsof roughing filters prior to slow sandifiters are

summarisedin Tables2.4-5 and 2.4-6.For the plants in Table 2.4-5, the filter material for

down-flow and horizontal flow roughing filters is rathercoarserthanthat usedfor UIRFL.

However,LTRFL were runat morethandoublethe filtration ratesof theothers.Nevertheless,

in all the threetreatmentplants,turbidity reductionby all rouging filters rangedfrom 70 to 90

%and the bacteriological water quality improvementswasaboutofthesameorder.

turbidIty (NTU) apparent colour (CU)

100 - - 1000

10

faecal coliforms (/100 ml)
10000

10

,1
0 30 ~ 90 120 150 180

running time (days)
0 30 60 90 120 150 180

runnIng lime (days)

.1

raw water
• intake filler

—0-— HRfS~F

0 30 60 90 120 150 180
running time (days)

Figure 2.4-6: Performance at the treatment plant La Javeriana, Colombia
[Source:CINARA, 1990]
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Azpitia, Peru El Retiro,
Colombia

Blue Nile Health
Project, Sudan

I. Typeof roughingfilter Down flow Up-flow m layers Horizontal-flow

2. Filtration rate-rn/h 0.30 0.74 0.30
3. Designcapacity-m3/d 35 790 5
4. Depth(cm)-gravelsize(mm) 60, 4) 40-25

60, 4)25-12
60, 4,12-6

20, 4, 18
15, 4)12
15, 4, 6
15, 4)3

270, 4) 25-50
85, 4,15-20
85, 4) 5-10

5. Turbidity

• raw water
• Pre-treatedwater

50-200
15-40

10-150
5-15

40-500
5-50

6. FaecalColiforms
• Rawwater
• Pre-filteredwater

700
160

1601)0 -

1680
>300*
<25*

Note: *As E-coli

Location Rawwater quality Treatment
system

performance

Jinxing city,
Zhejiangprovince

CHINA, Asia,

• Canalwatercontaminatedby
smallscalemdusiries&
heavynavigation

• turbidity 20-90NTh

• Sedimentation-
I{RF( 1 .7m/h)-
SSF(0.25m/h)

• 240m3/day

• turbidity reduction:
HRF (4-20NTU), SSF (<5
NTU)

FIRF filter-run ‘<40
days,SSFfilter-run
>4 months

2.Mafi Kumase
Village; GHANA,
Africa;

• lake waterwithhighalgae
concentrations

• HIRF (1.5m/h)-
SSF(0.2SmJh)

• reductionofalgae:
HIRF (75-90%), SSl~(90-
99.99%)

• SSFfllterruns>4
months

3.Aesch,Switzerland,
Europe

• Groundwaterwith highsilt
content

• HRF -SSF
• 17300m3/day

4 highsuspendedsolids
andturbidity removals

4 SaoPaulo,Brazil,
SouthAmenca,

• High algaeandturbidity
levels

• Up-flow
roughmg
fllters-SSF

• Total algaereduction:
URF (82-92%),SSF(25-

55°~’~)
• Turbidityreduction:

IJRF (50%), SSF (80-90%)

Full-scalepractical experienceswith RF-SSFsystemspresentedin Table 2.4-6 revealedthe

greatpotentialfor thesesystems.Thecasein Ghanashowedthe ability ofHRF-SSFsystems

for treating algae loaded surface water. The experiencein Switzerland illustrates that

industrialcountriescanbenefitfrom thedevelopmentofsimple andinexpensivetechnologies.

Chaptertwo: 50 LITERATUREREVIEW

Table 2.4-5: Examples of Full scale experience with roughing filters
[Source:Wegelin, 1996] -

Table 2.4-6: Performance of full-scale roughing filters preceding slow sand filtration
[Source: Wegelinet al., 1991; Wegelin, 1996;and Collins eta!., 1994]

Remarkableexperiencesin Chinaattractedlocal authorities[Wegelineta!., 1991].
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2.5 Economic aspects of RF-SSF systems

The selection criteria of treatment systemscannot be completewithout consideringsocial-

economicaspects.This sectionpresentsabrief reviewof costaspectsofroughingfilters and

slow sandfilters. Social aspectsarenot covereddue lackof literature. However,all practical

applicationsofRF-SSFsystemsthat wererevieweddid not mentionanysocialproblemswith

thesesystems.Therefore,it canbesaidthat thesesystemsaresocially acceptable.

Costsof awatertreatmentplant areaffectedby numerousfactors.Citationof absolutecosts

is impossible.Thesefactorsincludethetypeof treatmentplant, local materials,labourcosts,

methodofimplementation(privatecontract,governmentinstituteor selfhelp)andgeographic

location. Overall costs compriseconstruction,operatingandmaintenancecosts. Thesecan

furtherbe separatedinto local and foreigncosts,an aspectof greatimportancefor developing

countrieswhich haveto import partofthe equipmentandmaterials[Wegelin,1996].

2.5.1 Construction costs

Constructioncosts relate to earthwork, structure, ifiter media, piping and accessories.

Topography,soil conditionsand filter unit type aredecisiveparametersfor costs relatedto

earthworkand structure.Topographywill affectplant layout andtransportationof materials.

Soil conditionsmaydeterminetheamountofdiggingand filling to bedone.Whetherthefilter

unit structureis of earth,reinforcedconcreteor brickwork is anotheraspect.Theavailability

of local filter mediain requiredsizesand quantitiesaffects the purchaseof the filter media.

Earthworks,structuresand filter mediahave low economiesof scale,but relativecosts of

piping andaccessorieswill decreasewith increasingplant size [Wegelin,1996].

An evaluationofthe constructioncostsofdifferent roughingfilter projects(designcapacities

70 to 750 m3/d) locatedin Tanzania,Kenya,IndonesiaandAustralia revealedthe following

breakdownofconstructioncosts(Wegelin, 1996):

=>Earthworkandstructure—‘70%

=> Filter media--‘ 20%

=>pipingandaccessories--‘10%
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From this study, specificRF constructioncostper m3 ofthe installedvolumerangedbetween

100 - 175 US$, exceptfor the plant in Australia (LTS$ 600). Theplant in Australia wasthe

smallestin size,andwasconstructedby a privatecompany.The cost differencereflectshow

private contractorsin an industrialised country can reflect on the constructioncosts. In

developingcountries,specific constructioncostsrangingfrom 150-200US$/m3/dwill cover

roughingfilter constructioncosts [Wegelin,1996].Thesecostscanbe re-ducedby 30 to 50 %

in selfhelpprojects,wheremostof the labourforceis suppliedby thebenefitingcommunity.

Factorsinfluencingthe specific constructioncosts of roughing filters perm3/d wateroutput

are filter lengthldepthandappliedfiltration rate.Assumingtotal filter lengthof 5 m andVf =

0.5 mlh for 24 hoursper day, specific costscan rangefrom 60 to 80 US$/m3/d.It can further

be reducedby 30 to 40 US$/m3/din selfhelpprojects[Wegelin,1996]. Thesecostsarelower

for URFL which normallyhavefilter depthlessthan2m.

Constructioncosts for slow sandfilters aredependenton filter layout and design, filter box

(earthenbasin and reinforcedconcreteare two extremes),afid the price of the filter media

(sand).Studiesdonein India revealedspecific costs of about25 to 45 US$/m3/dfor design

capacities from 60 to 750 m3/day [Paramasivan et a!., 1981]. A comprehensivecost

evaluationwasmadefor 15 slow sandfilters constructedin theUSA [Logsdon,1991]. Five of

the SSF (capacityranging from 130 to 189220m3/d), which were gravity operatedwithout

anyelectricalequipment,revealedthefollowing subdivisionof constructioncosts.

=> Earthwork-sitework 10%

=> Filter media--‘ 25%

=~Pipes,valves,metres-~ 20% -

=> Filter box structure—~ 10%

For uncoveredslow sandfilters in the USA, specific constructioncostsshow the following

relationship[Wegelin,1996]:

C = 9 120x A°~49(R = 0.88)

in which: C is theconstructioncostsin dollars

A is thefilter surfacearea(m2)

R is theregressionvalue
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The aboverelationshipshowseconomiesof scale.For instance,for a 50 m2 slow sandfilter

operatedat 0.15m!h,hencehavinga capacity of 180 m3/d(50 m2 x 0.15 m /h x 24 h), thecost

of constructionis US$ 62 000. But for a plant operatedat the samefiltration ratehaving

doublethe areaand capacitywould haveconstructioncostsamountingto US$ 87 000. The

specificconstructioncostsfor thetwo plantsbecome:

=~Plant1: US$62000/180 m3/d = US$ 345/m3/d

=~Plant2: US$87000/360m3/d= US$242/m3/d

Thesecalculationsdemonstratetheeconomiesof scaleofconstructioncostsin relationto the

filter surfacearea.This may suggestthat one cannot savemuchby constructinga small

capacityplantwhich within ashortperiodoftime mayprove inadequatedueto growingwater

demand with increasingpopulation..

Lambertand Graham(1995) drew construction costs comparison betweenSSF and RSF.

Theirstudyrevealedthat constructioncosts for small capacityslow sandfilters appearto be

substantiallylower thanfor equivalentrapidsandfilter plants.Theyalsopointedout that RF-

SSFsystemshavelongservicelife, thusreducingthe annualdepreciationratesofconstruction

costs. These findings were probably on account of the simple design and minimum

mechanicallelectricalequipmentrequirementsfor slow sandfilters. Another comparative

study betweenRSF and SSF done in India, revealedthat capital costsof slow sandfilter

plantsarelowerup-toacapacityof3000m3/day{ Visschereta!., 1987].In this study,abreak-

even point was reportedat a capacity of 8000 m3/day after consideringoperation and

maintenancecosts.

2.5.2 Operation and maintenance costs

Cleaning aspectsof RF-SSFsystemsconstitutethe main operatingcosts [Wegelin,1996].

Salaries of plant operators vary world wide, thereforethe cleaningcostsof RF-SSFsystems

canbestbe relatedto thedurationof thecleaning.A RF-SSFplant would normally consistof
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at least two identical production lines which are cleanedsuccessivelyto guaranteean

uninterruptedwatersupply.

(a)Cleaning of roughing filters

Roughingfilters areusuallycleanedby oneoperator,henceoperationcostswill remainlow in

relationto total operatingcosts incorporatingmanualcleaning.Manual cleaningis known

to be labourandcostintensivesinceit normally requiresadditional labour.

Thefrequencyofmanualcleaningdiffers for eachtype. Accordingto Wegelin(1996), it may

rangefrom 3 to 5 yearsor moreif theunder-drainsystemis properlydesigned.Intakeand

dynamicfilters arecleanedafter everyepisodeof heavyrains becauseof heavy loadsof

suspendedsolids due to runoff. Manual cleaning entails removing the filter media,

transportingit by wheel-barrowsto thewashingsite, washingit, and thenreinstallingthe

cleanfilter media.The experiencesof Wegelin(1996) suggestthat 1.5 m3 of gravelcanbe

cleanedby onemanin oneday, adurationhe calledone-man-day(consideringaworking

day of eight hours).Therefore,a onemetre bedof roughingfilter gravel, operatedat 0.5

mlh andproducing240 m3/d, will require a total labour input of about 14 man-daysfor

manualcleaning. Practically, oneman cannotbe employedto do the work becausethe

down time would be too long. Therefore,if threemenwereengaged,the cleaningtime of

five man-dayswould be sufficient.

(b)Cleaningof slow sand filters

The conventionalcleaningof aslow sandfilter entailsscrapingoff aboutoneto threecm of

the top layer of dirty sand.The cleaningfrequencyusually rangesfrom 1 to 6 months.

Wegelin(1996) reportsthat aman’s ability to scrapeoff a2.5 cm layerand transportthe

sand in bucketsto the sandwashingbay, maybe in the order of 100 m2 of filter area.

However, it is impossiblefor oneman to work for the whole day nonstop. Hence,it is

more practical to allow, say, two men in this case.To ensure,continuousand reliable

supplythewashingof thesandcanbe doneafterthejust cleanedifiter hasbeenput backto

service.
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2.6 Drinking water supply in Zambia

Zambia, like many other countries,facesthe challengeof supplying its populationwith

adequateand potable water. About 30% and 70% of the rural and urban populations

respectively,haveaccessto potablewater [GRZ, 1994]. This meansthat a largepartof the

populationis still susceptibleto waterborndiseasesdueto lackofaccessto potablewater.

Problemsfaced by rural and urban water supply systemsin Zambia are technical, poor

funding andmanagement.The technicalaspecthasbecomeimportant becausemost current

watertreatmenttechnologiesareinappropriate.Until the adventof the third republic,Zambia

neverhad a coherentwater policy. In recognitionof the vital role water plays in life, the

ZambianGovernmentestablishedtheNationalWaterPolicy to guidedevelopmentswithin the

WaterSector[GRZ, 1994]. Oneof thewatersectorprinciplesemphasiseson thepromotionof

technologiesappropriateto local conditions.

Holzhausand Versteeg(1993)carriedout asurvey on townshipwatersupply in Zanibiaand

theyrecommendedthatappropriatewatertreatmentmethodsshouldbe consideredsincemost

of the current ones are not performing satisfactorily. The current surfacewater treatment

practicesin Zambiaarelimited to conventionalmethods.

2.6.1 Water treatment practices

(a)Raw water sources

Water resourcesin Zambia are consideredadequateto meetboth short term and long term

needs. About 75% of drinking water treatmentsystemsin Zambia use surfaceraw water

sources(ChipunguandKunuia, 1994). Thesesourcesincluderivers, streams,reservoirs,dams

and lakes.Groundwateris widely usedin rural andindividual watersupplies.However,some

watersupplysystemscombinesurfaceandgroundwatersources.

The quality characteristicsof mostraw watersourcesin Zambiaarenot knowndue to lack of

effective water quality monitoring systems[Chipungu and Kunda 1994]. However,most of

thesesourcesareknownnot to be adverselypolluted,exceptduringrain seasonswhensurface

sourcesareusuallycharacterisedby high turbidities andsuspendedsolids dueto run-off after

heavy rains. Groundwater is often of better quality becauseof its natural protection

underground.
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(b)Treatment methods

Groundwateris naturally protectedfrom contaminationand quite often is useddirectly

without any treatment.However, in caseswerecontaminationis known, it is only subjectedto

disinfectionby chlorinationbecausethe physicalquality is usually still acceptable.It should

bementionedthatwhethergroundwatercontaminationis knownor not,disinfectionis always

recommendedbecausecontaminationcan also occur after the water is abstractedfrom the

ground.Moreover, contaminationdoes not give a warning. It canonly be noticeablefrom

adverseeffects resultingfrom taking contaminatedwater, then it can be too late to disinfect.

Hence,theemphasisof continuoussafetydisinfection.

Surfaceraw watersourcesare subjectedto naturalor humanpollution andcontaminationas

they are not naturally protectedlike groundwater. Hence, the treatmentof surfacewater

entails extra difficulties comparedto groundwater. In Zambia, surfacewatersare mainly

treatedby conventionalsystems,comprisingchemicalpre-treatment,filtration (rapid or slow

sand)and finally chlorination. Some rural locations use raw surfacewater which is only

subjectedto batchdisinfectionor without any form of treatment.An overviewof thewater

treatmentpracticesin Zambiais summarisedin Table2.6-1.

Table 2.6-1: Overview of drinking water schemes in Zambia
ISource:WSDG 1

Rawwater
source

Treatmentscheme Numberof schemes

Surface 0 Chemicalpre-treatment=> Rapidsandfiltration ~ Chlorination —43

Surface 0 Chemicalpre-treatment=> Slowsandfiltration ~ Chlorination —18

Surface 0 Slow sandfiltration ~ Chlonnation —3

Surface 0 unknowiior directconsumptionfrom source —11

Ground 0 Chlorination 17

Ground 0 unknownor directconsumptionfrom source —19

Rapidsandfilters aremainly appliedin largecities (e.g.Kitwe, Lusaka,Ndola,etc.),andto a

lesser extent in townships, because of their high production capacities (m3/m2/d).

Performancesof acombinationof chemicalpre-treatmentandRSF areusuallyacceptablein

somebig citieswherechemicalsand expertsupervisionareavailable(e.g. the lolandaWater

Works which supply thecity of Lusaka).Thechemicalpre-treatmentat lolandaWaterWorks

produceeffluentswith turbidity lessthan5 NTU throughout theyear,andthe final rapidsand
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filtration filtrates have turbidity less than 1 NTU. However, for township applicationsof

chemicalpre-treatmentandrapidsandifitration, performancesarenot usuallysatisfactorydue

lack of chemicalsand expert supervision [Holzhausand Versteeg, 1993]. Chemicalpre-

treatmentin mosttownshipsproduceeffluentsofturbidity greaterthan 10 NTU. RSFfiltrates

areoften unacceptablebecauseofhigh turbidity levelswhich exceedWHO guidelinevalues

(upper limit 5 NTU). Most SSF applicationsin Zambiaare confinedto rural and township

watersupplies.

2.6.2 Slow sand filtration in Zambia

(a)Applications

In Zambia, there are at least 20 applicationsof slow sand filters in townshipsserving

populationsrangingfrom 2300 to 60000. In 199213, a technicalsurveyof the water supply

systemsin fourteen townships in Zambia was carriedby Hoizhaus and Versteeg(1993)

coveringsevenSSF and sevenRSFinstallations.Mwiinga (1994)evaluatedthewater supply

system,incorporatingSSF asthe main treatmentprocess,for the township of Monze.In all

theseapplicationsrawwateris drawnfrom surfacesources.

(b)Pre-treatmentmethods

Slow sandfilters applied in Zambiaare eitherprecededby the conventionalchemicalpre-

treatmentmethods or directly receive raw surfacewater. To date, there are no known

installationsof roughingfilters in Zambia.

(c)Problems

Many problemsfacedby SSF systemsin Zambiaare relatedto lack of financial input and

propermanagement[Holzhaus and Versteeg,l993]. Additionally, mostplants lack adequate

rawwaterpre-treatmentand arenot usuallywell operatedor maintained.Thismeansthateven

when moneycould bemadeavailable for rehabilitation,without incorporatingother aspects

suchastrainingof operators,funding, monitoringor evenalternativepre-treatmentprocesses,

the rehabilitatedsystemsstill experiencethe sameproblemswith time. The majorproblems

noted by Holzhaus and Versteeg(1993) in most SSF plants incorporatingchemical pre-

treatmentin Zambiaareoutlinedbelow.
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(i) Pre-treatmentchemical supplies

The useof chemicalsfor pre-treatmentconstitutesthemajoroperatingcost.Normally, the

lack of chemicalsis attributedto lack of funding and good management.Absenceof

chemicalsmeansa slow sandfilter is subjectedto rawsurfacewater.This is undesirable

since it causesrapid clogging of the sand,especiallyin the rain seasons,necessitating

frequentfilter cleaningswhich, in turn, increaseoperatingandmaintenancecosts.

(ii) Lack of skilled manpower

Most rural andtownshipwatersuppliesareunableto attractqualifiedpersonnelbecause

oftheir remotenessandinability to payworkers.Theproblemof unqualifiedpersonnel

is also commonin mosturbanwatersupplies.Largewatersupply systemsin big cities

manageto collectpartof theirwaterrevenuesfrom thelargecustomerbaseandareable

to retainsomeofthequalified staff Hence,mostqualifiedpersonnelin watertreatment

areluredto largecitiesandprivateindustries.Thelackofskilled manpowerhasled to:

=> Inappropriateoperationof conventionaltreatmentsystems.This hasled to carry-

oversoflight flocs which subsequentlyclog theslow sandfilter media.Someinlet

controlled slow sandfilters arecontrolled from the outlet, a situationwhich may

lead to application of inaccurate filtration rates. Monitoring of the treatment

systemsis poor since responsiblestaff or operatorsare not adequatelytrained.

Wrong slow sand filter cleaningproceduresare common; a slow sandfilter is

drainedcompletelyandallowedto dry for at leasttwo days.This is not acceptable

becausedrying the filter-bed kills all the bacteriologicallife, responsiblefor the

removalof pathogens,in thefilter bed.Whena filter cleanedin thisway is putback

to service,its filtrates areoftenof low bacteriologicalquality. It also cantakelong

for the filter to mature. In certain plants, raw waterbypassestreatmentjust to

increaseproductionwithoutconsideringthequality consequences.

=> Inaccuratedosing of pre-treatmentchemicalswhich results in poor pre-treated

effluentssincepersonnelin chargein mostcaseshardlyunderstandtheprocesses.

Normally, chemicaldosagesaresupposedto be determinedfrom experiments,but

operatorsjust addestimatedquantities.
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=> Inability of availablepersonnelto requestmanagementor higher authoritiesto

undertakecertain measures:there are cases where filter sand has not been

replenishedafter severalcleaningsresulting in very thin filter beds(<20 cm) or

eventhewhole filter unit beingout of sand,andyet nothinghasbeendone.

