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Performance Evaluation of Dynamic Roughing Filtration

ABSTRACT

DynamicRoughing Filtration (DyRF) hasbeenproposedas a first pretreatmentstepbefore
roughingfilters and/orslow sandfilter for turbid rivers. DyRFcomprisesa thin layer of fine
gravelon top of a shallowbedof a coarsegravelwith a systemof underdrains.The influent
is distributedinto two directions: part of the flow (effluent) passesdownwardthroughthe
filter mediumand thento the subsequenttreatmentunits;and theotherpart (overflow) flows
over the gravel bed and is normally returns to the raw watersource.

Research was carried out in theResearchandTechnoiogy Transfer Station of CINARA (Inter
regionalCenterin Water Supply and Sanitation) in Cali, Colombia, where two pilot DyRF
plantswith decliningratefiltration treatedrawwater from Cauca river. This researchwasset
out to achieve a betterunderstanding of DyRFprocesses. The specific objectives are:

1. To characterise the raw water quality
2. To study the particle removal process
3. To assessthe impact of the surface overflow on surface particle scouring and on

treatedwater quality
4. To suggest design guidelines

The major findings of this researchare:
1. The Cauca river water hasa typical characterizationof untreatedsewagewhich implies a
very high sanitaryrisk when it is usedfor drinking water. Also a lot of very fine particles
were found in the raw water (about 70% particles < 5 ~rn).

2. In DyRF sedimentation is the main particle removalprocesswhich occursin two different
locations: i) Plain sedimentation onto the exposedsurface of the gravel bed. Here the removal
efficiency is < 10%. ii) Sedimentation in the gravel bed.

3. The surfaceoverflow did not have much impacton treatedwaterquality. It may have a
negative impact on the hydraulic perfornanceof the DyRF.

4. The following removal efficiencies were obtainedfor DyRF units operatingat filtration
ratesbetween2.0 and 4.0 rn/h and surface flow velocities ranging from 5 cm/s to 18 cm/s:
turbidity from 50% to 52%, suspended solids from 83% to 87%, true color from 13% to
24%, total iron 55% to 84% and faecal coliform from 0.4 to 1.0 log.

5. Due to the limited and possibly negative impact of the overflow it is betterto design the
DyRF as a declining rate down flow roughingfilter with maximumfiltration rateof 4.0mlh
and gravel sizes between~ 6 to 13 mmin the upperlayer, 4 13 to 19 mmin the middle and
4 19 to 25 mm at the bottom. The thickness of each layer can be taken as 0.20 m. It needs
further research to explore if constantrate filtration would provide similar results.
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NOTATIONS

The following symbolsand units areusedin this thesis:

V~
x

-y
0~~
p
p’

1

roe

(I

= settling velocity
= flow velocity
= significancelevel
= kinematic viscosity
= dimensionless critical shearstress
= waterdensity
= particledensity
= critical shearstress
= roughness coefficient

(m2)
(~m= ixl0~m)

(m)
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(9.80m/s
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(%)
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(%)
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A = surfaceareaof DyRF
d

1 = particle diameter
d50 