(iii) Lack of equipment and spareparts

Laboratoryfacilities for evaluatingandoptimisingtreatmentprocessesarenot available

in mostwatertreatmentplants.Waterquality parameterssuchasturbidity and residual

chlorine caneasilybe measuredby simple portableequipment.Jartestequipmentfor

optimisingthecoagulantchemicaldosingis needed,but not availablein mostcases.

Treatmentprocesslike mechanicalrapidmixing, mechanicalflocculation, andchemical

dosing processareoperatedby movingmechanicallelectricalcomponents.Quite often,

oncesuchequipmentbreaksdown, spareparts are hardly availableor acquired. This

when theneedfor funding and skilled manpowerto properly maintainor repairthese

facilities comesin.

For slow sandfilters that directly treatturbid surfacerawwater, the main problems faced

are operation and maintenancedue to rapid clogging of the filter-beds. Well trained

operatorsarerequiredto operatethesefilters.

(d)Performances

Theperformances,obtainedduring field visits to therespectiveplants,ofsome slow sand

filter applicationsin Zambiaaresummarisedin Table2.6-2 [Holzhausand Versteeg,1993;

Mwiinga, 1994].Theinformation in Table2.6-2 wasobtainedduring thedry seasons.It is

thereforemost likely that raw water turbidities during the rain seasons,and after some

rains,arehigherthanthoseshownin this tabledueto run-offwhich carriesa lot ofclay and

othersuspendedmatter.
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Table 2.6-2~:Examples of SSF application in township water supplies, Zambia
[Source:Holzhausand Versteeg,1993;Mwiinga, 1994]

Township,
YOC;

population

Rawwatersource-

Treatmentscheme Turbidity Remarks

RW PTW FIN Tap
Chadiza;
1976;
3500.

NsanzuRiver
C-25B-4SSF

65.7 42.4 1.94
MalfUnction ALUM feeder; no
spare parts; high turbid raw
waters in rain season,SSF filter
runs-4 weeks ( wet season)and
12 weeks(dryseason)

Gwembe;
1957;
2300

dam-chikumnver

C/R/F-2SB-3SSF-Chl

33.6 32.4 13.1 20.3
Rehabilitatedin 1984; Chemical
shortages; SSF filter-runs: 2
weeks(wet season),4 weeks(dry
season), C 60 cm filter bed;
improper filter control; high
turbidrawwaters in wet season

Lundazi;
1971;
10000

River

C/F-2SB-4SSF-Chl.

18.1 4.15 0 69 ALUM dosingequipmentbroken,
hence dosing is direct to
Sedimentationtank; no residual
chlorine at tap, high turbid raw
watersin wet season

Mansa;
1976;
44000

Mansariver

4SSF-Chl.

4.8 - 1.2 3.4
cwt

No pre-treatment; clogging
problems common with filter-
runsas shortas 3 days,someraw
waterby passtreatment

N’imba;
1970;
2300

Dam-Chlku’unver

C-25B-2SSF-Chl.

9.9 - - 0 77 high turbid raw waters m rain
season;shortfilter-runs

Sarnfya;
—1986;
17000

lakeBangweulu

SSSF-ChI

high turbid raw waters in wet
season;filter-runs: 4 weeks (dry
season),2 weeks(wetseason),no
pre-treairnentandsomerawwater
by passestreatmentto increase
production

Zimba;
1985,
7000

Zimbadam

C/F-1SB-2SSF-Chl

42.2 17 9 8.16
ALUM stocks inconsistent;
filter(sand)bed<15-20cm; filter-
runs 4 weeks (dry seasons), 1
week(wetseason)

Monze;

~
2000

Dam-Magoyeriver

C/F-25B-6SSF

36 40 40 32
Rehabilitated in 1994; ALUM
shortages for long time, high
turbid raw watersboth in Dry and
wetseasons;Shortfilter runs ( <1
week)

NOTE: RW-raw water, PW - pre-treated water, FW - filtered water, YOC - year of construction,C-
coagulation,C/F - coagulation/flocculation,C/RIF - coagulation/rapidmixing! flocculation,SB - sedimentation
basin, CIII. - chlorination
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From Table 2.6-2, it is clear that the rawwater fed to slow sandfilters doesnot meet the

acceptableSSF quality (<10 NTU) for the plants in Chadiza, Gwembe,Zimba andMonze.

From the remarkscolunm in Table 2.6-2, it is obvious that chemical shortagesin these

locations are common. Considering all locations, it is certain that inadequatefunding,

operationandmaintenancecouldbeanotherproblemevenif chemicalsweremadeavailable.

Sufficiently designedslow sandfilters areexpectedto produceeffluentsof turbidity lessthan

1 NTU, regardlessoftherawwaterqualitybecauseof thefine sand.Thehigh slowsandfilter

filtrate turbidities in Table2.6-2areattributedto poordesignswith respectto thefilter media

usedand thecontrol offiltration rate,andinadequatepre-treatment.Rawwatersourcesshown

in Table 2.6-2 are reported to exhibit high turbidities during the rain seasonwhich

consequentlyclog slow sandfilters due to inadequatepre-treatmentof highly turbid raw

waters. Slow sandifiter rums lessthan one month, and even as short asthreedays(for the

direct SSFin Mansa),arereported.

2.7 Water treatment pilot plant studies

Currently,water supply systemsworld-wide arebeingchallengedby drinking waterquality

regulations;increasedwater demand;ageingwater systems;and high costs of construction,

operation and maintenance.Considerationsof new or at leastnon-conventionaltreatment

methodsto facethesechallengesis becomingfrequent,and pilot plant studiesareneededto

study thesealternatives.

A pilot plant canbe definedas a physicalembodimentof the conceptionof a processor

processes,constmctedon a small-scalefor theevaluationoftheprocessto the extentdesired,

while providing for the easeof control, monitoring or evenmodification, if necessary,at

reasonablecosts.Small-scalemayincludeanythingfrom abenchsizeto apilot plant handling

severalcubicmetersof waterper day. However,the importantdistinctionis that apilot plant

is significantly smallerthana full-scaleunit.

In drinking watertreatment,filtration pilot plantshavea muchreducedifiter area,but the

ratesof filtration andvertical dimensionsfully duplicatethevaluesexpectedin thefull-scale

plant. The filter surfaceareadoesnot affect performance,henceconstructinglargefilters can
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unnecessarilybe costly. However, filtration ratesand filter-bed depthsaffect performance,

hencekeepingtheseparametersas-expectedin the full-scale plant would give conclusive

indicationsofhowthe desiredfull-scaleplantwill perform.

Pilot plants must be carefully planned,designedand monitoredto achieveresultsthat are

applicablefor thedevelopmentandperformancepredictionof futurefull-scaleplant.

2.7.1 Purposes of water treatment pilot plants

Theoverall purposeofpilot plant studiesis to answerquestionsaboutthefull-scaleplant. The

following specificpurposesareusuallyaddressedin watertreatmentpilot plant studies.

(a) the treatabilityof a givenrawwater:whethera givenrawwatercanbe treatedto potable

waterby aparticularmethodof interest

(b) theeffectivenessofalternativetreatmentmethods

(c) establishingdesigncriteria

(d) establishingthesuitabilityoftreatmentmaterials,particularlylocal onesto avoid imports

(e) investigatingtreatmentmodificationsandunforeseentreatmentproblems

(f) estimatingoperationandmaintenancecosts

(g) establishingconfidencein proposedtreatmentmethods

(h) provingthe effectivenessofatreatmentprocessto localauthorities

2.7.2 General design guidelines of pilot plants in water treatment

Thefollowing aspectsareimportantin pilot plant studies[Thompson,1982; Wegelin, 1996]:

(a)Flow through the pilot plant

The supply to the pilot plant should preferably be by gravity to minimise on operationcosts

relatedto pumping.Sincepilot plantsare small, they are-characterisedby low flows. Small

dischargepumps for continuous pumping are usually uncommon. In most developing
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countries,suchpumpsmayneedto be imported.A high rawwaterlifting pump canbeused

occasionallyto fill anelevatedrawwatertank,from which thepilot plant is fedby gravity.

(b)Treatment or production lines

To ensuresufficientevaluationandreliability ofthe results,at leasttwo identicalproduction

linesshouldbe constructed. -

(c)Flow control

Since flows to pilot plants are relatively small, they are best controlled by devicesthat

accuratelymeasuresuch flows. Thesedevices include V-notch weirs, small orifices and

rotameters.Useof clampsor small valvesis not recommendedasthey rapidlyclog and are

thusnotcapableof maintainingconstantflows.

(d)Sizeand structureof ifiter unit

Thefilter unit diametershouldnot be too small to effectside-wallshortcircuiting. If thefilter

unit diameterto filter media diameterratio is at least25:1, the side-wall short circuiting

effectsareminimised. In RF, the media is normally not denselycompactedalong the side-

walls. Thusthis ratiocanbegreaterthan25:1, i.e. by increasingfilter unit diameter

The structureof thepilot plant must be sturdy, madeof either concreterings,plastic pipes,

steelcontainersor concretebrick-work. Woodenboxesshouldnot be usedas theyareoften

not water-tight. The various elements of the plant should preferably be separateand

compatibleto facilitatemodificationsandtransport,if necessary.

(e)Flow rates

Flow ratesshould not be too small astheyaredifficult to keepconstant,preferablynot lower

than30 L/h. Theyshouldbeequivalentto thefiltration ratedesired.

(f) Filter mediaandunder-drainsystems

TheFilter mediausedmustbe thesameastheone expectedto beusedin the full-scaleplant

andshouldbeascleanaspossible.
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Becauseof the small size of the filter units, designof the under-systemsis not feasible.

However,the filter mediaareusually supportedby gradedgravel placedon the perforated

filter-bottomplates.

(g)Protection

Pilot plantsmustbe roofed to preventheatingby sunshineand possibledisturbancesdue to

heavyrains. However,it is preferablenot to roofthe plant to haveit exposedto the actual

conditionsto beexperiencedby the future full-scaleplant.

Thelocationoftheplantmustbewell protectedto ensurethatits operationsarenotdisturbed.

(h)Extent and duration of tests

The investigationperiodshould be long enoughto cover the rangeof conditionsexpectedin

practice.This is particularlyimportantto rawwaterquality variations.It is not imperativethat

theplant beoperatedfor years, sufficient informationcanbe obtainedby operationat those

times oftheyearwhenadverseconditionsareexpected.

2.7.3 Monitoring of pilot plants in water treatment

Monitoringshouldbe carriedout by local staff, closeto thepilot plant, with field equipment

storedon site. However, laboratorystaff, not stationedon site, maybe involved to analyse

watersamplesfor specificwaterqualityparameters(e.g. FC). Operatorsentrustedto monitor

the pilot plant must be given adequateon-the-jobtraining by the qualified and experienced

engineer.The engineershouldbe able to visit theplant periodically to attendto unforeseen

eventualities,andreviewcollecteddataaswell.

Samplesfor waterquality analysisaretakenat the inlet and outletof the filter units. Several

taps included along the filter colunm depthcan serveas samplingpoints and manometer

connectionsfor head-lossmeasurements.Samplingat thesetapsmustbe donewith greatcare

not to re-suspendthesolidsaccumulatedwithin thefilter-bed.

The frequencyof monitoring various parametersis dependenton the extent of evaluation

desired.An exampleofamonitoringprogrammefor aRF-SSFplantis givenTable2.7-1.
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Table 2.7-1: An example of field test monitoring programme
[Source:We~elin,1996/

Flow ratesare usedto monitor filtration rates

studied.

ensuringthat they arewithin the valuesbeing

Head-lossesor filter resistanceindicatethe extentof cloggingwithin the filter-bed. It is thus

importantin signifying theneedto cleanthefilter-bed.

Faecalcoliforms aremonitoredinsteadof total coliform becausethey areobvious indicators

ofpossiblecontamination.

Filterability relatesto the amountof water filtered through a filter paperNo. 595 in three

minutes[Wegelin,1996].An efficientplant will haveRE filterability valuesbetween200 and

300 ml per threeminutesandSSF filtrates shouldhavevaluesgreaterthan 300 ml per three

minutes.Filterability tests replaceTSS measurementsif equipmentis not availablefor the

more accuratedeterminationof TSS. The testswill producerelative values sufficient to

monitortheefficiencyofRF in solidmatterremoval[Wegelzn,1996].

Parameter
Control / sampling frequency

Raw water RF filtrates SSF filtrates
a) Flow rate - daily daily
b) Filter resistance - weekly every2 days
c) Turbidity daily daily daily
d) Filterabilityor

(TSS)
weekly weekly weekly

e) Settleablesolids athigh turbidity
only

- -

1) Faecal coliforms
(FC)

monthly monthly monthly

g) Chemical
substances

if requiredat
definedintervals

- if requiredat defined
intervals
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Chapter three

MATERIALS AND METHODS

3.1 General

This chapter presentsa descriptionof the materialsand methodsused in a pilot water

treatmentplant study on a combinationof up-flow roughing filters in layers and slow sand

filters. The geographicallocation of the plant is given first, after which the rationale for

selectingthe treatmentprocesses(basedon the reviewedliteratureand local considerations),

designdetails,investigationsdoneandhowthepilot plant wasmanned,areillustrated.

3.2 Location of the pilot plant

The pilot plant was locatedin Kafue town which is within Lusakaprovince, Zambia.The

town is about60 km fromLusaka,thecapitalcity ofZambia(seeFigures3.2-1 and 3.2-2).

Figure 3.2-1: Location of Zambia and Lusaka province
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Although, thepilot plant site is far from TheUniversityof Zambia,locatedin Lusaka,where

all thedeskwork andsomeanalysisofwatersamplesweredone,it waschosenbecauseof

its proximity to a reliablesurfacerawwatersource;the Kafue River. In Kafue town, the

pilot plant was constructedwithin the intake areaof the lolanda Water Works, which

belongsto LusakaWaterandSewerageCompany.Hence,thepilot plant wascalled “Pilot

plant lolanda”. The intake areawas choseninsteadof the main treatmentplant area

because:(1) the two rawmainswithin the intakeareahaveexistingtappingpoints, usedfor

samplingrawwater.Oneofthesepointswaseasilyrenovatedto supply the pilot plant. In

thetreatmentarea,thereis no suchprovisionson the rawwatermains, (2) the intakearea

offersbettersecuritysinceit is not closeto residentialareas

Figure 3.2-2: Location of Kafue town and the pilot plant
[Source: Umversity of Zambia,GeographyDeaprtmentj
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3.3 Selection of the pilot treatment processes

3.3.1 Raw water pre-treatment process

Thechoiceof apre-treatmentprocessis usuallybetweenconventional chemical processes and

non-conventionalprocesseswhich do not usechemicals.Although, the former are widely

used, their operation and maintenancerequire expert supervision,costly mechanicaland

electricalequipment,andconsistentchemicalsupplies.Thesedemaridsaredifficult to meetin

most poor developing countries,Zambia inclusive. In Zambia, most installations of chemical

pre~-treatmentsystemshavecausedmanyoperationandmaintenanceproblems which have led

to poorperformances(seeChapter2.6.2. (C)).

Recently, roughing filtration has emerged to be an alternativepre-treatmentprocessto

conventionalprocesses.Theprocessneitherrequireschemicals,expertsupervisionnor highly

mechanicalandelectricalequipment.Currentexperienceshave shownthat roughingfilters are

more effective than plain sedimentation,and much easierto operateand maintain than

chemicalprocesses,river-bedifitration or river-bankfiltration [Wegelin, 1996; Galvis et al.,

1993]. Roughingfilters arecharacterizedby lowerrunningcostsdue to easyoperation.

It is from the above considerationsthat roughingfiltration wasselectedasthepre-treatment

process.However, from the different types of roughing filters, up-flow roughing filters in

layers(URFL)werechosenafterconsideringthe following:

(a)Capital costs

Capital costs for URFL are lower than for HRF, URFS and DRFS [Wegelin, 1996].This is

evidentfrom the layout andsizeof URFL (seeFigure2.4-1). In URFL, theinstallationof

all gravel layers in one filter unit, of almostthe sameheightasthoseof the separate HRF,

DRFS or URFS filter units for eachgravel layer, meansthat less filter-media are used.

Consequentlylessconstructionmaterialssuchas piping, concrete,reinforcing steel,and

valvesareused.The overall capital costsfor URFL arethus lessthanfor the other types.

(b)Land use

The smaller size of URFL permits the useof less land area making them more compatible

where suitablelandareais scarce.However,this parameteris not likely to be decisivein

most developingcountrieswhere land is abundant.
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(c)Operation and maintenanceaspects

Cleaningof the filter-bedconstituteanothercriterion for roughingfilter selection.Hydraulic

cleaning in UTRFL is much effective and faster. A comparativestudy done in Ae~ch,

SwitzerlandbetweenHRF and URFL revealedthat TJRFL show highersolids removal

during hydraulic cleaning, and were recommendedunder the study conditions there

[Wegelinet a!., 1991]. Tn }{RF, DRFS, or URFS, eachgravel layer hasa separatedrainage

valve.But in URFL, normally one drainagevalve is installed, and openingof this valve

washesall the gravellayersat once.Thismakesthecleaningprocesslesslabourintensive

and easy to monitor. When it comes to removing the entire gravel media for manual

cleaning,lesslabouris requiredfor URFL sincequantitiesinvolved areless.

(d)Integration

Existingchemicalpre-treatmentstructures,suchassedimentationandflocculationbasins,can

easilybe reconstructedto URFL. EvenalargeSSFunit canbe reconstructedto encompass

IJRFL. However, for the othertypes,additional structuresare required,sinceeachgravel

layer is placed in a separatecompartmentresulting in longer filter lengths. Possible

integrationofURFL into existingstructuresis illustratedin Figure3.3-1.

godidithitation tenk elow send filter

elow sand filter combined
with upfiow roughingfilter

Figuro 3.3-1: Possible Integration of URFL into sedimentation tanks or slow sand filters
[Source: Wegelin, 1996]

1~ I

sedimentationtankcombined
with upftow roughkig filter
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(e)Rawwater sourcesand quality

Thesourceandquality of raw water usually determinethetype of RF to be used.URFL are

reported to handleraw water of relatively low turbidity compared to the other roughing

filters(seeTables2.4-1& 2.4-2).This is attributed to the shorterifiter depthofURFL.

Water supply systemsin Zambia usuallyusedamsor reservoirsalong rivers to store sufficient

raw water for useduring dry seasons[Holzhausand Versteeg, 1993]. These raw water

sourcesexhibit low turbidity levels except in the rain seasonswhen higher levels are

commondueto runoff. The KafueRiver,whichwasthe sourceofthe rawwater suppliedto

pilot plant lolanda, is oneofthe largest surfacewalersourcesin Zambia [GRZ, 1994].It is

generally characterizedby low turbidity levels most of the year (monthly averages< 30

NTU). This makesIJRFL appropriatefor thiskind ofraw water.Duringrainseasons,daily

turbidity peaksvary from 30 to 250 NTU. However,it is possiblethat IJRFL canhandle

occasionalturbidity peaksasreportedin literature.

3.3.2 Main treatment process

Tn drinking water treatment, the choiceofthe main treatmentprocessnormally lies between

RSFandSSF.Consideringthat this studywasaimedfor small andmediumcommunitywater

supplies,theselectionwasdoneafter evaluatingeachprocess.

(a)Rapid sand filtration

RSF has the benefit of high specific filtered water production (m3/m2 Id) compared to an

equivalent SSF units [Huisman, 1986]. Thus RSF requires less land, and is more

appropriatefor largeurbanpopulationswhere land is scarceand water demandis high.

However, the disadvantagesof RSF include: (1) operation and maintenance needexpert

supervision,(2) highly mechanicalandelectricalfilter mediacleaningprocessesrequiring

large quantities of treated water and electrical energy; (3) filtrates are usually not

bacteriologicallysafe and alwaysrequiredisinfecting; (4) in most developingcountries,

constructionof RSFplantsusuallyrequiresimportationof somemechanicalandelectrical

installations; (5)constructioncosts are higher than those of slow sandfilters for small

capacityplants[Visscher, 1987;Lambert andGraham, 1995].
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(b)Slow sand filtration

Theadvantagesofslow sandifiters are: (1) doesnot needexpertsupervision:lesslikely to go

wrongunder inexperiencedoperation;(2) filter mediacleaningis usuallymanualwithout

requiringanyelectricalenergyor largeamountsof filtered water; (3) capableofproducing

potablefiltrates which may not requiredisinfecting; (4) canreadily be constructedfrom

local materialsevenin developingcountries;(5) operationandmaintenancecostsarelower

thanthoseofrapidsandfilters [Huisinan, 1989; 1986].LambertandGraham(1995)report

that constructioncostsofsmall capacityslow sandfilter plantsaresubstantiallylower than

for equivalentrapid sand filter plants on accountof their simple design and minimum

mechanicalandelectricalequipmentrequirements.

Known disadvantagesofslow sandfilters are: (1) requirementfor largeareasofland; (2) high

cost of constructionper unit area for large installations; (3) labor intensive cleaning

procedures.However, these disadvantagesare less pronouncedin community water

suppliesof developing countries{Huisman,1989]. In most developing countries,large

areasof land, cheaplabourand local materialsare readily available.Since this study is

targetingsmall andmediumcommunitywatersuppliesin Zambia,SSF wasselectedasthe

maintreatmentprocess.

3.4 Pilot plant designand construction

3.4.1 Materials

(a)Filter units, piping, flow control devicesand raw water tanks

Options for filter units included steelpipes, brickwork, PVC pipes, fibre glass tanks and

concretepipes. Aspectsconsideredin selectingamongtheseoptionswere: (1) availability;

(2) costs;(3) theeasewith which to work; (4)andreliability with leakage.

LusakaWater and SewerageCompanyofferedoff-cuts of steelpipes, availableright at the

pilot plant site in Kafue. Thus steelpipesbecomean automaticchoice. Steel pipes are

reliablewith respectto leakageand are easily fabricatedas desired.However,the pipes

werenot readyfor directuseand hadto becleanedandpaintedto preventcorrosion(see

Figure3.4-1).
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Figure 3.4-1: Steel pipes for pilot plant filter units

The water distributionsystem for the pilot plant wasmadeof oneinch (11 (galvanizediron)

pipes, elbows, tees and unions, obtained locally. PVC pipes were preferredbut are

difficult to threadand couldhavecostmore. The pipeswere cut-and threadon site (see

Figure3.4-2). Cutting andthreadingofthepipeson site allowedquick modificationsand

correctionofany errors.

URFL unit

(a) off-cuts steel pipes before cleaning

(b) Cleaned and painted steel pipes
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Rotameterswereusedto measureflows. A gatevalvewasinstalledbeforeeachrotameterfor

adjustingflow rates.

Raw water tankswere madeof two 210 litre drumsbought locally. They were thoroughly

cleanedandpaintedwith waterresistantpaintto preventcorrosion.

(b) Pilot plant foundation and filter unit support structures

The filter units wereplacedon a concretefoundation,caston siteusing local sand,crushed

stoneandcement(seeFigure3.4-3).

Figure 3.4-2: GI Pipes being thread and cut to size on site

Concrete Foundati

Figure 3.4-3: Pilot plant foundation and filter unit supports
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To ensuregravity flow from URFL unitsto SSFunits,UTRFL unitswereelevatedby a steel

table constructedof steel channels(see Figures 3.4-3 & 3.4-11). The steel table was

fabricatedon site by welding, and its legs were cast in concretefootings for stability

purposes.SSFunitswereplaceonsteelrings, about18 cmin height,filled with concrete.

(c)Filter media

Natural gravel for URFL and river sandfor SSFwere obtainedfrom local sourceswithin

Kafuetown. Thesefilter mediawerenotsuitablefor directusedueto largeamountsofclay

(visibly noticeable),and were not graded.The washing was done manually in wheel-

burrows(seefigure 3.4-4).Afler washing,themediaweredriedandgradedby sieving.

3.4.2 Design details of up-flow roughing filters in layers

Thedesignofthepilot URFL wascarriedoutwith referenceto therevieweddesignguidelines

for full-scaleplant, anddesignconsiderationsfor pilot plants(chapter2). Table3.4-1 presents

a summaryof thedesignparametersfor thepilot TJRFLunits.

Figure 3.4-4: Filter media washing In wheel-burrows
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Table 3.4-1: Design values of URFL pilot plant units

Parameter Designvalue
(a) Operation (hours/day) 24
(b) Numberof filter units 2
(c) Filtranonrate(rn/h) 0 3 - 1.25

(d) Filtrationmedia Si.ze(rnm) cI~or 10, d~ Umfornuty Depth(cm)

• Top layer
(mm) coefficient(UC)

2-4.75 1.45, 2.81 1.94 (2.38)* 35

• Middle layer 4.75-9.52 4.54, 6.17 1.36 (2.00)* 35

• Bottomlayer 9.52-19.1 9.90, 13.8 1.39 (2.0O)* 30

• Supportlayer 25-38 - (1.52)* 20

(e) Supernatantdepth 20 cm
(f) Freeboarddepth 20 cm
(g) Height,Diameterof filter 1.6m, 68 cm

umt
(h) Ratioof filter unit diameter 69

to effectivesizeof coarsest
gravel_(bottomlayer)

Note: 0* Wegehn’s UC = largegravelsizedivide by smallestsizem a givengravellayer

The above design parameters and aspects not indicated in the tablearediscussed below.

(a)Operation and number of filter units

URFL unitswererun 24 hoursper day to continuouslysupply slow sandfilters. Continuous

operationensuresthatthe filtration mechanismsarenot disturbed.

Two filters unitswere selectedto allow adequateevaluationof theperformanceand establish

confidence of the results. If the two identical units give similar results, then the

performanceof full-scaleplant, designedon thebasisofthepilot plant, canbe guaranteed.

(b)Filtration rates

Roughingfilters operateat filtration ratesrangingfrom 0.3 to 1 .Omfh (seesection2.4-3 (c)).

Therefore,this rangewaschosenfor thisstudy. In practice,thereare caseswhenone filter

is out of operation for maintenance,but production has to be maintained.Therefore,

filtration rates of operational filters are normally increasedto maintain the desired

production,hencean averagefiltration rateof 1.25 mlhwas alsostudied.

The variationof flow to eachURFL unit wasdeterminedfrom the applicablefiltration rates

and the cross section area of the available filter unit (68 cm diameter,cross section area: A

= 0.363 m2) which gives a rangeof -~409to —P365 L/h. However, to allow for greaterthan
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1.0 mlh filtration rates,rotarnetersmeasuringflow ratesup to 500 L/h (Vf = 1 .4mIh) were

used.

(c)Inlet structure

The inlet structure for each URFL unit was made of a steel box divided into two

compartments separatedby a rectangular weir. Raw water flowed into the first

compartment,and over the weir to the secondcompartment.The secondcompartment

allowed the raw water to flow by gravity through the roughing filter. Before the first

compartmentwasarotameterfor readingflow rates(L/h) andagatevalve for flow control.

Thegatevalvewasalsousedto isolateinflows whencleaningURFL.

(d)Under-drain system

Sincepilot filtration plants areusually significantly smaller than full-scaleplants in surface

area,under-drainsystemscannotbe designedasfor full-scaleplants.Roughingfilter pilot

plantsusuallyuseperforatedfilter bottomsand gravel layersas under-drainsystemsfor

distributing raw water and collecting wash water during hydraulic cleaning [Ives and

Rajapakse,1988; Di Bernardo,1988].Thelength,width ordiameterofpilot filter units are

usuallylessthantherecommendedspacingoflateraldrainsfor full-scaleplants.Therefore,

thedesignof lateraldrainswouldnot bepracticalforpilot plants.

Thediameterof the steelpipesusedfor URFL unitswas 68 cm,which is less thanthelateral

spacingof 1-2 m and 1 m for full-scaleplantsasrecommendedby Wegelin (1996)and

Galvis et al. (1993), respectively.Hence,a gravellayer(25-38mm) wasusedastheunder-

drain system.This layer also supported the filter media. The inlet of IIRFL was at the

centreof the unit. To aid the uniform distributionof the raw and evenabstractionof the

wash water, four lateral drains (25.4 cm GI pipes,length30~crn,perforatedwith 10 mm

diameteropeningsspacedat 10cmintervals)wereinstalled.Theselateralsjoined themain

drainat thecentreofthefilter unit. Theunder-drainsystemwasusedbothasdividing flow

(normaloperation)andcombiningflow (duringwashingofthe filter media).

A fast drainageball valve, 1.2 m below the filter bottom, was installedto facilitate filter

draining(seeFigure 3.4-11).Locatingthe drainagevalveat a depthgreaterthan 1.0 m is

reportedto give additionaldrainageheadwhich increasestheinitial drainvelocities.
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(e)Filter media

NaturalgravelusedasURFL ifiter mediawasnot suitablefor directusefrom source.It had to

be washedandgradedto ensuregoodperformance( see3.4-1 c). The selectedgravelsize

for UIRFL rangedfrom 2 to 19.1 mm, andwasdivided into threelayers:bottom layer(30

cm): 19.1-9.52mm, middlelayer(35cm): 9.52-4.75mm, andtop layer(35cm): 4.75-2mm.

The gravelsize rangeis within the limits suggestedby Wegelin(1996) and Galvis et al.

(1993)(seesection2.4.3).Threegravellayerswerechosenbecausesofar theyhaveshown

to give adequateresultsand economicbenefits(see section2.4.3 (d)). Sieve analysis (see

figure 3.4-5) of the gravel reveal uniformity coefficients(UC = d~/d1o)less than two,

which areacceptable(seesection2.4.3 (ii)).

100
~go
~80

70
~60
~5o
~40
w30
o~20
~ 10

0
0.1 SIeve openlng(mm) 10 10

H_Bottom layer[19.1-952mm] —a—M!ddle layer[9.52-475mrn] -a—TopLayer[4J5-Z0mmJ~

Thegravellayerswereseparatedfrom eachotherto preventmixing in theeventof taking out

thewhole filter mediafor manualcleaningin futureby PVC mesh.

(f) Scaledown effects

The reducedcrosssectionareasof pilot filter units comparedto full-scale units cancause

short circuiting along the side walls wherethe filter mediaarenot denselypacked.Raw

water can thus flow along the filter unit side walls without beingadequatelyfiltered, and

maydeterioratethequality ofthefiltrate. To checkagainstshortcircuiting, theratio ofthe

filter unit diameterto the effective sizeof the coarsestgravel size was calculatedand

comparedto the minimum suggestedvalue by Wegelin (1996)(seesection 2.7.2 (d)). A

valueof69 wasfound(>minimumvalueof25, andhenceis acceptable).Therefore,short-

Figure 3.4-5: Sieve analysis for URFL gravel
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circuiting effectswill not be appreciable.Barret et al. (1991)report that pilot filter unit

diametersgreaterthan30.5 cm canbeusedwith little concernaboutside-walleffects.

(g)Supernatant and free-board depths

A supernatantwaterdepthof 20 cm waschosenasrecommendedby Galvis et al. (1993).A

20 cm free-boarddepthwasallowedto provideextrastoragefor washwater.

(h)Collecting drains

Pre-filteredwaterwas collectedevenly by a one inch perforated(10 mm diameterholes

spacedat 10 cm intervals)GI pipe along the filter unit diameter.This drainwasinstalledat

themaximumlevelofthesupernatantwater,which wastheoutlet level for URFL.

(i) Outlet structure

The collectingdrain deliveredthe pre-filteredwaterto anoutletbox. This box wasprovided

with anoverflowpoint, below thefilter unit outlet point.This designensures,thatthe filter

unit outletpointis not submerged.A submergedoutletdoesnot providefreeoutflows due

to backwatereffectswhich cancausedifficulties with flow adjustments.

3.4.3 Design details of slow sand filters

Thedesignofthepilot slow sandfilterswascarriedout with referenceto therevieweddesign

guidelinesfor full-scaleplant and designconsiderationsfor pilot plants (sections2.2 and

2.7). A summaryofthe designvaluesis presentedin Table3.4-2.

Table 3.4-2: Design values of SSF nilot plant units
Parameter Designvalue
(a) Operation(hours/thy) 24
(b) Numberof filter units 2

(c) Filtration rate(rn/h) 0.1 -0.3
(d) Filtration media initial depth

:effectivesize~de

:uniformity coefficient

(e) Supportgravel: Bottom layer
Middle layer
:Top layer

0.80m
0.33 mm

2.80

size= 19-3 8 mm, thickness= 10 cm
size 6 - 12 mm, thickness 5 cm
size= 1.5 - 4 inni, thickness= 5 cm

(f) Supernatantdepth 0.90m

(g) Freeboard 10 cm
(h) Diameter,height of filter unit 90 cm, 2.0 m
(I) Ratio of filter unit diameterto

effectivesizeof sand
2700
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(a)Operatlon and number of filter units

Slow sandfilters were run24 hoursper day. SinceSSIE is a biological process,intermittent

operation disturbs the micro-biological life within the filter-bed and can cause

breakthroughsof pathogens.Therefore,continuousoperationis alwaysnecessary.

Two filter units were selected to allow adequateevaluationof the performanceand establish

confidenceof the results. If the two identical units give similar results,thenthe effective

performance of a full-scale plant, based on the pilot plant design, canbe expected.

(b)Filtrationrates

The chosenrangefor thevariationof filtration rates was0.1-0.3rn/h (seeTable2.2~l).With

thediameterofeachSSFunit at 0.90 m (crosssectionarea: A = 0.636 m2), theflow rates

variedfrom ~65 to ~-490L/h.

(c)Inlet structure and flow control

For eachSSFunit a baffle plate below the inlet pipe was installedto preventerosionand

disturbance of the sand surface by the splashing of the inflow water at the beginning of the

operation(seefigure 3.4-6).

Filter-bed ~
surface

Figure 3.4-6: Inlet for pilot plant Iolanda slow sand filters
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Filtration rateswerecontrolledfrom theinlet line. A valvebeforeeachrotameterwasusedto

controlthefiltration rates.This meansofcontrol waspreferredbecauseit doesnot demand

for daily adjustmentsofflows to keepthefiltration rateconstant.SinceSSFareoperated at

constant rates, head-loss development demand daily adjustment of flows in outlet

controlled filters to keep constant filtration rates. However, in inlet controlledfilters, once

thedesiredrateis set, frequentflow adjustmentsarenotnecessary.Therising supernatant

waterlevel asfiltration progressescompensatesfor thedevelopedhead-losses.

(d)Under-drain systemand support gravel

The evenabstractionof filtrates from slow sandfilters was enhancedby a systemof under-

drainscomprising perforated (10 mmdiameter holes @ 10 cm spacing)one inch GI pipes.

A 20 cm layer of gravel, to supportthe filter mediaand also aid in even collection of

filtrates,wasplacedon top ofthe collectingdrains.This gravelwasdesignednot to permit

the wash-outof the fine sand.Following the designproceduresdescribedby Huzsntan

(1989),thefollowing characteristicsofthesupportgravelwereselected:

=> Bottom layer 1: Size 19.1-38mm, 10cmthickness

=> Middle layer2 : Size— 6-12mm, 5 cmthickness

~ Top layer3 : Size= 1.5-4mm, 5 cm thickness

(e)Filter media

Local sandwasusedasfilter media.Figure3.4-7 presents results of the sieve analysis for both

theunwashedsand(UWSand)andwashedsand(Wsand).

100
~90
~ 80
~ 70
u~ 60
~ 50
~ 40

30
°- 20

10
0

0~1 1 10
Sie~e opening [mm]

—0-—LwVsand-1 —0— LM/Sand-2—a-— Wsand-1—0-— Ws~~

Figure 3.4-7: Sieve analysis for SSF sand
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The sieveanalysisshowedthat the unwashedsand(d~ 0.21 mm, UC 3.35)satisfiedthe

recommendedsandspecificationsfor SSF.However~the sandwasvisibly dirty (clay) and

requiredwashing.Dirty sandcauseshigh turbidity filtratesuntil all theclay is washedout.

Riet~’eldandMatsznhe(1993)reportof their casein which uncleanSSF sandtook over

threemonthsto beginproducingfiltrates of acceptableturbidity. In this study, the dirty

sandwaswashed,dried and gradedto avoid sucha situation. The washedsandhad a

reducedUC value of 2.80 and the effectivediameterincreasedto about0.33 mm, both

parametersstill remainedacceptable.

A filter-beddepthof 80 cm was selected,which falls within the acceptablelimits (seeTable

2.2-1). This depth allowed the operation of the SSF units through the period of

investigationswithout reachingtherecommendedminimumdepthdueto cleaning.

(I) Supernatant and free-boarddepths

Sincetheheightofthe SSFunitswas2 m, the 20 cm supportgraveland 80 cmfilter-bed left

1.0 m for the supematantwater and free-boarddepth.The maximum initial supernatant

depthwassetat 90 cm andfree-boardat 10 cm.

(g)Outlet line

The outlet line for SSFunit comprisedone inch GI pipe systemsand a drainagevalve (see

Figure3.4-8).

Figure 3.4-8: Outlet lines for pilot plant lolanda slow sand filters
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The outletweir level was set above the sandsurfacelevel to preventbelow atmosphericair

pressures.Thedrainagevalvewasusedto drain thewaterlevel in the sandto about 10-15

cmbelowsandsurfaceto facilitate cleaningby scraping.

(h)Scallngdowneffects

To checkagainsttheeffectsofshort-circuitingalongtheside-walls,the ratio oftheSSF unit

diameterto the effectivediameterof the filter-mediawasdetermined.A ratio of2700was

found, far muchlarger thantherecommendedminimum of 25. Thereforeshort-circuiting

alongthesidewallswasassumednegligible.

3.4.4 Layout of pilot plant lolanda

(a)Raw water supply system

Rawwater for pilot plant Jolandawas abstractedfrom an existing tapping on one of the

rawwatermainsfor LWSC’s lolandaWaterWorks(seeFigure3.4-9).

Thepressurewithin the LWSC raw watermainsmaiiagedto dischargeinto two elevated

raw water tanks locatedabout 7 m high from the abstractionpoint. The layout and

constructionofthe rawwatertanksallowedtaking one out of operation,with the other

tank still supplyingthe filter units (seeFigure 3.4-10).Settling within the raw water

tankswasminimizedby settingtheoutletat thebottom ofthetanks(seeFigure3.4-10).

Figure 3.4-9: Raw water abstraction for pilot plant Iolanda
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A float valvein eachrawwatertankwasinstalledto maintainconstantwater level so that

the hydraulic head delivering water to the filter units was constant,hence constant

flows. Changesin waterlevelscouldhavecausedflow adjustmentproblems.

(b) Filter units

The two TJRFL units and two SSFunits madetwo productionlines, eachconsistingone

IJRFL andone SSF (seeFigures3.4-11 and 3.4-12).The interconnectionsbetweenthe

URFL outlet lines ensuredcontinuoussupply to slow sandfilters. It was possible for

one URFL to supply both SSF units when the other was out of operation. The

constructionoftwo productionlinesallowsadequateevaluation(Thompson,1982).

Flow from therawwatertanks throughthe filter unitswasby gravity (seeFigure 3.4-13).

Gravity flow eliminatedtheneedfor costlypumping.Filtratesfrom URFL unitswerein

excess of the capacities of slow sand filters. Therefore, URFL outletboxesmaintaineda

constanthydraulic head, which delivered pre-filtered raw water to slow sand filters, by

meansofa fixed overflow. This ensuredsteady flows to SSF units.

(c) Drainage systems

The drainagesystemsofthe pilot plant collectedanddirectedall overflows, SSF filtrates

andURFL wash-wat~rsafelyto anexistingdrainagesystem.

- -~-~-——-~ 4

Figure 3.4-10: Layout of pilot plant lolanda’s raw water tanks
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L ~ N-J \/ I ~ W (i : -4-c) 1

SECTION ViEW (1 40) JNJ9: All di~nensi5~5~n mm

Figure 3.4-11: Schematic layout and design of pilot plant lolanda
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Figure 3.4-1Z: Picture of the complete pilot plant lolanda

m

Raw water
tanks

-5.43 m

URFL units

SSF units

Figure 3.4-13: Hydraulic profile of pilot plant lolanda
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3.5 Investigations on pilot plant Iolanda

3.5.1 Objectives

The overall objective of the investigationson pilot plant lolanda was to evaluatethe

effectivenessof a combinationof up-flow roughingfiltration in layersandslow sandfiltration

as a potential alternative to conventionalsurface water treatment methods in Zambia.

Therefore,thetreatabilityof the surfaceraw waterby TJRFL-SSFsystems,suitability of the

local filter materialsused,and the operationandmaintenanceaspectsof TJRFL-SSFsystems

were investigated.The investigationsalso aimed to establish confidence in LTRFL-SSF

systemsto promotetheirapplicationin Zambia,andpossiblyelsewhere.

3.5.2 Operating period and conditions

(a)Operating period

The operationperiodrangedfrom February 28, 1997 to May 31, 1997. This period did not

entirely cover the wet season in Zambia which starts from November to March the

following year. Initially, the operationperiodwasplannedto coverthe rain seasonperiod

whenadverserawwaterqualitiesareexpected.But this wasnotpossibledueto unforeseen

logistical problems.The recommendationson the period of water treatmentpilot plant

operation state that the period should cover all conditions underwhich the full-scale plant

is expectedoperate.Hence, the need to simulate wet seasonraw water quality was

inevitable.

(b)Operating conditions

(I) Raw water quality

Raw water was tappedfrom the LWSC raw water mains which transport raw water

abstractedfrom KafueRiver (seesection3.4-4 a)). Kafue Riveris characterizedby low

turbidity during dry seasons (<10 NTUmonthly averages) andoccasionaldaily peaks

ranging from 30-250NTU during wet seasons.Thewet seasonturbidity wassimulated

usingclay settledalongtheKafueRiver banks.The claysuspensionwas preparedin a

200 L container and was allowed to settle for at least one hour to remove easily

settleable solids. The supematantof the suspension,mainly containing colloidal

particles,wasdosedfor simulation. Initially, small electricaldosingpumpswere used,
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but they were giving operation problems and could not simulate high turbidities.

Gravity dosingwaslaterdesigned.Thesupematantof theclaysuspensionwasfed to 20

L containers,supportedon top of eachURFL unit, from which flexible plastic tubes

(diameter4 mm)dosedby gravity into theTJRFL inlet boxes.

Theraw watersimulationsweredonefrom 07:00hoursto 18:00hoursZambiantime. The

typical rawwaterqualityduringtheperiodof investigationsis given in table 3.5-1.

Table 3.5-1: Typical characteristics of the raw water fed to Pilot plant Iolanda

Raw water

Kafueriver simulated

(daily averages) <5 <300

per 100ml <200 <4000

solids (mgIL) <5

18-31°C

<2000

18-31 °C

was measureddaily from07:00to 18 00 hours,but is reportedasdaily average

(ii)Filtration rates

URFL filtration ratesof0.4, 0.5, 0.75, 1.0 and1.25 mlh weretestedasin Table3.5-2.

Table 3.5-2: Applied filtration rates and influent turbidity ranges on URFL

. .

Filtration
rate (rn/h)

vgavcrage)

URFL-1 URFL-2

Runtime:
days,(dates)

Rawwaterturbidityrange-
NTU (daily average)

Runtime
days,(dates)

Rawwaterturbidity
range-NTU (daily

average)

0.40 25, (2-26/03/1997) 1.04 - 10.67* 25, (2-26/0311997) 1.04 - 10 67*

0.75 20, (27/03-15/04/1997) 1.48 20, (27/3-5/4/1997) 1.48 - 12.85 “*

0.50 17, (16/04-02/05/1997) 1.37 - 383 17, (16/4-215/1997) [15- 260]***
0.75 26, (04-30/05/1997) 1.41 -3.11,[30-101]*‘~‘~ 26, (04-30/05/1997) [22- 123]***

1.0 31, (31/05-3010611997) 1.40-2.82,[25_156]*** 31, (31/5-3016/1997) [24- 220]***

1.25 18, (01-18/07/1997 [47 - 240]*** 10, (01-10/07/1997) [54 - 299]***

0.50 13, (19-31/07/1997) [71 - 245]*** 21, (11-31/07/1997) [67- 277]***

NOTE:
* ~> 2 daysin this rangerecorded9.68 & 10.67NTtJ, theresthad< 5 NTU; suspectedrunoff upstreamof Kajl~eRiver on one

day,andraw watertankswere cleanedonthe other(depositionsin thepipe systemmayhaveraisedturbidity.

**~ Only 1 dayrecorded12.85NTU aftercleaningthe rawwater tanks,theresthad<5 NTU

~ simulatedturbidity
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During Trial 1, both TJRFL and SSF units were not shaded.This wasdeliberatelydone to

evaluate the algae growth.From Trial 2 till 7, the filters were shaded since it wasobserved

in Trial 1 that algaecausedrapidcloggingofslow sandfilters. URFL unitswere shadedby

filling the supematantand free-boarddepthswith coarsegravel (25-50 mm), while SSF

units werecoveredwith timberboards.

Investigationson 0.75 m!h wererepeatedin Trial 4 for simulatedhigh turbiditiessinceTrial 2

(0.75m!h) ranunder low turbidity rawwater.This is thesamereasonfor having repeated

investigationon 0.50 mlh in Trial 7.

Rotametersfor slow sandfilters weresetat 150 L/h (filtration rateof 0.24 mlh). Volumetric

measurements on the outlets revealed the lowest filtration rates of 0.O8mIhat theend ofthe

filter- run (since the filter media aremorecloggedthen).

3.5.3 Operation and maintenance procedures

(a)Start-up of pilot plant operation

Beforestarting slowsandfilters, theywereback-filledfrom thebottomasdescribedin section

2.2.4 (a). A flexible hosepipewas securedfor back-filling using drinking waterfrom an

existing tapwithin thepilot plant site. it is important to usepotablewater for back-filling

so that the filter-bed is not contaminatedif rawwaterwasused.Back-filling was doneat

very low flows (50-100L/h: 0.08-0,l5nifh)to ensurethat all the air within the sandwas

drivenoutasrecommendedfrom literature.Entrappedairmaycauseshortcircuiting during

filtration, andalso impair thefiltration rates.

Before supplying raw water to the pilot plant from the elevated raw water tanks, it was

necessaryto drive out all theentrappedairwithin therawwaterpipesystemto preventair-

locks.Theeffectsof air-lockswereexperiencedat thebegmm no flow reachedthepilot

plant filters evenwhenthe rawwatertankswere filled andtheir outlet valvesfully open.

The air-locks were clearedby shakingthe pipesuntil water flowed into the UREL inlet

boxes. After clearing the air-locks supply to the pilot treatment plant was started.Thefirst

URFL filtrateswere visibly dirtier thanthe raw water,due to the self-washingof gravel.

Thesefiltrateswerefilteredto waste.
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(b)Filter-b ed cleaningand restarting procedures

(i) Up-flow roughing filters in layers

ThecleaningoftheURFL filter mediawasnecessarybeforestartingeachfilter-run so that

at leastthefilter-bedwasbroughtbackto a cleanstate.Additionally, cleaningof URFL

is necessary when the filter resistance reaches the maximum allowablehead-lossof

about30 cm [Wegelin,1996] orwhenthe filtrate quality deteriorates beyond the desired

level; normally daily average turbidity greater than 10 NTU are not acceptable.

However,in this studynon of thesehead-lossandifitrate quality criteriawerereached.

This was probablybecauseof the intermittent simulationof high turbidity (only day

times).

Both URFL were washed at the end of Trial 1 (27-03-97) before starting Trial 2.

Thereafter,the filters were not washedat the end of Trial 2. At the end of Trial 3,

URFL-l wasnot cleanedsincetheeffluentwasstill acceptable(<3 NTU), butURFL-2

was cleaned(02-05-97) becauseduring this trial it was fed with highly turbid raw

water(simulated)than URFL-l, and must have accumulatedappreciableamountsof

suspendedsolids. At the end of Trial 4, bothURFL were not cleanedsincethe filtrate

quality andhead-losswerestill acceptable.At the endof Trial 5, TJRFL-2 wascleaned

andwithin Trail 6 (18-07-97)bothURFL units werecleanecL

The filter gravel for UIRFL wascleanedby completedrainageof the units. Thefollowing

procedure was followed for eachIJRFL cleaned (refer toFigure 3.4-1 1):

=> the valve connectingthe two TJRFL outletpipes(Valve X) was openedso that the

remaining URFL unit supplied bOth SSFunits. -

=~thentheURFL outletpointwassealedby acloth so that thesupernatantwaterlevel

wasraisedto maximumfree-boardlevel (to increasethewashwatervolume)

=~theURFL inflow controlvalvewas closed to isolate the incoming flow.

=> the URFL separatingvalve was closedto preventthe drainedwash-water from

back-flowinginto theTJRFL inlet box.

=> thefast thaina~eball valvewassuddenlyfully openedto completelydrainthefilter

unit. Drainingwashedout suspendedsolidswithin thefilter-bed.
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After cleaningtheURFL unit, it wasrestartedasfollows:

=> the fast drainageandseparatingvalveswereclosedandopened,respectively. The

TJRFL outletwasalsoopenedby removingthecloth.

=> thentheURFL inflow controlvalvewasopenedto setlow flow ratesnotmorethan

150 L/h (0.4mTh)sothatremainingsolidswerenot re-suspended.Initial attemptsto

fill the units quickly by setting the inflow rate to about 500 L/h resultedin highly

turbid filtrates,which werefiltered to wasteuntil theybecameclear.

=> aftertheURFL was refilled, the valve separatingthe two URFL outlet lines (valve

X) wasclosedso that eachroughingfilter suppliedoneSSF..

(ii) Slow sandfilters

Slow sandfilter mediawerecleanedafter eachfilter attainedthe maximumhead-loss:when

supernatantwater level reachedthe overflow point (see Figure 3.4-11). The cleaning

procedurewasas follows (referto Figure3.4-11):

=> theSSFinflow control valvewasclosedto isolatethe incomingflow.

=> the supernatantwater was drained by means of the supernatantmanometer

connectionwhichwasat about10 cm abovethe initial filter-bedsurface.

=~>thefilter-bedwas slowly drainedby the SSF drainagevalve on the outlet to lower

thewaterlevel to at least20 cm belowthe sandsurface.Waterlevelswerechecked

by manometerconnectionsalongthe filter-beddepth.

=> thetop dirty layer of the sand (about 1-2 cm) was scraped using a flat shovel (with

shorthandle)andthe sandsurfacewas evenedout afterwards.Scrapingwas done

while standingon thebaffle plate.

Thejust cleanedSSF unit wasback-filled with filtrates from the adjacentSSF unit. A

flexible hosepipewasusedto connectthe outletofthefilling SSFunit to theoutlet of the

SSF unit which wasbeingback-filled.After back-filling raisedthesupernatantwaterto at

least15 cm abovetheoutletweir level, normalSSFoperationwas restoredby openingthe

SSF inflow controlvalve.This valve was set to low filtration rates(<0.lmTh) which were

increased to the desired average rate of 0.24 m!h after at least a day.
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3.5.4 Data collection and analytical procedures

(a)Data collection

The collectedwater quality dataincluded that of turbidity, total suspendedsolids, faecal

coliforms, head-lossesand filtration rates. A summary of the collecteddata and the

respective point and frequency of collection aregivenin Table3.5-3.

Table 3.5-3: Monitoring program for pilot plant Iolanda

Parameter

Up-flow Roughing Filter in
Layers

Slow sand filter

Influent

(raw water) Effluent

Influent

(pre-filteredwater) Effluent

1. Flow (filtration) rate daily daily daily

2. Turbidity daily daily daily daily

3. Total suspended solids weekly weekly - -

4. Faecalcoliform weekly weekly weekly weekly

5. Head-loss Daily alongthefilter-beds

Rotametersinstalledon inlet linesof thefilter unitswereusedto readflow rates.Volumetric

measurements (beaker and timer) were usedto determineeffluent flows rates.This was

donefor SSF unitsbut not for URFL units becausethe effluentpoint could not facilitate

volumetricmeasurements. Flow rates were read (measured) once a day.

Turbidity measurements were done daily, at least on an hourly basis from 07:00 to 18:00

hours Zambiantime. Analysis of TSS wasonly done during turbidity simulationperiods

whenappreciableTSS levelswere common from Trial 3. Water samplesfor analysisof

TSS and faecal coliforms were collected and analyzedat the University for Zambia

(Lusaka), at the Environmental Engineering laboratory. URFL wash-watersampleswere

alsocollectedfor TSSanalysison four of the hydraulic cleaning occasions.

Head-losseswere monitoredon peizometertubes(manometers)installedalong the depth of

each filter unit. The tubes were vertically fixed to a timber board for easy reading.
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(b)Analytical procedures -

(I) Water sampling and water quality analysis

The watersamplingand waterquality analysispracedureswere donein accordancewith

thestandardmethodsfor theexaminationofwaterandwastewater[APHA ez’ al., 1995].

Grabsampleswerecollectedfor turbidity, TSSandFaecalcoliform analysis.Composite

samplingwas not feasible becausethe sampleswould haverequiredrefrigerationon

site, which wasnot possible,otherwisesamplecharacteristicscanbe alteredif stored

undernormaltemperature.The samplingwasdonemanually.A portableHATCH 2000

Turbiditneterwasusedfor measuringturbidity on site.

(ii) Data analysis

Turbidity was reportedas daily averagesalthoughmeasurementswere doneonly during

theday time. It wasnot possibleto monitor turbidity for 24 hoursperday sinceit was

feasible to acquire online measuring equipment. A log-scale was used for the vertical

turbidity scale on the turbidity versus time plots for URFL because of the wide

variationsbetweenthe rawwater and filtrate turbidity levels. A normalplot couldnot

clearlydistinguishtherawwaterarid filtrate turbidity lines. Standarddeviations(%) of

thedaily turbidity valueswerealsocalculatedandindicatedin theplots.

Total suspendedsolids andfaecalcoliform sampleswere usually analysed in duplicate to

increasetheprecisionofthe results.The formerarepresentedin tablesand thelatter in

block diagrams,sincetheywerenotmonitoredona dailybasis.

3.6 Manning of pilot plant lolanda

From the date of commissioning,the plant was monitoredby the author and one plant

operator. The operator was one of the local personnelengagedduring the constructionof the

pilot plant andhad established a good understandingof thepilot plant details. Hewasgiven

adequateon the job training on how to operateand maintain the pilot plant, and how to

measureturbidity, with theportableTurbidimeter.To motivateandstimulatetheoperator,he

wasgiven a monthly allowance.In his absence, usually at night, the LWSCguards at the
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lolanda WaterWorks intakeareaassistedin manningtheplant. Theauthorusedto visit the

plantat leastthreedaysaweekwhile thepilot plant operatorwasthereeverydayfrom 07:00 -

18:00 hoursZambiantime. Theoveralltasksoftheoperatoraresummarizedin Table3.6-1.

Table 3.6-1: Responsibilities of the operator of pilot plant lolanda

Frequency Activity

Daily • keepingthe pilot plant areatidy

• checkflow to eachunit throughRotametersandadjustto desired values

• cleanRotametersto ensurecorrectreadings - -

• measureturbidity levels in both mfluentsandeffluentsof eachfilter unit

• checkand recordhead-lossesm eachfilter

Weekly • Cleaninlet and outlet boxesof the TJRFL units. Theoperatorensuredthat the
wash water overflowed to drain.

• Cleanrawwatertanks.

• CleanSSFrotameters

The cleaningoftheURFL andSSF filter mediawas entirely doneby the authorwith thehelp

of the operator because pertinent observations and samplingsbeyond the capability of the

operator,werenecessary.
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4.1 General

Chapter four

RESULTS AND DISCUSSIONS

This chapterpresentsand discussesresultsof the investigationsonpilot plant Jolanda,with

referenceto the literaturereviewed.ThemainpurposeofTJRFL is to lighten the turbidity and

suspended solid loads on the subsequent SSF, hence these water quality parameters were

emphasisecL The removal of turbidity along the filter-bed of TJIRFL wasanalysed at a filtration

rate of 0.50 mlh to study the performanceof eachgravel layer. The experienceswith the

operationandmaintenanceaspectsofpilot plant lolandaarealsopresentedanddiscussed.

4.2 Turbidity and total suspended solids reduction

Thedataon turbidity monitoringis presentedgraphicallyin this section.Thenumericaldatais

givenin AppendixB for all thetrial results.All TSSdatais presentedin form of tables.

4.2.1 Up-flow roughing filters in Layers

a) Trial one [02-26March 1997]: filtration rate, Vf= 0.40 mlh

For turbidity analysisresultsin rawwaterandURFL filtrates, seein Figures4.2-1 & 4.2-2.

100

10

0
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 i8 19 20 21 22 23 24 25

— Raw Water

Day

URFL-1 filtrate

Figure 4.2-1: Trial 1- Turbidity levels in raw water and URFL-1 filtrate (v~O.4m/h)
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FIgure 4.2-2: Trial 1-Turbidity levels in raw water and URFL-2 filtrate( Vf O.4m/h)

Both URFL units receivedunsimulatedraw water (Kafue River). On days 2, 3 and 17, no

measurementswere takendue to problemswith the turbidimeter.The higher raw water

turbidity levels on day 4, were due to suspectednm-off up-streamof the Kafue river.

However, raw water turbidity levels becamestableafter day 6. On day 18, the higher

turbidity occurredafter cleaningthe raw water tanks. It waspossiblethat sediments,not

completelywashedout, within thepipescausedthis increase.

Theremovalefficienciesofturbidity generallyrangedfrom 41-62%and43-67%for URFL-1

andURFL-2, respectively.However,on the first day, TJRFL-1 andURFL-2 recordedthe

lowest removal efficiencies of 36% and 32% respectively.These initial low removal

efficienciescanbe attributedto the fact that the filter-mediawere still undergoingself-

cleansingsincethefilters wererun for thefirst time. It is wasnotpracticallypossibleto use

filter-mediawhich were 100%clean.Despitethe sharpincreasein rawwaterturbidity on

day 18, the filtrate turbidity from both filters was consistentwith previous levels and a

highestremovalof93%wasrecordedon this day.This mayindicatetheability ofURFL to

handlesharp loads of turbidity, and a fact that the processis stable.For chemicalpre-

treatment processes,theft performancesare usually dependenton raw water quality.

Variationsin rawwaterquality for thesesystemscausesoperationproblemssincechemical

dosageswould thenneedadjustments.

100

10

2
i~~a 1

I-
a

0
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25

_____________ 02v

— Raw Water URFL-2 filtrate
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b) Trial Two[
27Th. March~15ThApril 97]: filtration rate; v1 = 0.75 rn/h,

Figures4.2-3& 4.2-4showturbidity levelsin rawwaterandIJRFL filtratesduringTrial-2.

100’ -

Raw water - TjJRFL-tJtt1~te -

flltrate(v1 = 0.75m1h)Figure 4.2-3: Trial 2- Turbidity levels in raw water and URFL-1

100 -

10 1

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 -

Raw water ~~UEEL-2thtrS

Removal efficiencies ranged from 38-93% and 44-93% for URFL-1 and URFL-2,

respectively.On day 5, rawwater turbidity increasedafter cleaningthe raw water tanks.

Two daysafterday 5 (seeday7 in bothFigures4.2-3 and4.2-4), filtrate turbidity increased

and after day 9 it became stable again. This phenomenoncould not be explained

scientifically. However,operationproblemsmaybeattributedto this strangeobservation

eventhoughthe pilot plant operatordid not report any. A mistake in measurementwas

ruledout becausefiltrate turbiditiesonday 7 were consistentlygreaterthan2 NTU during

a)I_
Ez
U)—

>‘:2

day

Figure 4.2-4: Trial 2-Turbidity levels in raw water and URFL-2 filtrate(v1= O.75m/h)
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theperiodof monitoring.Theonly possibility was that the filtration ratemight havebeen

set at a slightly higher rate than before. This can causedeeppenetrationof colloidal

particlesandtheirbreakthrough.

c) Trial Three[
16Th. April- 2”~’May 1997]: filtration rate: v1 0.50 rn/h

URFL-1 andURFL-2 werefedwith unsimulatedandsimulatedrawwater respectively.

i) Turbidity simulationswerestartedfor therawwater fed to TJRFL-2. Turbidity levels in

therawwaterandUIRFL filtratesareshownin Figures4.2-5and4.2-6.

—Raw water —URFL-1 filtrate

FIgure 4.2-5: Trial 3- Turbidity levels in raw water and URFL-1 filtrate (vt = 0.5m/h)

4

3

2

1

0

II

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
Day

17

1000

h’ ~ .1~

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17
Day

~ • ~

— Raw water — URFL-2 filtrate
-— - - -~-—--- ~-~--.- -~ ~

Figure 4.2-6: Trial 3- Turbidity levels in raw water and URFL-2 filtrate(v1 = 0.SOm/h)
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URFL-1 andURFL-2 reducedrawwater turbidity by 45-73% and 83-97 %respectively. The

differentremovalefficienciesareattributedto thedifferent rawwaterquality: URFL-2 was

fed with simulatedrawwater. Thehigh removalefficienciesrecordedby URFL-2 do not

meanbetterfiltrate quality. IJRFL-2 filtrate turbiditieswerehigherthanthoseof URFL-1

although the filters were run at the same filtration rates. -This reveals how filter

performancerelieson the rawwater quality. Theseresultsindicatethat high turbidity raw

water is likely to cause turbidity breakthroughs fasterthan low turbidity rawwater. The

filtrate turbidity of URFL-2 was increasingwith increasingrawwaterturbidity (seeFigure

4.2-6). The capability of URFL in treating raw water turbidities from 150-350 NTU is

shownin Figure4.2-6, from day 13.

Turbidity levelsthrough1IJRFL filter-bedswereevaluated(seeTable4.2-1 andFigure4.2-7).

Thisevaluationwasdoneto havean ideaofhow eachgravellayerreducesturbidity.

Table 4.2-1: Trial 3- Turbidity levels and removals along URFL filter-beds

Date

Turbidity (NTU)
Low turbidity raw water(URFL-i) High turbidity raw water(URFL-2)

Raw
Water

5upport
Gravel

effluent

Bottom
gravel

effluent

Middle
gravel

effluent

Top
gravel

effluent

Raw
Water

Support
Gravel

effluent

Rottom
gravel

effluent

Middle
gravel

effluent

Top
gravel

effluent

25/4/97 137 0.96 098 091 058 259 140 417 191 961

28/4/97 204 0.95 086 112 124 101 489 20.1 977

02/5/97 193 081 062 0.64 0.91 150 488 20.5 108 612

Turbidity rerno ai
range(%) 30to60 -2to23 -30to7 -42to36 45to70 60to70 50to55 40to50
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Figure 4.2-7: Turbidity reduction along URFL filter-beds

The results in Table 4.2-1 and Figure 4.2-7 reveal that eachgravel layer plays a role in

improving the raw water quality. From Figure 4.2-7(a), it was deducedthat for low

turbidity raw water (< 2.5 NTU in this case),the support gravel removes most of the

turbidity andsubsequent layers hardly remove turbidity. For highly turbid raw water (100-

260NTU in thiscase),againthesupportgravelshowedremarkableturbidity reduction,but

not to levels acceptableby SSF. Subsequentbottom and middle gravel layers further

reducedturbidity, while the top layer merely acted as a polishing layer. This kind of

performancecorrespondsto what Wegelin(1996) reports:eachgravel layer lightens the

turbidity and suspendedsolids load to the subsequentlayer. Theseresults also revealed

that; despitethe largegravelsizeofthe supportgravel layer, it doesnot just supportthe

bottom gravelbut alsoplays a significant role in reducingturbidity, andmost likely total

suspendedsolids (measurementsnot taken)aswell. Althoughmostofthesuspendedsolids

(a) Low turbidity raw water (<2.5 NTU): URFL-1

250

~‘ 200

.~

I.-

I-

flow direcuon
0 20 40 60 80 - 100

—.~--— 25/04/97

Distance from filter bottom

—0-— 28-04-97 —h-— 02-05-97

(b) High turbidity raw water (100-260NTU): U~RFL-2

120
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which easilysettlewereremovedwithin therawwatersimulationtank (by allowing for at

leastone hour settling beforesimulating), the fact that the support gravel showshigher

removalsdue to high levelsof easilysettledsolids cannot be ruledout. It is definite that

with highly colloidal particlesin raw water, the support layer canshow lower turbidity

reductionsbecauseof thehighporositygravelin this layer.

ii) After applyingsimulatedrawwaterto URFL-2, levelsofTSS in therawwaterand URFL-

2 filtrates were evaluatedsinceTSS levels in the raw water were then appreciable(see

Table4.2-2).

Table 4.2-2: Trial 3- Total suspended solids reduction by URFL-2 (V~= 0.50)

Date
Influent TSS

(mg/L)
Effluent TSS

(mg/L)
%Reduction

16.04.97 25.5 0 100

18.04.97 98.5 1.3 99

21.04.97 47.5 2.5 95

25.04.97 171.2 2.2 99

28.04.97 552.3 5.7 99

TSSwere reducedto levelssuitablefor SSF.The resultsin Table 4.2-2generallymeetthe

upperTSS limit (5 mgfL) recommendedby Wegelin(1996) exceptfor the April 28, 1997

result (seeTable 4.2-2).Nevertheless,theseresultsarecomparableto resultsreportedin

Colombia (see Table 2.4-3) and demonstratethat the performanceof UREL can be

comparedto that of URFS, HRF and DRFS. TSSremovalsin Table4.2-2arehigher than

thoseobtainedin thestudyby RietveldandMatsinhe(1993)whoreport50-90%for URFL.

Howeverin their study, rawwater TSS level rangedfrom 5-40 mg/L comparedto pilot

plant lolanda levelswhichwent up to 600 mgIL. This performancedifferencemaybedue

to the fact that Riet~eldand Matsinhe(1993) usedcoarsergravel for URFL (5-38 mm)

comparedto generalrecommendations(1.6-25 mm). Additionally, their filter mediawere

not supportedby any coarsergravel, which is capableof removingpart of TSS as was

evidencedin this study.
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d) Trial Four [
4Th. - 30 Tb. May 1997]: filtration rate: v1 = 0.75 rn/h

I) For turbidity analysisresultsin rawwaterandURFL filtrates,seeFigures4.2-8& 4.2-9.

FIgure 4.2-9: TrIal 4- TurbidIty levels In raw water and URFL-2 filtrate(vf = 0.75m/h)

During Trial 4, the high turbidity simulationpump to URFL-i broke down on Day 6,

thereafterKafueRiver water was fed to URFL-1(Figure4.2-8). The sharpdrop in raw

water turbidity after stoppingsimulation(Figure4.2-8), correspondedto sharpdrops in

URFL-1 filtrate turbidity. This showshow therawwaterquality canaffect filtrate quality.

In Figure4.2-8,highturbidity rawwater(30-101NTU) wasreducedby 91-95% and low

1000

I-
~ 100

-e

.~10
0)
(0
‘I,
>
CO 1
>‘

CO
0

0

Raw water stmulation stopped

1 2 3 4 5 6 7 8 9 1011 12131415161718192021 2223242526

—Raw water

Day

FIgure 4.2-8: Trial 4- TurbidIty levels in raw water and URFL-1 filtrate(vf = 0.75m/h)

— URFL-1 filtrate

1000 -

I ~

1 2 3 4 5 6 7 5 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26

Day

—Raw water - —URFL-2l~ltrate
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turbidity rawwater(1.41-3.11NTU) wasreducedby 48-70%.Despitethedifferencein the

removalefficiencies,all URFL-1 filtrates had turbidity less than 10 NTIJ, acceptablefor

SSF.Turbidity of the simulatedrawwater (22-123NTU) fed to UIRFL-2 wasreducedby

84-96%,with all filtrateshavingturbidity lessthan 10 NTU. Here, theprocessstabilitywas

demonstratedby thestablefiltrate qualitydespitefluctuatingrawwaterturbidity.

Ii) TSS reductionswere also analysedon threedays.Removal efficienciesabove98% were

recorded(seeTable4.2-3).UIRFL filtrateshadlessthan5 mg/L TSS,acceptablefor SSF.

Table 4.2-3: Trial 4- Total suspended solids reduction by URFL-2 (V~= 0.75m/h)

Date
Influent

TSS(mg/L)
Effluent

TSS(mg/L)
%

Reduction

22.05.97 48. 7 0.5 99

28.05.97 98.5 1.3 99

30.05.97 47.5 2.5 98

e) Trial Five [31stMay -
30Th. June 1997]: Filtration rate, Vf= 1.0. rn/h,

I) Forturbidity analysisresultsin rawwaterandURFL filtrates, seeFigures4.2-10& 4.2-11.

I Raw water TJRFL-l filtrate

I Started raw water simulation I
1000

>~

-e 100

1 2 3 4 5 6 7 3 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31

Day

Figure 4.2-10: Trial 5-Turbidity levels in raw water and URFL-1 flltrate(vf =1.0 mlh)
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1000 . -~---——.-. ~. .-—---- .-..-

~j~.oo

a) ~-10

1

~—~---~i

——~ .— — -.~-—----

~ ~

1 2 3 4 5 6 7 8 9 10 ii 12 13 14 15 16 17 18 19 20 21 22 23 24 2526 27 28 29 30 31

Day -.--~ —,

T1PI~T..)fi1t-r~tpRawwater

Figure 4.2-11: Trial 5- Turbidity levels in raw water and URFL-2 filtrate(v~=1.0 mlh)

For URFL-1, theremovalefficiencywith the actualKafueRiver water(1.4-2.82NTU) was

45 - 68 % and with the simulatedraw water (25-156 NTU) it was 89-98%.Turbidity

removalsby URFL-2 (Figure4.2-11)rangedfrom 80-99%.In both filters, filtrate turbidity

waslessthan5 NT[J, suitablefor SSF.

II) Total suspendedsolids reductionswere also analysed(see Table 4.2-4). 1.JRFL-1 and

UIRFL-2 removalefficienciesrangedfrom 83.3 to 98.6 % and89.8 to 99.8 % respectively.

All UIRFL filtrateshadlessthan5 mg/L TSS,acceptablefor SSF.

Table 4.2-4: Trial 5-Total suspended solids reduction by URFL (Vf = 1.Om/h)

Date

URFL-1 URFL-2

Influent Effluent % Reduction Influent Effluent % Reduction

04/06/97 5.500 0.167 97.0 58.833 4.600 92.2

09/06/97 not taken - not taken - 178.500 1.300 99.3

13/6/97 - not taken - not taken - 149.250 0.500 99.7

16/6/97 46.667 -nottaken - 58.000 0 100.0

20/6/97 16.800 2.800 83.3 17.600 1.800 89.8

23/6/97 73 .750 1.000 98 6 - not taken not taken -

25/6/97 57.750 2.400 95.8 50.200 1.200 97.6

27/6/97 150.500 3.200 97.9 302 200 4.800 98.4

30/6/97 122 000 2.200 98.2 212.0011 0.400 99.8
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f) Trial Six [
15t_j8TI~ May 1997]: filtration rate, vf= 1.25

I) For turbidity analysisresultsin rawwaterandEJRFL filtrates,seeFigures4.2-11& 4.2-12.

FIgure 4.2-12: TrIal 6-Turbidity levels in raw water and URFL-1 filtrate(vf=1.25m/h)

1000

2 3 4 5 6

— Raw water

Day

J_

7 8 9 10

—URFL-2fHtrate

Figure 4.2-13: Turbidity levels in raw water and URFL-2 filtrate (Vt = 1.25m/h)

Turbidity removalefficienciesin Figures4.2-12 and4.2-13rangefrom 92-98%and94-98%,

respectively.Thedaily averageturbiditiesofthe filtratesrangedfrom 3-7NTU which was

acceptablefor SSF.AlthoughURFL generallyemploysratesup-to lmJh (Wegelin,1996;

Galvis et a!., 1993), the comparableperformancesof the two TJRFL units at 1.25 mlh

indicatethatURFL canalsoperformatrateshigherthan 1.0 ni/h.

a.

0

.0

.2
a)

>
CU

>.

CU

a

1000

io:~ ~-~K~f

Day

— Raw water — URFL-1 filtrate

ii) Analysisresultsof TSSaregivenin Table 4.2-5.
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Table 4.2-5: Total suspended solids reduction by URFL(vtl.25m/h)

Date

URFL-i URFL-2

Raw water
TSS (mg/L)

Filtrate
TSS (mgfL)

% Removal Raw water
TSS (mgIL)

Filtrate TSS
(mg/L)

% removal

02/07/97 606.7 8.8 986 1684.0 11.0 99.4

04/07/97 442.0 16.2 96.3 482.0 20.6 95.7

07/07/97 166.5 8.8 94.7 144.8 12.8 91.2

11/07/97 72.4 3.8 94.8 -not taken - not taken -

16/07/97 140.5 1.3 99.1 -not taken -not taken -

18/07/97 76.5 1.4 98.2 - not taken - not taken -

In some samples,filtrate TSS levels were higher than the recommendedupper limit of 5

mg/L, although removal efficiencies were high (91-99%). Hence, URFL cannotperform

effectively at filtration rates higher than 1 rn/h. Such filtration rates are likely to cause

breakthroughofsuspendedsolidsbecauseofthereducedretentiontimes.

g) Trial Seven [
19Th.... 31st May 19971:filtration rate, v~=0.5m/h.

i) URFL were testedagain in treatinghigher turbidity levels than in Trial-3. Analysis

resultsofrawwaterandfiltrate turbidity aregiven Figures4.2-14and 4.2-15.

fiL~S .5

S g
1000 r

10~

I I ~
0 1 -S ~_~- S S~

1 2 3 4 5 6 7 8 9 10 11 12 13

Day - ,~-*~- ~

FIgure 4.2-14: Trial 7- TurbIdity levels in raw water and URFL-1 flltrate(vf=0.5mIh)
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1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21

~.S — — - ~- S

.~Raw waler. ~URFL~2fi!trate S J
Figure 4.2-15: Trial 7-Turbidity levels in raw water and URFL-2 filtrate(v1=0.5m/h)

Turbidity removalefficienciesin Figures4.2-14and4.2-15 rangefrom 94-98%and 94-99%

respectively,with filtrate turbidity rangingfrom 3-9 NT[J. Both IJRFL units showsimilar

and acceptableperformances,despitethe raw waterbeingabove 100 NTU most of the

time. Theseresultsrevealtheability ofURFL to handlehigh turbidity raw water.

ii) Analysis results of TSSin rawwaterand1IJRFL filtratesaregivenTable4.2-6,

Table 4.2-6: Trial 7- Total suspended solids reduction by URFL-2(Vf = 0.50)

Date
URFL-2

Raw water TSS (mg/L) Filtrate (mg,~) % Removal

11/07/97 84.5 6.8 92.0

14/07/97 309.3 17.3 94.4

16/07/97 539.5 1.2 99.8

18/07/97 408.0 8.3 98.0

21/07/97 643.5 1.0 99.8

23/07/97 330.0 0.8 99.8

TSS levels in raw waterwere reducedto below 5 mg/L in 50 % ofthe samplestaken(see

Table4.2-6).Thehigherthan 5 mg TSSIL in the othersamplescould beattributedto the

no-washingof the filter before starting on trial 7. Hence, re-suspensionof previously

retainedsolids waslikely in this case.

-~ ~ ~ ~ -~ — ~ —

1000

I I I I I I I I —~ I—
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h) Overview of turbidity removalefficienciesby URFL

Theperformanceofpilot plant lolandawith respectto turbidity removalat thevarious

filtration ratesis summarisedin Tables4.2-7and4.-2-8.

Table 4.2-7: URFL turbidity removal efficiencies (actual Kafue River water)

Filtration
rate (rn/h)

Raw water turbidity (NTU) Filtrate turbidity (NTU) Removalefficiency(%)

TJRFL-1 TJRFL-2 URFL-1 URFL-2 IJRFL-1 URFL-2

0.40 1 04-10.67 1.04-10.67 0 55-4.21 0 53-4.05 36-93 32-93

0.50 1.48-5.84 1 48-5.84 0 85-2.45 0 64-2.39 - 3 9-85 44-85

0.75 1.37-12 85 not done 0 66-1 27 not done 45-73 -

1.0 140-2.82 not done 0.70-1 17 not done 45-68 -

Table 4.2-8: URFL turbidity removal efficiencies (simulated raw water)

Filtration
rate(rn/h)

Raw water turbidity (NTU) Filtrate turbidity (NTU) Removalefticiency(%)

uRFL-i URFL-2 URFL-1 IJRFL-2 URFL-1 URFL-2

0.50 not done 15-260 not done 1.58-9.61 - 83-97

0.501 71-245 67-277 2.67-5.42 2.62-9.07 95-99 94-99

0.75 30-101 22-123 2.82-5.85 2.39-8 42 91-93 84-96

1 0 25-156 24-220 2.22-4.49 2.06-5.28 89-98 80-99

1.25 27-240 54-299 3.02-6 65 3.23-7.13 93-98 94-98

From Tables4.2-7 and4.2-8, it is clear that URFL is ableto improveboth low and high

turbidity raw water at filtration rates0.4-1.25 rn/h under the conditions of investigations.

Throughoutthe periodof investigations,filtrate turbidities werebelow 10 NTU, the general

upper limit for raw water turbidity appropriatefor SSF.Theseresults are very comparable

with thosereportedin literature.Theseresultsarebetter thanthoseof chemicalpre-treatment

systems in most townshipwatersupply in Zambia.Most ofthesesystemsarereportedto pre-

treatraw Waterto turbidity greaterthan10 NTU [Holzhausand Versteeg,1993].However,for

well operatedchemicalpre-treatmentsystemsin Zambia,they canconsistentlyproducepre-

treatedrawwaterhavingturbidity lessthan 5 NTU. For instance,the lolanda WaterWorks

(LWSC) usuallypre-treatsturbid rawwaterto lessthan5 NTU turbidity throughouttheyear.

TnaI 7 results: second investigation on Vf= 0.5rn/h
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Therewas little differencein IJRFL turbidity removalefficienciesat different filtration rates.

The filtrate quality still remainedacceptablefor SSF whenpre-treatingboth low and high

turbidity rawwater.

The ability of URFL to pre-treat low turbidity raw water is an important aspectwhen

comparedto theuseofchemicalpre-treatment.Chemicalpre-treatmentof low turbidity raw

water is usuallymoredifficult and expensive.In practice,the efficiency of chemicalpre-

treatmentto treatlow turbidity raw watermaybeimprovedby addingsuitableclay to increase

theturbidity. In mostcases,morechemicaldosagesareusuallyappliedinstead,to compensate

for the low particleconcentration[vanBreemen,1994]. -

Some noticeabledifferences in turbidity removal efficiencies (even filtrate turbidity) at

different filtration rateswere expectedwhen URFL were fed with simulatedhigh turbidity

rawwater,but this wasnot so. From Table 4.2-8, the filtrate quality wasacceptablefor SSF

and it cannotbe pinpointed that one filtration rateperformancewas better than the other.

Although it is reportedin literaturethat thereis little differencein performanceat filtration

rates less than 0.6ni/h, the trend shown in Table 4.2-8 is probably due to the intermittent

simulation.It is thereforelikely that if simulationwas24 hoursperday, acleardistinctionin

performancebetweenfiltration ratesless andgreaterthan0.6 rn/hcould havebe drawn. With

increasing filtration rates,suspendedsolids areexpectedto penetratethe filter-bedmoreand

affect thefiltrate quality.

4.2.2 Slow sand filters

Turbidity analysisresultsin URFL filtrates ( fed to SSFunits)and SSFfiltrates arepresented

in Figures4.2-16and4.2-17respectively.Most of thehigh turbidity simulationswere doneon

URFL-2 which most of the time fed SSF-2. Comparatively,TJRFL-2 producedrelatively

higherfiltrate turbidity thanURFL-1.



.

S

S

S

S

S

S

S

S

S



Chapterfour. 109 RESULTSandDISCUSSIONS

Figure 4.2-16: Turbidity levels in pre-treated raw water and SSF-1 filtrate

Figure 4.2-17: Turbidity levels in pre-treated raw water and SSF-2 filtrate

During the first four daysof SSF operation,filtrate turbiditiesexceededthe upperlimit of 1

NTU, recommendedby WHO (1984) for effectivedisinfectionby chlorination.This may

havebeena resultofthe fact that, aftercommissioninga slow sandfilter, it is likely that

thenew sandwasnot very cleanand that it tendedto washitself at the startof the filter.
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However,fourdayslater, thefiltrate turbidity wasreducedto less than 1 NTU. Theperiod

of self-washingof the filter-mediawill dependon how well the sandwas cleanedbefore

use. The four days achievedwith pilot plant lolanda can be consideredacceptable

comparedto somestudiesdonein Mozambiqueby Rietl~’eldandMatsinhe(1993).Despite

usingvery fine sand(de = 0.10 mm), they experiencedself-washingperiodsof over three

monthsand suspectedthat the usedsand was not sufficiently washed.This is a clear

testimony of theneedto thoroughlywashsandmeantfor SSFbeforeuse.

Theremovalof turbidity by the SSFunits is very acceptable.Filtrateturbiditieswereusually

less than 1 NTU, meetingthe WHO upper limit for effectivedisinfection.Comparedto

slow sandfilters applied in some townshipsin Zambia, the performanceof pilot plant

lolanda wasbetter. This canbeattributedto the adequatepre-treatmentby URFL and the

useof goodfilter media.Themediausedin mosttownshipsin Zambiais usuallyof poor

quality andnot graded[Holzhausand Versteeg,1993]

Both slow sand filters showedcompleteremoval of suspendedsolids. The removal of

turbidity andsuspendedsolids tookplacealmost entirelywithin thetop 1-3 cm layerofthe

filter-bed. The mechanismresponsiblefor this kind of removalwas strainingbecausethe

fine filter media did not allow deep penetrationof turbidity and suspendedsolids.

However, truly colloidal particles, smaller than the pore openings of the sand may

penetratethefilter-bed [Huisman,1989].This is probablywhy theremovalofturbidity by

SSFwasnot 100%.

4.3 Head-loss development and filter-runs

4.3.1 Up-flow roughing filters in layers

a) Head-lossdevelopment

The maximum head-lossin both IJRFL units were below the maximumallowable(30 cm)

throughoutall trials (seeTable4.3-1).
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Table 4.3-1: Head-loss development in up-flow roughing filters in layers

Trial No., URFL Run time (days) Filtration rate (rn/h) Head-loss(cm)

1, URFL-1

1,URFL-2

25

25

0.4

04

0-0.4

0-1.1

2, URFL-l

2, URFL-2

20

20

0.75

0.75

0-0.3

0-0.3

3, URFL-1

3, URFL-2

17

17

0 5

0.5

0-0.4

0-0.4

4, URFL-1

4, URFL-2

26

26

075

0.75

0-0.5

0-0.5

5,URFL-1

5,URFL-2

31

31

1.0

1.0

0-1.7

0-1.7

6,TJRFL-1

6, URFL-2

18

10

1.25

1.25

0-3.2

0-3 5

7,UTRFL-1

7, URFL-2

13

21

0.5

0.5

0-08

0.1-2.8

Thehighesthead-lossesin both filters occurredduringTrial 6. Thesewere3.2 cm and3.5 cm

for TJRFL- 1 andURFL-2, respectively.The low head-lossesexperiencedin this studycan

be attributedto therawwaterquality, sincehigh turbiditiesandTSSwereonly appliedby

simulationduring day time. If high turbidity and TSSrawwaterwas continuouslyfed asis

usually the caseduring rain seasons,higher head-lossdevelopmentscould have been

experiencedresultingin noticeablefilter-runs. -

b) Filter-runs

The maximumhead-lossordeteriorationof filtrate to undesirablequality indicatestheend of

a filter-run. In this study, non ofthesecriteriaweremet. Thetrial periodsinvestigatedare

probablyshorterthan the actual filter-runs of URFL with respectto the conditionsunder

which the study was done. It is likely that continuousfeedof high turbidity raw waterto

URFL could haveeffectedone of the final filter-mn indicators.Filter-runs of aboutone

weekcanbeexperiencedundercontinuoushigh turbidity rawwaters[Wegelin,1996].
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4.3.2 Slow sand filters

a) Head-lossdevelopment

Slow sandfilters showedfluctuatinghead-losses.However, it was increasingwith time due

to progressivecloggingofthefilter-bed(seeFigure4.3-1).
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Figure 4.3-1: Head-loss development in pilot plant Iolanda SSF units

Initial head-lossesrangedfrom 2.8 to 3.5 cm. Head-lossin bothSSFunitsat theend offilter-

run 1 was about77 cm. In filter-run 2, SSF-1 and SSF-2 recorded87 cm and 76 cm as

maximum head-losses,respectively. The end of a filter-run was indicated by the

supematantwaterlevel reachingthesetoverflowpoint(seeFigure3.4-11).

Thehigherhead-lossin SSF-i at theend offflter-run-2 wasdueto thefact thatevenafterthe

supernatantwater level reachedthe set overflow point the filter was allowedto run for

abouttwo weekssincethe filtration rateduring this periodwas still acceptable(>0.1 mlh).

The filter was takenout for cleaningafterthe filtration ratebecameless than 0.1 mi’h

(acceptablelower limit). Hence,when the supernatantwater level in an inlet controlled

slow sandfilter reachesthesetoverflow, thefilter maystill runatacceptablerates.

Fluctuationsin head-lossdevelopmentcouldhavebeendueto thefrequentin-flow adjustment

necessitatedby algae and suspendedsolids depositions inside rotameters.Excessive

Filter-run I [ Filter-run 2
27 days 83 days

A

Filter-run2
122 days
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accumulationsofthesedepositionsslightly reducedinflow rates.Hence,rotametershadto

be cleanedat least once a week. During cleaning, which took about 5 minutes, the

supernatantwaterlevelwasdroppingleadingto slighthead-lossdecreases.

b) Filter-runs

Filter-nms for the SSF units obtainedin this study canbe consideredacceptable.The first

filter-nm for both slow sandfilters was 27 days.Theminimum recommendedfor optimal

operationand maintenanceis about one month (—30 days) [Wegelin, 1996]. The second

filter-runs are also very acceptable: 83 days and 122 days for SSF-2 and 5SF-i

respectively. The shorterfilter-run 1, comparedto filter-runs 2, for both filters was due to

therapid clogging causedby excessivealgae growth during filter-run-i. During filter-run

1, SSF units were not coveredand the sunlight which reachedthe supernatantwater

stimulatedalgae growth. However, during filter-run 2, the filters were shaded.This

preventedexcessivealgaegrowth. SSF-i showeda longerfilter run-2 becauseit received

less turbid inuluents, which were from URFL-i. Most of the simulationswere done on

URFL-2 andtherefore,its filtrateswereusuallyofhigherturbidity thanthoseof UIRFL-l.

Filter-runs for SSF were muchhigher than thosereportedfor SSFapplicationsin Zambia,

which experienceruns of not more thanone monthduring the dry seasonsand 2 weeks

duringthewet season(seeTable2.6-2).Someapplicationsevenhavefilter-runs as low as

3 days(seeTable2.6-2,MansaTownship).Thehigh filter-runs obtained,comparedto SSF

applicationsin Zambia,aredueto adequatepre-treatmentprovidedby URFL.

4.4 Micro-biological performance

The micro-biologicalperformancewas assessedby analysingthe levels of faecal coliforms

(FC). Analysisresultsaretabulatedin AppendixC.

4.4.1 Up-flow roughing filters in layers

AnalysisresultsofFC in rawwaterandURFLfiltratesare shownin Figures4.4-1 and4.4-2.
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Date

Figure 4.4-1: Faecal Coliform numbersll 00 ml of raw water and URFL-1 filtrate

URawwater DURFL-2 filtrate -

Figure 4.4-2: Faecal Coliform numbersll00 ml of raw water and URFL-2 filtrate

Theresultsin Figures4.4-1 and4.4-2are for averagefiltration ratesof0.5, 0.75, 1.0 and 1.25

mlh (see Table 3.5-2). The FC removal efficiencies by URFL at thesefiltration ratesare

summarisedin Table4.4-1.Resultsfor URFL-2 on 16/04/97and28/05/97arenot includedin
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this table sincethe filtrate FC levelswere greaterthan rawwaterlevels. Therefore,an error

eitherduringsamplingor analysiswassuspectedandtheresultson thesedateswererejected.

Table 4.4-1: FC removal efficiencies by URFL at different filtration rates

Filtration

rate(vr)

URFL-1 URFL-2

Influent FC
#/100ml

% reduction Influent FC
#/100ml

% reduction

1) 0.50 40 - 636 95-100 34 - 636 41.18-98.95

2) 0.75 67 - 200 85-98.95 14 - 200 80.00-100.00

3)1.0 100 - 1633 77.22-96.73 43 - 2500 53.33-93.07

4)1.25 200- 533 27.50-78 273 - 3400 53.56-78.00

From Table 4.2-1,URFL show differencesin FC removal efficienciesdue to different FC

levels in the raw water. Despite the different performances,both URFL-1 and URFL-2

producedeffluentswith FC levelsbelow themaximumrecommendedlevel of200 FC/ 100 ml

by Di Bernardo (1991) for effective SSF. Only five out of the 42 URFL filtrate samples

analysedhad greaterthan200 FC/100 ml. The correspondingraw waterFC levels in these

five sampleshad greaterthan 1000 FC /100 ml. This is an indication that effectivemicro-

biological performanceof URFL is also dependenton the contaminationlevels in the raw

water,asreportedin literatureaswell [Galvis et al., 1993].Filtration rates of 1.0 and 1.25

mlh show relatively lower FC removal efficiencies.This could be asa resultof the shorter

retentiontimes at thesefiltration ratescomparedto filtration ratesless than0.75 mlh. Higher

retention times enhance FC removals since more time for the effective purification

mechanismsto takeplace is provided.Galvis et al. (1993) reportFC removalefficienciesfor

pilot and full-scaleURFL plantsrangingfrom 73.3 to 98.4% for 0.3-0.75m1hfiltration rates.

The removal efficiencies in Table 4.4-1 for 0.5 rn/h and 0.75m1hare comparableto these

results.
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4.4.2 Slow Sand Filters

FC analysis results in pre-treatedraw water and SSF filtrates during filter-run 2 and

afterwardsareshownin Figures4.4-1 and4.4-2.FC analysiswasnot doneduringfilter-run 1.

SSF-1wascleanedon July 27, 1997andSSF-2onJune18, 1997.

____Th~ ~ ILL_IL

Figure 4.4-3: Faecal Coliforms in pre-filtered raw water and SSF-1 filtrate

Figure 4.4-4: Faecal Coliforms in pre-filtered raw water and SSF-2 filtrate

From Figures4.4-3 and4.4-4,about90% of the iafluent FC levels for both SSF units were

below themaximumlevel of 200 FC /100 ml recommendedby Di Bernardo (1991).This is

dueto thereductionofFC by IJRFL . However,it shouldbementionedthat about50% ofthe
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FC analysisresultsof raw water samplesrevealedless that 200 FC/100 ml, consequently,

mostIJRFL filtrate sampleshadlessthan200 FC/100ml.

TheaverageFC/100 ml for SSF-1and SSF-2filtrates beforeendof ifiter-run 2 were 1.6 and1

respectively.WHO recommendszero FC/100 ml in drinking water. Therefore, theseSSF

filtrateswould still requiredisinfectingto guaranteesupplyofpotablewater.

After cleaningeachSSF unit at the endfilter-run 2, therewasan increasein FC/100ml SSF

filtrate. The high FC/100 ml after cleaning verifies that the scraping removes the

Schmutzdeck.elayer. This is an indication that the top dirty layer greatly enhancesFC

reductions.Therefore,after cleaninga filter, it shouldbe filtered to waste for a periodof at

least24 hours within which the Schmutzdeckeis allowed to re-develop [Graham, 1988].

Usually, a filter-bed with a fully developedSchmutzdeckeshouldproducefiltrates with zero

FC/100ml. After cleaningsucha filter, theripeningperiodis normally lessthana few daysto

a week. The ‘ripening period’ is reachedwhenbacteriologicalanalysisof SSF filtrates show

zeroFC/lOO ml. This wasnot achieved,and a muchlongerripeningperiodwasexperienced

(about two weeksfor SSF-1 and four weeksfor SSF-2). This canbe attributedto the high

initial filtration rates (—M.25 rn/h) experiencedafterputting the filter backto service,which

consequentlymight have causedFC breakthroughs.Usually, it is recommendedthat a SSF

filter should be put back to service at low filtration rates (<0.lOmJh) to promote quick

ripening.

Thehigh initial filtration ratesexperienced,evenwhenit wasattemptedto reduceSSFinflow

rates to less than 65 L/h (<0.lOrn/h), could have beendue to the fact that the filters were

startedwith the supernatantwater level slightly abovethe outletweir level. This meantthat

evenif the inflow to slow sandfilter units was set at less than 65 L/h (0.lrnIh), the alieady

availablehydraulicheadabovetheoutletweir causedfiltration rateshigherthan0.1 rn/h.

BeforecleaningSSF-2,at theendof Filter run2, its filtrate had0 FC/ 100 ml. After cleaning

FC levelsincreasedgradually,and overa periodof aboutfour weeksdecreasedto aboutone

FC/100 ml (see Figure 4.4-4). In practice, it is therefore necessaryto apply adequate

disinfection during longer ripening periods becauseFC levels in filtrates could be
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unacceptable.The decreasingFC aftercleaningindicatesthere-ripeningofthe filter-bed, and

hencethedevelopmentoftheSchmutzdecke.

4.5 Operation and maintenance aspects

Two Operationandmaintenanceaspectsweredistinguished:daily routinetaskscarriedby the

operator,andthemajortaskscarriedout by theauthorwith thehelpoftheplantoperator.

4.5.1 Routine tasks

a) Adjustments offlow rates

The control of raw waterflow to UIRFL wasdonenearlydaily due to the algaegrowth and

suspendedsolids depositionsinside the rotameters.When one rotameterof an URFL unit

wasbeingcleaned,continuoussupply to slow sandfilters wasensuredby openingvalveX

theinterconnectionthetwo productionlines(seeFigure3.4-11).

RateofSSF(controlledfrom theinlet side)weresetatthebeginningof eachfilter-run andno

further adjustmentswere required. This is the advantageof inlet-controlled filters

comparedto outlet controlledfilters in which daily adjustmentsarerequiredto compensate

for head-loss.The problemof depositionsin SSF rotameterswas lesspronouncedsince

theyreceivedpre-treatedwater.

b) Cleaning of raw water tanks, filter units and URFL inlet and outlet boxes

Depositionsof suspendedsolids, and growth of algae occurredwithin the raw water tanks

andURFL inlet andoutletboxes,andhadto becleanedoccasionally.Thegrowth ofalgae

in thesupernatantwaterof all filter unitswasexcessiveduring filter-run 1 whenthefilters

werenot shaded,andhadto be fishedout daily. Theinitial low supematantwater level of

slow sandfilters wasdifficult to reachfor algaeremoval. This couldbe big a problemin

full-scaleplantsas it is reportedto beonedisadvantageofinlet controlledifiters [Galviset

al., 1993].A plasticmeshwith small openingswascut into a circularshapearoundwhich

awire wastied. Thewire wasattached to a long stickto reachandfish out thealgae.

Thegrownof algaecanbeminimisedby rawpre-chiorinationormicro-strainingandshading

the filter units. The former is expensivefor developingcountries,but shadingis more

economicalespeciallyfor small to mediumtreatmentplants. Hence,algaeproblemswere

minimisedby coveringraw water tanks, filter units, and URFL inlet and outlet boxes.
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Settlingin rawwatertankswasmininiisedby locatingtheoutletsat thebottomofthetanks

(seeFigure3.4-10).

4.5.2 Cleaning of the filter-bed media

a) Up-flow RoughingFilters in Layers

Cleaning of the URFL filter media was strictly supposedto have been done before

commencinginvestigationsin eachtrial run. In this way, the filter-bedis broughtbackto a

cleanstate.URFL cleaningis duewhenthe allowablehead-lossis attainedor whenfiltrate

quality becomesunacceptable.Non of thesecriteria wereattainedin this study. Therefore,

thecleaningintervalsweredue to the limitation on thepenodofinvestigations.

Both IJRFL were cleanedat theendof Trial 1 (27-03-97)beforestartingTrial 2. Thereafter,

the filters werenot washedat the endof Trial 2. At the end of Trial 3, URFL-1 wasnot

cleanedsincetheeffluentwas still acceptable(<3 NTU), but URFL-2 wascleaned(02-05-

97)sinceit hadbeenfedwith highly turbidrawwater(simulated)andfiltrate turbidity was

approaching10 NTU(acceptableupperlimit, seeFigure 4.2-6).At the end ofTrial 4, both

URFL were not cleaned(effluent quality and head-losswere acceptable).At the end of

Trial 5, URFL-2 wascleaned.Within Trail 6 (18-07-97),bothURFL units werecleaned.

Theoretically, if the filter mediawere not washedbefore eachtrial, removal efficiencies

during the subsequenttrial may either improve or reducedependingon the quantity of

suspendedsolids retained.If retainedsolidsarestill lessthanwhat thefilter-bedcanaccept

beforebreakingthrough,theseretainedsolidswill enhancephysicalfiltration mechanisms

(adsorption,attachment,screeningand interception) and improve removal efficiencies.

However,if thefilter bed cannotstoreanymore solids, removalefficiencieswill dropand

effluentquality will deterioratedueto solids breakthrough.Either caseswasnot noticeable

in thisstudy. It is possiblethatbetweenthetrials whenthefilter mediawasnot washed,the

amountofaccumulatedsolidswasnot enoughto affecthigh or low removalefficiencies.

Visual observationson the quality of thewashwaterduringhydraulic cleaningof theURFL

filter mediashowedremovalof suspendedsolids. Cleaningwasdoneat leasttwice on each

occasion.When cleanedfor the secondor third time, wash water was more clarified.
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During four of the cleaningoccasions,grab sampleswere collectedand analysedfor

suspendedsolidscontents.Analysisresultsareshownin Figures4.5-1 & AppendixD.

Figure 4.5-1: TSS concentration in URFL hydraulic cleaning wash water

From Figure 4.5-1, it is seenthat therewere high TSS at the start of the cleaning. This

indicatesthat most suspendedsolids wereretainednearthe filter bottom. High TSSnear

the end of the drainingcould be due to low velocities(due to the low water levels in the

filter unit then)which allowedflow of solids (retainednearthe filter walls, betweenunder-

drainopeningsandbetweenlateraldrains)towardstheoutletofthefilter unit. This trendis

what Wegelin (1996) obtainedin his investigationsof the hydraulic cleaningas well.

Theoretically, the concentrationof TSS levels in the wash water is supposedto be

decreasingwith timeofdraining.

Wolters (1988) suggeststhat “shock loading” (instantaneousclosureand openingof the fast

drainagevalve during draining) enhancesthe dislodgementand removal of solids. By

openingthe fast drainagevalve and then suddenlyclosing it, waterhammereffectsare

initiated to aid in dislodging suspendedsolids from the filter media grains. The shock

loadingeffectwastriedonceon URFL-1 in Trial 6 (seeFigure4.5-2).
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Figure 4.5-2: TSS concentration in URFL wash- water during “shock loading”

Accordingto Wolters(1988),TSSpeaksaresupposedto occurbetweentheintervalsof shock

loading.This would thenillustratethat suspendedsolidsweredislodged.Thepeaksshould

then decreasewith increasingcleaning/drainingtime. However,in the trial done(Figure

4.5-2) thesepeaksdid not occur. This couldbe attributedto the inadequacyof theunder-

drainsystem,which in his casewasonly coarsegravel.TheofdesigncriteriaofRF under-

drain systemfor effective filter washinghasnot beenfully developed,only preliminary

guidelinesexist to date [Galviset all, 1993].

b) Slow sand filter ifiter-bed

SSF mediawere cleanedby scrapingoff the top 1-2 cm of top layer (Schmutzdecke)until

relatively cleansandwas reached.After cleaning,the sandsurfacewas levelledto prevent

formationofpuddlesofwaterwhenthefilter is drainedfor cleaningthenext time.

A just cleanedSSF unit wasput backto serviceby first re-filling the unit throughtheunder-

drainwith filtrate from the adjacentfilter unit. After re-filling raisedthe supernatantwater

to about15 cm abovetheeffluentweir level, thefilter wasputbackto service.

After putting the filter back to service,higher filtration rateswere common.This wasasa

result ofrefilling the supernatantwater level to abovethe outlet weir level. Hence,when

the filter is started,thealreadyexistinghydraulic headabovetheweir level initiatedhigh

filtration ratesthanthoseset on therotameters.
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Chapter five

5. CONCLUSIONS AND RECOMMENDATIONS

5.1 Conclusions

The potential for the useof roughing and slow sandfiltration systems,as alternativesto

conventionalmethods,in treatingsurfacewater in Zambia,havebeenrevealedthroughthe

critical literaturereview and the attendantpilot plant investigations.Pilot plant investigations

revealedsimplicity in operationandmaintenanceassociatedwith thesesystems,comparedto

theoperationandmaintenanceof conventionalsystemsreportedin literature.Final filtratesof

thesesystemsareofvery high physicalandmicro-biologicalquality. Theresultsofthe study

provide the first basis for designingroughing and slow sandfiltration systemsin Zambia

basedon local practicalinvestigations.

Thespecificconclusionsdrawninclude:

a) Ability of URFL to treat raw water to quality acceptablefor SSF

It wasconcludedthat URFL areable to pre-treatraw water to physical and bacteriological

quality acceptablefor slow sandifiters. Turbidity, totalsuspendedsolid andfaecalcoliform

levelswerereducedto lessthan10 NTU, 5 mg/L and200 FC!lOOml, respectively.

b) Treatability of the Kafue river water by URFL-SSF systems

TheKafueRiver waterwas found to be treatableby URFL with respectto turbidity, faecal

coliforms and suspendedsolids removal. However, the actual high turbidity and total

suspendedsolid levelscommonin the rain seasonswere not studiedsincethe plant was

commissionedaftertherain seasonwas almostover. The simulationof high turbidity raw

waterusingclay from theKafue River banksprovidedan indicativecapabilityofTJRFL to

treat raw water common during rain seasons.URFL were ableto reduceaveragedaily

turbidities from about300 NTU to below 10 NUT. However,the algae contentof Kafue

River water,althoughnot measured,posesproblemsrelatedto clogging filters. This was

confirmedby the short first filter-runs of both pilot SSF units. The filters cloggeddue to

algaebloomsbeforetheycouldbepreventedby shading.
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c) Filter runs of up-flow roughing filters in layers and slow sand filters

IJRFL filter-runs were not established,either with respectto effluent quality or head-loss

development.Theoperationperiodsof IJRFL rangedfrom 10-31 days,with thehighest(31

days)occurringwhenbothURFL units wererunat 1.0 m!h. It is thereforelikely that for

filtration rateslessthan 1.0 mlh,URFL filter-runs couldexceedfour weeks.Becauseof the

low turbidity raw water and intermittent simulations of high turbidity, head-loss

developmentwasvery low andcould notbeusedasan indicatorof the endof a filter-run.

However,therewas an indicationof filtrate turbidities increasingwith time. This canbe a

reasonablecriteriafor indicatingthe endof a filter-run. In literature, filter-runs of abouta

weekarereportedwith heavyturbidity andsuspendedsolid loadscommonin wet seasons.

It couldhavebeenpossibleto experiencesuchfilter-runsif highly turbidrawwaterwasfed

to pilot plant lolandacontinuously.

ObtainedSSF filter-runs(atleast4 weeks) were acceptableand comparablewith reported

valuesin literaturefor well operatedSSF(morethan 1 month). It is possiblethat without

pre-treatment,filter-runs of SSF couldhavebeenshOrter.Theseacceptablefilter-runs are

attributedto the adequatepre-treatmentprovidedby URFL. The filter-runs obtainedin this

study aremuch higher than those reportedby Versteegand Holzhaus (1993) for SSF

applicationsin Zambia (3 days-2 weeks) which receive chemically pre-treatedor raw

surfacewater.

d) Suitability of local filter media for URFL and SSF

Local filter mediausedin SSF andIJRFL units aresuitable,and canreadily be employedin

full-scaleinstallationsas is evidentfrom thegoodperformanceofpilot plant lolanda. The

suitability of local filter media can definitely reducecapitalcosts since importing large

quantitiesof filter mediacould prove very expensive.However, thoroughwashingand

gradingis verynecessarybeforeuse.

e) Influence of investigatedURFL filtration rates onperformanceof URFL

URFL filtration rates of less than 1.0 mlh did not show markeddifference in turbidity

reduction,TSS, and faecal coliforms. However, an averagefiltration rate of 1.25 m!h

indicatedreducedperformancewith respectto faecalcoliforms removals.Sincethe main

purposeof roughingfilters is usuallyto reduceturbidity andsuspendedsolids which may

rapidlyclog slow sandfilters,thefiltration rateof 1.25 mlhcanstill beappliedaslong asit
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is ableto reducelevelsof theseparametersto acceptablequality for SSF.Faecalcoliforms

canstill be removedby terminaldisinfection.

f) Operation and maintenanceof URFL-SSFsystems

OperationandmaintenanceofUIRFL-SSFsystemscomparedto conventionalwatertreatment

systemsis simpler.No daily expertsupervisionwasnecessary.Operationandmaintenance

ofpilot plantlolandawasdoneby alocal person(operator)who waseasilytrainedon site.

Thenon-chemicalpre-treatmentby roughingfiltration meanslower operationcostscompared

to conventionalmethodswhich demandcontinuoususe of chemicals.The absenceof

mechanicallelectricalcomponents (used for back-washing in RSF and chemical

preparationsanddosing)imply lessoperationandmaintenanceproblems.

ThehydrauliccleaningofURFLby rapiddrainingwaseasyandrequiredneitherpumpingnor

extralabour. It waseffective in removingaccumulatedsolids. However,after cleaningthe

filter, it is betterto refill it using low rates(<0.5 mlh) to preventre-suspensionof dislodged

solids which werenot washedout. Attempts to quickly refill the filter at high rates(>1.0

mfh) canresultin high turbidity filtrates. -

5.2 Recommendations

The following recommendationsfor the operation,maintenance,designand possiblefuture

investigationson URFL-SSFsystemshavebeendrawnbasedon the critical literaturereview

doneandexperienceswith pilot plantlolanda.

5.2.1 Operation and maintenance

a) To preventthe proliferationof algaeandsecureplant hygiene,URFL and SSF shouldbe

shaded.For URFL, this is achievedby filling the supernatantdepth, including the

collecting drains, with coarsegravel (>25 mm), while SSF units can be roofed. For

economicreasons,it maybe appropriateto shadeonly LTRFL, which mayremovemostof

thealgae.The useofpre-chlorinationor micro-strainingto preventalgaebloomscouldbe

verycostly for small andmediumcommunitywatersuppliesin developingcountries.
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b) To achieveeffective hydraulic cleaningof UIRFL, the draining should be doneat least

twice,successively.After cleaning,thefilter shouldbeput backto serviceat low filtration

rates(—<0.50mlh). High turbidity break-throughcanoccurif the filters arerefilled quickly

at higherfiltration rates,andthis would leadto cloggingof thesubsequentSSFunits if the

filtrates arenot sent to waste.Attempts to fill the filters at high ratesand then filter to

wasteuntil thefiltrate is acceptableto SSF,mayresult in increaseddown-timebecausethe

experiencewith pilot plant lolanda indicatedthat it can takeseveralhours of filtering to

wastebeforethefiltrate becomesacceptable.

c) Whena SSF is takenout for cleaning,it should not be completelydrainedand dried, as

practisedin mostSSFinstallationsin Zambia,becausethedevelopedmicro-biologicallife

within the filter-bed is killed. Re-developmentof the micro-biologicalfaunarequirestime

to adjustto newconditions. Re-filling and re-chargingof the filter shouldbe doneat low

filtration rates(<0.lmlh)to allow effectivedevelopmentof theschmutzdecke.

After cleaningan inlet controlled slow sandfilter, it should not be back-filled to abovethe

effluentweir level. Back-filling shouldonly raisethe supernatantwaterlevel to the effluent

weir level. If the initial supematantwater level is abovethe effluent weir crest and the

inflow rateis setto therecommendedlow startingrate(<zO.lomlh), the availablehydraulic

headabovethe effluent weir crest level can causehigher than 0.1 mlh rates.This was

experiencedwith pilot plant lolanda. The high filtration ratesin ajust cleanedslow sand

filter canresultin faecalcoliform breakthroughs,sincethe Schmutzdeckelayer is still not

fully developed.

d) Filtrationratesin SSFarebestcontrolledfrom theinlet sideasexperiencedwith pilot plant

lolanda. Outlet-controlledSSF could haverequiredfrequentadjustmentsof the effluent

control valve (nearly daily) to compensatefor increasinghead-loss.The advantagesof

inlet-controlled SSF are that regularadjustmentof the flow controlvalve is not necessary,

andtherising waterlevel is an obviousindicatorthatthefilter is clogging.

e) URFL and SSF shouldbe operatedwith minimal fluctuationsof the filtration rates. In

IJRFL, fluctuating filtration rates can causere-suspensionsof the retainedimpurities
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leadingto theirbreakthrough.For SSF,constantfiltration ratesareessentialfor consistent

bacteriologicalperformance.

f) Because of the low head-loss development in URFL, filter resistancemay not always be a

decisiveoperationalcriteria for cleaningthe gravel. Increasingturbidity of the filtrates up

to undesiredlevels(daily averages-~ >10NTU) is apossiblealternativefor indicating the

endof a filter-run. Whereturbidimeterscannotbe available,standardclay suspensionswith

turbidity around 10 NUT canbepreparedandusedto comparefiltrate clarity.

5.2.2 Design aspects

a) Useof intake or dynamicfilters to protectURFL againstvery high turbidity loads which

occurin rain seasonsshouldbeconsideredin thedesignofTJRFL-SSFsystems.During the

study on pilot plant lolanda, therewereindicationsof increasingUIRFL ifitrate turbidity

with increasingrawwaterturbidity during thedaily simulationperiods.It is thus likely that

high turbidity rawwaterfor at leasta dayor morecouldreduceURFLefficiencies.Intake

or dynamicfilters canprotecttheplant againstsuchhighturbidity loads.

b) LiteraturesuggestthatURFL givebestresultsat filtration ratesbelow 1.0 m!h. Thereis not

muchperformancedifferenceat filtration rateslessthan1.0 mlh. However,filtration rates

of 1 .25m1hcanalsobe appliedasexperiencedwith pilot plant lolanda. Higher ratescould

be possible only for short periods of time when one filter is out of operation for

maintenance.

c) Theinclusionofa supportgravelin URFL is recommended.Besidesthesupportingrole, it

can also contribute to the storagecapacityof the filter. It may also be essentialduring

hydraulic cleaningsince the largeporosity thereprovides good drainage.However, the

performanceof thesupportgravelmaybeaffectedby therawwatercharacteristics.

d) Flow to URFL units shouldpreferablybeby gravityasthis facilitateseasymonitoring of

head-lossdevelopmentsandpennit installationofhydraulic flow measuringfacilities.

e) Existing structures,like sedimentationbasinsin conventionalpre-treatnientsystems,can

easilybereconstructedto URFL.LargeSSF units canbe reconstructedto includeIJRFL.
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5.2.3 Future research

a) Up-flow Roughing filters in layers

I) Although hydraulic cleaningof UIRFL showedthat it removespart of the accumulated

solids, designcriteria for the under-drainsystemand efficiency of the cleaningprocess

needmore research,preferablyusing full-scaledemonstrationplants.The massbalance

analysisof total suspendedsolids would be thebest tool to ascertainthe efficiencyof the

hydraulic cleaning.The decreasingwaterlevel in the filter units is an interestingaspect

since the drainagevelocity also decreases.Possibilities of additional wash water and

slopingfilter bottomsshouldbe considered.

ii) URFL filter-runsneedfurther investigationswith respectto rawwaterquality. This study

was limited to simulatedhigh turbidities.A study in the rain seasonwhen continuously

high turbidity is commonandoverinvestigationsperiodsgreaterthantheonesusedin this

study,wouldbe interesting.

Ill) With regardto URFL filter media, low depthsneedto be consideredespeciallywherelow

turbidity raw watersare common. Monitoring of turbidity reductionsthroughthe three

gravel layers of pilot plant Ioalnda~ URFL units revealedthat for low turbidity raw

water, the last two layers hardly reducedturbidity. Suggestionsby Wegelin (1996) that

depthsofthebottom,middleandtop gravellayersin T.JRFL canbedesignedin theratioof

3:2:1 candefinitely reduceamountsofgravelmediausedandtheoverall sizeoftheplant,

thusgiving economicalbenefits.

iv)The performanceof pilot plant lolanda with regardto the removalof COD, colour, iron

and manganese,needto be investigatedso that the extentofpurificationmechanismsis

known. Theseparametersare also reportedto be limiting factors to the performanceof

slow sandfilters.

b) Slow sandfiltration

i) The ripeningperiodof the SSF filter-bed, with respectto faecalcoliform removal,using

local sandsneedflu-ther investigations.If the ripeningperiod is known, it is possibleto

minimise on safety chlorinationespeciallyin rural and township areasin Zambia, and

possiblyelsewhere,wheredisinfectantsaredifficult to get.
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ii) If slow sandfilters arefed with well pre-treatedrawwater, then it shouldbepossibleto

increaseproductionby applying higher filtration ratesthan thoseexperiencedwith pilot

plant lolanda (average0.24 rn/h). Then, thecorrespondingfilter resistance,andturbidity

and faecal coliform removals need evaluation at higher rates under the Zambian

conditions.Kors et al. (1996)report yearly averagefiltration ratesof 0.48 rn/h for slow

sandfilters at theAmsterdamWater Works (TheNetherlands)with a designcapacityof

0.65 rn/h becausetheyarefed with well pre-treatedrawwater.

iii) Local sourcesof SSF filter media needto be exploredto avoid costly importation of

sand.Most oftheexistingwatertreatmentplantsin Zambiauseimportedsand.Theneed

to explore and study varioussandsis importantbecausedifferent sandsare reportedto

perform differently. Pilot plant studies arevital in establishingthe suitability of unknown

sands.

iv)Although shading or covering SSF hasbeenrecommendedas a method of miimising

algae growth, enhancingfilter-run length and securingplant hygiene, research is still

requiredon quantifyingthecostandproductivitybenefitsofshading.

v) There is still someconsiderableuncertaintyasto anacceptableminimum filter-beddepth

of sand.Huisman (1989) recommends0.70 m, Visscheret al. (1987) suggest0.50m,

Rachwalet al. (1988) indicate that a lower valueof 0.3 m is permittedfor theLondon

slow sandfilters, and a minimum depthof 0.4 m for algaeremovalhavebeensuggested

by Di Bernardoet al. (1991). The minimum depth is likely to dependon operational

conditions such as influent quality, sand size, filtration rate, and water temperature

[Graham et al., 1994]. According to Graham (1994), recentpilot plant studies have

suggestedthat bacterialremoval is not very sensitiveto filter depth,evenwith the depth

reducedto 0.20m. Certainly, investigationsare requiredconcerningthe minimum filter-

bed depth, using local materialsin Zambia, since it hasa cost implication, especially

wherelargequantitiesofsandarerequired.
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Appendix A: Effects of filter-bed depth in slow sandfiltration on operation period

beforere-sanding,head-lossand filter run-time.

Usefulrelationship:

Theyearsofoperationbeforere-sandingcanbecalculatedasfollows

Y=(Hj~Hm)/(Hs*f) 1
where:

=~‘ H1 is the initial filter beddepth
~> Hm is he minimum filter-beddepthbeforere-sandingis needed
=> H~is thedepthofsandscrapedaftereachfilter-run
=> f is thefrequencyofcleaningperyear

The relationship of the filtration rate, head-lossand filter depthis givenby theDarcy’s
Equation

v=-k(dHIdZ) 2

where:

=~ dH is thehead-lossavailableacrossthefilter-bed

=> dZ flow distancethrough media or filter-bed depth (m)

~ k hydraulicconductivityofporousmedia

=> V is thesuperficialvelocity synonymouswith thehydraulicloadingrate(mfh)

Example one: Effect of filter-bed depth on bed life

GWENDATA:

=> filter-beddepthsof 1 .3m and 1 .Om

= H~1.5 cm perscraping

=~f =6 scrapingsperyear

~ Hm =50cm

CALCULATION

=> FORH~= 1.3mandusingequation(1)

Y = (130-50)7(1.5 * 6) = 9 years

=> FOR H, = 1.mand usingequation(1)

Y (100-50)71.5 * 6) = 5.5 years
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Exampletwo: Effectsof filter-beddepthon head-lossandrun time

Givendata:

=~ Filter-beddepthsof 1 .3m and 1 .Om

=> filtration rateV = 0.2mih

=> k =5.05 * i0~mis ( assumingTemperate= 10°C)

=> filter runtime 60 days

=> maximum allowable head-loss 1.5 m

Applying Darcy’s law (equation2) to solvefor theavailablehead-lossfor thecleanfilter-bed

Filter-beddepthof 1.3mgivesdH = 0.14 m

Filter-beddepthof 1 .Om givesdH = 0.11 m

Discussions

A filter-beddepthofdepthof 1 .3m givesa bedlife of 9 years,whereasa 1.0 m bed gives a

bed life of only 5.5 years.Thebedlife increasesby 3.5 yearsmerelyby addingan additional

30cmof filter-bed.

A filter-bedof 1.3 m givesa cleanbedhead-lossof 14 cm, whereasa 1.Om bed givesa clean

bed head-lossof 11 cm. The head-lossincreasesonly by 3 cm by increasingthe filter-bed

depthby 30 cm.

Assuminga linearhead-lossdevelopmentwith time and an allowable terminalhead-lossof

1 .5m overafilter runof30 daysfor the 1.Om filter-bedwould meanthefilter-run would drop

by of 4 daysif the 1 .3m filter-bed is applied.Weighedagainstthis is the additional 3.5 years

bed life beforere-sanding.This showsthat thetrade-offsof increasingthefilter-bedcouldbe

smaller thanthe benefits,although in this theoreticalexamplethe additional cost aspectsof

theside-wallarenot taken into account andwhetherthefoundationsoil would accommodate

theadditionalpressures.
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Appendix B J35 ______ AppendixB

Note: STDEV (%) meansstandarddeviation(percentage)

r~I1 I
Up-flow rouphinofitter In layers No! 1

I Day 2 3 4

APPENDIX B (i): Turbidity (NTU) measurementsin Up-flow roughing filters in layers

5 6 7 8 9 10 ii 12 13 14 15 16 17 18 19 20 21 22 23 24 25
[Raw Water Turbidity 150

STDEV(%)

ITurbid4y 096

1067 354 132 154 137 117 129 120 167 125 133 104 116 968 - 07 118 136 133 116 142 170

[Fitrate

8494 6383 1320 3186 711 944 1490 632 4628 1208 1759 617

421 133 071 074 069 060 072 077 063 061 063 061
805 1600 1387 1138 891 981 1324 1765 1207 1296 1812 1057

6057 6243 4621 5195 4964 4672 4419 3583 6228 5120 5263 4135

000

068

12173 965

068 057
1280

057
1801
058

1408

058

957
055

1893 3530

060 069

STDEV(%) 814
(~Iyreduc1icri(%) 3812

Up-flow rouphlnofilter qJayaa-

000

4138

3192

9318

1028

4673

938

5169

918
5735

949
5639

1060
5259

1640 2526
5775 5941

Day 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 16 19 20 21 22 23 24 25

Raw waler TurbIdIty 50 1067 354 132 154 137 - 17 129 120 167 125 133 - 04 - 16
8494 6383 1320 3188 711 944 1490 632 4628 1208 1759 617 000

968 07 118 138 133 116 142 170
65 1280 1801 1408 957 1893 3530STDEV(%) 238 12173

Filtrate Turbidity 02 405 133 075 074 069 061 071 066 055 055 061 057 058 066 57 060 058 060 057 053 072
STDEV(%, 348 441 1647 807 1306 488 1447 1658 1745 1206 1365 1333 544 000 921 59 1033 636 1288 809 782 2359

Turbtdityreduction(%) 3211 6207 6243 4318 5195 4964 4786 4496 4500 6707 5800 5414 4519 5000 93J8 4673 4915 5735 5489 5066 6268 5765

1Tn1a12 I
tallow rounhtnofitter -itaverj1f~j

Day 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20

Rawwater Turbidity 148 187 254 223 1285 584 500 239 304 210 479 224 225 240 266 311 341 98 361
STDEV(%j 179 811 732 841 17149 1728 1602 1556 1906 1730 1041 1442 2838 1342 3045 3077 1429 64 390

FUtrate Turbidity 091 095 097 087 088 085 245 122 136 110 104 112 098 101 114 126 142 29 56
5TDEV(%) 3776 614 791 374 3678 1116 1625 1074 1900 848 341 576 2838 292 744 881 566 85 1030

Turbidityreduction(%) 3851 4920 6181 6099 9315 8545 5100 4695 5526 4762 7829 5000 5644 5792 5714 5949 5836 5671 5523

Up-flowrouobtnafitter ‘I tavernWQ~

Day 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20

Rawwaler Turbidity 148 187 254 223 9285 564 500 239 304 210 479 224 225 240 266 3fl 341 298 -
STDEVf%t 119 811 732 841 17149 1728 1602 1556 1906 1730 1041 1442 2836 1342 3045 3077 1429 464 390

Fiirate Turbidity 064 105 105 099 085 086 239 126 139 115 103 121 104 105 118 129 153 30 66
STDEV(%) 2338 1591 452 861 4761 1044 861 901 1487 1278 798 1461 820 179 971 1210 828 731 785

Turbidityreducbcn(%) 5676 4385 5866 5561 9339 8527 5220 4728 5428 4524 7850 4598 5378 5625 5564 5852 5513 5638 5402

IT~t3 I
Up-flow rouphtnpfitter fflavrt’jQJ

Day I 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17

Rawwater hirbdty 308 383 234 204 196 192 185 243 185 137 176 167 204 204 301 227 187
12 20 17 15 31 39 20 39 25 30 40 5754 22 14STDEV(%) 10 24 21

FIltrate turbrdtty 127 122 111 108 107 094 091 096 095 070 061 066 073 071 081 086 074
2212 3071 1516 1652 3462 2000 1700 1800 800 1600 1800 1900 1700 135STDEVC%) 1153 774 1271

TurbtdItyreducba,ç%) 5877 6515 5256 4706 4&41 5104 5081 6049 4665 4891 5398 6~48 6422 6520 7309 6211 6043



.
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IT~t3 j
Uo-flqsv rogjohirto ~er ~1~Y6t5 P40.2

jTRIAL4
Up-flow roughing191w in layersNo 1

I I I

Day I 2 3 [ ~ 5 6 6 9 10 Ii 12 13 14 15 16 17
Raw waler turbidity 1576 2568 2534 [152612025 2617 4531 11583 5665 10106 11178 13775 25933 21600 17703 23&00 14967

STD0V(%) 4203 2736 4256T3j56[44.16 5183 1795 4594 2782 4658 4005 4926 3874 3408 82.56 16.23 2567

Filtrale [Turbidity 264 201 213 163 158 165 225 318 323 467 643 693 798 961 7.61 592 509

STDEV(%) 3-365 2676 25.2012205120.26 2149 22.18 3697 27.46 4100 3700 2600 2800 29.00 800 7163 239

Tiwblcflyreduc8cafl%) 6325 9217 91591693219220 9370 9503 9725 9430 9538 9425 9497 9692 9555 9570 9747 9660

AppendixB

Day 1 2 3 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22f~T]24[25 26

Raw waler turbidIty 3045 3505 4226 7458 51 34 10063 1 93 I 76 167 219 186 205 309 274 251 299 265 250 229 311 2221 1 !t I !.±!I !.~2 1.~
STDEV~%12044

Fl#raLe [Turbidity 282
STDEV(%) 1866

3615

306
1206

3493

323
1049

4430

406
4069

5891

393
5242

6395

585
4777

623

092
1603

2376

081
2275

1197

085
645

2875

067
1467

3417

076
860

1640

090
723

2419

099
1296

2790

094
1628

2321

115
1826

2424

069
1277

5061

096
1351

2065

090
333

3132

092
830

4026

116
1741

1544J833j1526[1369 1337

095 080 1066(064 119
1599 1660j1764 16563143

Turbsdttyreducttai(%) 907 913 924 945 923 942 521 539 490 604 593 561 681 658 541 703 638 640 598 627 573 596 467

Up-flowroughinglilur in layersNo 2

Day 1 2 3 4 5 6 7 6 9 10 11112 13 14 IS 16(17 18]19 20 21 22123 24 25 26

Rawwater turbidity 3748
STDEV(%l 583

Filtrate I turbidity 4 03

6255
788

4 67

41 67
235

3 54

91 60
99

4 83

6352
445

4 46

12260
957

5 26

4096
507

419

3217
185

522

2i�~I ~j~a
2201240

387
2485J 1844

89190

a~ .~za
547 173

5 Il - 457

zia z~aI za~i
161 162 554

642 805 5 46

~uiI ~
188] 162

7 46 7 27

z~a
157

555

450

557

!u~Ia~iia ~
2411767 429 309 551

~1IJ342 250 239 308
STDEV(%) 3346

Turbidilyreducliou(’A) 89

1896

93

1846

92

4092

95

4583

93

4865

96

3505

90

2797

64

4722

90

1450

88

2409

89

1723

90

3271

93

940

69

1699

91

3501

93

2579

90

1565]13955

91189
1L2L

89
1~29~1..!

19) 86

1T1ra15 I
I l.-~.R.,... ,.,k,,~,,t.Ilt, avers No.

Rawwaler Turbirity

31 1 21 3 4 5

278 11~f 282 219 231 241

6

206

7 8 9

196

10 11

199

12 13

141

14

1.45

15

140

16 17 18

5464 6416 2508

19

3760

21 22 ~24 25 26 27 26 29 30

4114 6916 3425]4251 38373676446437126573 15611

S1DEV(%)

Ftltrate Iturbldtty

3030 4368

068 089

6189 3193 1099 2117 2239

100 090 098 117 092 —

2300 4193

082

700 1729 1056

077 070 076

2313 3858 2118 5093 6718

359 398 269 318 241

3007 4T~f4495 3805

•Tig 229 ~2Z 317

27563870 4398

296 272

5398 10131

228 293

STDEV(%) 1750 1497 1619 1194 2018 2744 1160 1223 2492 1348 1362 1779 1202 1057 1684 2724 1354 1576 2526 3727 1773 2103 1521 1500 1424 4080

Turbidltyreductirafl%) 685 563 645 591 576 515 554 559 591 454 518 455 934 938 693 915 941 929 921 923 917 920 929 927 965 961

fitter Iriwers No 2

Day 1 2 4 5 6 7 6 9 10 11 12 13 14 15 16 17 18 19 20 21 22123 24 25 26 27 28 29 30

3147 605514536 3912 403933-71 4638 4088 8185 22020
4346 2406IZ9~94845462420633197 3050 5167 7410

2484691345343362262324297206 273

Rawwater Turbidtty 2664 29~f3399~3809 2600 3750 2666~ 3080 4156 2394 6168 2756 11056 5246 3527 4232
STDEV(%)

Filtrate ~kirbidity

2727 4856[ 45031 1710 1712 6082

430 370t 4491 417 355

2021

461528376

1927 4056

396

1857 4533

266435371

1379 4602 3852 4602

372 413 342

5966

332
STDEV(%) 2836 1037 1201L1862 1734 2489 2048 2894 2531 294 1675 2157 5544 1432 52.80 27.02 1238 4123J23643509 2244 1892214921572439 3043

Tisbidilyreduction(%) 83.9 877 8681 691 863 877 803 876 905 880 930 866 966 921 903 922 921 91 ~I924
912 905 922 930 927 975 986
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IT~6 I

137
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AppendixB

I InJlnw rn.inhtna f#tnr In bvers Nn I

Day 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18

Rawwater Turbdty 19121 23690 23940 13678 9Z42 7117 9484 4662 9324 8649 6266 13572 11101 14353 7833 6560 6028
STDEV(%t 6107 4291 4109 5392 1900 3405 4913 2564 1405 4827 5193 6318 4757 3714 5088 4327 4258

FIttrate jTurbldity 362 665 458 546 359 315 302 343 460 311 360 505 517 420 374 319 482
STDEV(%j 1239 3011 2580 7624 2406 3046 2003 2041 1590 669 2702 2049 2077 1475 3646 1559 5306

Turbiddyreducbai(%) 960 972 981 960 961 956 968 926 951 964 943 963 953 971 952 951 920

Up-flow rouahtnafitter In aversNq~

Day 1 2 3 4 5 6 7 8 9 10

Rawwater Turbidity 29940 27710 1 19176 15645 9905 1 1 5390 6695 6711 6463
STDEV(%) 6796 3901 ] 2384 5765 4458 ] [ 4011 5468 3165 ] 1990

Fittrate Turbtdlty 447 713 440 603 323 [ 323 324 439 504
STDEV(%) ifë~~ siää~]2469 9931 l74i~] ~ 3261 2609

24oTi~j 1319

Turbidityreduchon(°A) 985 974 977 961 967 940 952 935 940

tT~7 I
Up-flow rouahtnctfilter In layers No~1

Day 1 2 3 4 5 6 7 8 9 101 11 12 13

Rawwater TurbIdity 9245 24543 20033 7112 20650 11952 171 18 17768 21460 16536 15624 16603 22150
STDEV(%) 5014 9125 7002 4709 1013 5560 2063 4479 4034 3773 4999 2727 2591

Fttrate TurbIdity 437 430 323 267 267 488 392 514 542 431 364 365 500
STDEV(%) 1391 4969 3684 3416 1733 5009 922 2856 4212 3669 J 4360 1339 1750

Turbldityreductlui% 953 962 984 962 987 959 977 971 975 L ~
~?‘~

ttn-ftnw inonhtna fitter

Day 1 2 3 4 5 6 7 8 9 10 11 12 13 - 14 15 16 17 18 19

Rawwater TurbIdity ¶2229 16075 13071 12681 21293 9643 7823 11074 18387 19804 18093 6712 23270 12250 15563 23947 27658 16267 17500
STDEV(%) 5332 3844 5343 3313 5159 6002 3806 7317 6545 6880 5958 3953 3019 5999 4742 6234 6338 3426 4597

Filtrate ITurbittity 478 907 564 661 636 481 380 337 297 491 397 262 262 488 419 531 573 442 391
STDEV(%1 3500 4117 2939 4148 3312 1721 1019 4386 1305 3172 1511 1625 1490 3987 1542 3925 3576 3715 4076

Tutbldityreduc8ai% 961 944 957 949 970 950 951 970 984 975 978 961 989 960 973 978 979 973 978
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APPENDIX B (ii): Turbidity (NTU) reduction by slow sand filters (Pilot plant lolanda)
INote: ND meansno data}

IaIa(~rch19~7) 1
—

2
—

3
—

4
—

5
—

6
—

7
— —
eJ9

— —
10111

—
12

—
13

—
14

—
15

—
16

—
17 16

—
19

—
20

—
21

—
22

—
23

—
24

—
25

—
26

—
27

—
28

—
29

— —
30 31

I SSF-1 Influent ND 096 ND ND 421 133 071 074 1069 060 1072 077 063 061 063 061 068 Nb 068 057 057 058 058 055 060 069 091 095 097 087 088

SSF-1 Etlluenl

D% Reduclloo

ND I 52
-5864

ND ND 2 40

42 95

0 81

39 10

0 52

26 76

0 43 ~ a43

~

0 40 ~ o 42

ã~~J~T67

0 35

54 56

0.32

49 21

0 30

50 82

029

53 97

0.27

55 74

025

63 24

NO 0.29

57 35

0 30

47 37

0 28

50 88

0.27

53 45

0 28

51 72

028

4909

0 30

50 00

0.29

57 97

0 47

40 00

0 57

40 00

0 56

42 27

0 53 042

39 08 5227

1 SSF-2lnfluent NO 102 ND ND 405 133 075 074 069 061 071 066 056 055 061 057 058 ND 066 057 060 058 060 057 053 072 064 105 lOS 099 085

SSF-2 Etttuent ND 0 97 ND ND 2 42 0 80 0 52 0 44 0 37 0 35 0 39 0 35 0 31 0.28 026 026 0 29 ND 0 26 027 0 25 0 23 0 22 0 23 0 20 021 0 24 0 29 0 30 0 27 0

t~%ReduCtiOn 4 43 4020 39 85 30 67 40 54 46 38 4262 45 07 46 97 43 64 49 09 57 38 54 39 50 00 60 6l 52 63 58 33 60 34 63 33 59 65 6226 70 83 82 50 72 38 71 43 72 73 50

— — — — — — — — — — — — — — — — — — — — — — — — — — — — — —
~ts(.tpdJ1i~7) I 2 3 4 5 8 7 8 9 12 13 14 15 18 17 16 19 20 21 22 23 24 25 26 27 28 29 30

1 SSF-1 lrtfluent 0 85 2 45 ND 1 22 1 36 1 I 1 04 1 12 0 98 1 01 1 14 126 1 42 1 29 1 58 1 29 122 1 11 1 08 I 07 0 94 0 91 0 96 0 95 0 7 0 81 0 66 0 73 0 71 081

SSF.1Effluent 053 08.3 ND 068 071 073 062 061 055 053 053 049 049 06 082 059 058 055 051 046 047 064 051 045 041 045 046 055 057 05l

P%Reduction 3765 6612 4426 4779 3364 4038 4554 4368 4752 5351 61 Il 6549 5349 6076 5426 5246 5045 5278 5701 5000 2967 4688 5263 41 43 444-4 3030 2468 1972 3704

1 SSF-2 Influenl 0 86 2 39 ND 1.28 1 39 1 15 1 03 1.21 1 04 1 05 1 18 1.29 1 53 1 3 I 66 2 45 2 01 2 13 1 63 1 58 1 65 2 25 3 18 323 4 67 6 43 6 93 7 98 961 761

SSF-2Eflluent 032 045 ND 042 05 045 041 046 04 038 045 036 043 038 059 056 055 054 049 048 048 051 058 058 057 064 062 075 087 087

P4% Reduction 62 79 81 17 66 67 64 03 60 87 60 19 61 98 61 54 63 81 61 66 72 09 71 90 70 77 64 46 77 14 72 64 74 65 69 94 69 62 70 91 77 33 81 76 8204 87 79 9005 91 05 90 60 90 95 6857

— 1:~ -_-I-_

3 4
ND 2 82

~:I-~

5 8

3 06 323

7 6
4 08 3 93

— • L F

14 ~ 15 18 ~ 17 18
~ ~ 0 94

F
19 20

I 15 0 89

F F
23 24

0 92 1 16

F
27 28

0 80 0 66

~te(May1997)
1 SSF-1 Influent

I
0 86

2
0 74

9
5 65

10
0 92

II
ND

12
0 81

13 1
0 85 ~

21
0 96

22
0 90

25
ND

26
0 95

29
0 64

30 31
1 19

: SSF-lEfflueiit 049 058 ND 046 046 054 053 081 062 054 ND 046 0481 058 049 046 059 053 058 045 055 045 037 041 ND 035 034 033 031 029 032

P%Reduction 4302 2162 8354 8508 8341 8699 8444 8934 4170 4350 4339 3249 3519 4866 4007 4386 4991 4969 4292 5000 6002 6480 6300 5722 5000 5218 7530

I SSF-2 Inhluent 5 92 5 09 ND 4 03 4 67 3 54 4 83 4 46 5.26 1 07 ND 4 1 9 5 22 387 4 55 5 1 1 4 57 8 42 805 546 7 48 7 27 5 55 5 57 ND 5 86 3 42 2 50 2 39 3 08 4

SSF-2Etltuenl 094 085 ND 068 065 070 074 076 068 064 ND 059 055 072 072 064 072 068 073 070 073 060 059 057 ND 056 051 036 037 037 040

P1’. Reduction 84 12 83 30 83 16 85 99 8027 84 66 8301 87 06 40 75 85 86 89 44 81 31 84 18 87 52 64 14 91 95 90 94 87 23 90 23 91 79 89 34 8983 90 52 85 15 85 45 84 44 87 92 91

— — — — — — — — — — — — — — — — — — — — — — — — — — — — — —
~t.(Jixi.l997) I 2 3 4 5 6 7T6 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 28 27 28 29 30

1 SSF-1 Inhluent 0 89 1 00 0 90 0 98 I 17 0 92 a86 0 82 ND ND 0 77 0 70 076 3 59 3 98 2 69 3 18 ND 241 4 89 4 89 3 27 3 17 2 96 3 20 2 72 2 28 293

SSF-1 Effluent 029 0 26 0 37 028 026 0 31 ND ND 0.29 027 ND ND 0 23 0 22 027 029 0 32 0 35 0 32 ND U 30 0 39 0 39 0 38 0 36 0 32 0 26 0 31 0 29 030

17%Reduc600 677 739 588 709 775 663 660 664 701 680 651 920 920 872 898 878 921 919 885 885 890 913 886 874 898

I SSF-2tnfluent 3 70 4 49 4 17 3 55 4 61 5 28 ND ND 3 76 396 ND ND 2 88 4 35 371 3 72 4 13 3 42 332 ND 2 48 4 89 3 45 3 43 3 62 2 62 324 2 97 2 06 273

SSF-2Eltluent 0 39 0 37 0 36 0 35 0 32 0 42 ND ND 0 37 039 ND ND 0 28 0 31 0 33 041 0 32 023 0 48 ND 0 41 0 45 0 44 0 45 0 47 0 40 0 37 0 41 0 38 0 38

D%Redu~ion 89 92 91 90 93 92 90 90 90 93 91 89 92 93 86 84 91 87 87 88 65 89 86 82 86

— — — — — — — — — — — — — — — — — — — — — — — — — — — — — —
~e(J~Ay1997) I 2 3 4 5 6 7 8 9 10 II 12 13 ~7~FiT 20 21 22 23 24 25 26 27 28 29 30 31

1 SSF-llnfluenl 382 665 458 548 359 ND 315 302 343 460 311 360 505 517 420 374 319 482 437 430 323 266 267 487 392 514 542 296 326 280

8SF-i Effluent 0 38 0 46 0 43 0.49 0 47 ND 0 52 0 53 0 41 0 43 0 40 0 35 0 36 0 34 0 39 036 0 36 0 42 0 40 0 43 0 47 0 49 0 32 0 39 0 40 0 32 0 37 0 32 028 0 31

p% Reduction 90 58 93 08 90 61 91 06 86.91 83 49 82 45 88 05 90 65 87 14 9028 92 87 93 42 90 71 90 37 88 71 91 29 90 85 90 00 85 45 81 58 88 01 91 99 69 80 93 77 93 17 89 19 91 46 8893

1 SSF-2lrifluent 447 713 423 603 323 ND 323 324 439 504 478 907 564 661 638 481 380 512 297 491 397 311 262 488 419 531 573 262 336 311

SSF-2Effluenl 043 060 058 062 057 ND 065 066 062 061 051 043 082 0.35 068 055 066 053 062 064 068 0.62 041 054 047 0.46 048 040 037 041

-_P4%RedLJc~OrI 9038 9158 8605 8972 8235 7968 7963 8588 8790 8933 9526 8901 9470 8962 8857 8263 8965 7912 8697 8287 8006 8435 6893 8878 9134 9162 8473 8899 8682
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Appendix C 1 ~q AppendixC

Appendix C: Analysis results of faecalcoliforms (FC)

Date

URFL-1 SSF-1 URFL-2 SSF-2
Influent Effluent (ssf-1 tnf.) Effluent Influent Effluent (ssf-1 inf.) Effluent

Sam
V(mI)

FC FC/
lOOmI

V(mI) FC FC/
lOOm!

Sam
V(mI)

FC FCI
lOOm!

Sam
V(mI)

FC FCI
lOOm!

V(mI) FC FCI
lOOm!

Sam
V(mI)

FC FC/
lOOmI

3/31/97 1 2 200 I 0 0 5 0 0 1 2 200 1 0 0 5 0 0
4/16/97 5 9 5 2

10 0 60 20 0 0 *
* * 10 0 14 20 4 20 100 6 6

4/18/97 1 0 10 0 0 100 0 0 I 0 10 2 20 100 0 0
5 3 50 5 4 67

4/21/97 1 1 10 0 0 100 1 1 1 1 10 1 10 100 0 0
5 2 50 5 3 67

4/23/97 5 2 40 10 0 0 100 1 1 1 0 10 2 20 100 0 0
5 3 50

4/25/97 1 0 5 0 0 100 4 4 1 0 5 1 20 100 0 0
2 2 67 2 1 34 20

5/2/97 1 1 10 0 0 100 0 0 1 0 10 2 20 100 0 0
5

-

3 67 0 5 4 67 20
5/9/97 1 1 10 1 10 100 1 1 1 2 10 1 10 100 0 0

5 3 67 5 1 50
5/22/97 2 0 10 0 0 100 0 0 2 0 10 0 0 100 0 0

5 0 0 0 5 1 14 0
5/28/97 5 8 160 20 1 5 100 4 4 5 0 0 20 2 10 100 1 1
6/4/97 2 3 20 3 15 100 2 2 2 0 20 4 20 100 4 4

5 7 143 5 3 43
6/13/97 1 1 10 1 10 100 5 1 1 5 1 100 0 0

2 2 100 100 7 6 2 2 100 10 3 27
6/18/97 1 35 5 19 100 1 1 12 5 41 100 0 0

2 44 2633 10 17 240 100 6 4 2 27 1300 10 0 273
6/20/97 1 15 5 6 1 31 5 16 100 3

2 18 1100 10 16 147 2 44 2500 10 10 173 100 2 3
6/25/97 1 12 5 3 100 1 1 3 300 5 2 100 42

2 37 1633 10 5 53 100 1 1 10 3 33 100 ntc ntc
6/30/97 0.5 8 5 15 100 1 0.5 1 5 2 100 3

1 10 1200 10 26 273 100 1 1 1 6 467 10 4 40 100 14 9
7/4/97 0.5 3 5 23 100 1 05 36 5 55 100 0

1 5 533 10 35 387 100 4 3 1 15 3400 10 57 747 100 12 6
7/18/97 0.5 1 5 6 100 0 0.5 2 5 2 100 2

1 2 200 10 8 93 100 0 0 1 4 400 10 2 27 100 4 3
7/23/97 0.1 1 5 2 100 0 0.1 0 5 0 100 2

1 2 273 10 0 13 100 0 0 1 7 636 10 1 7 100 0 1
7/27/97 0.1 1 6.2 1 100 2 0.1 0 5 1 100 6

1 6 636 10 0 6 100 1 2 1 2 182 10 2 20 100 5 6
8/1/97 0.1 1 5 3 100 20 0.1 2 5 7 100 0

1 3 364 10 5 53 100 28 24 1 1 273 10 12 127 100 6 3
8/8/97 5 2 100 3 5 2 100 2

10 2 27 100 4 4 10 3 33 100 0 1
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Appendix D: TSS Concentration in URFL wash water

Normal hydraulic cleaning Shock loading effects

Time(S) Trial-I Trial-2 Trial-3
0 5626 44285 40160

5 ns 8950 22095

10 ns 6452 16645

15 4112 5130 27158

20 ns 4675 34702

25 ns 4478 19437

30 2260 3409 128~2

35 ns 2900 9194

40 ns 2926 6548

45 ns 2326 6938

50 ns ns 4763

55 ns ns 4332

60 622 1539 3542
75 ns 1192 2254

90 293 779 1686

105 ns 577 1032

120 164 446 464

135 127 336 588

150 107 276 748

165 rts 197 622

180 83 152 1830

190 ns 350 3260

195 205 us us

200 ns ns 6170

210 ns 3678 us

215 ris us 13510

225 3717 23775 ns

235 ns ns 39675

240 1866 12130 us

255 us 5408 us
270 ns 2321 ns

0

10

20

30

40

50

60

785

584

518
273
334
291
261

Time(S) Trial-I
0 45970

10 10980

20 4460
30 3210

40 1510

50 985

60 633

5 9180

10 11560

15 14960

20 58967

25 27340

30 25825

35 16300

5

10

15

20

25

30

35

378
338

1472

3064
4010

5280

10460

Key:
ns— not sampled
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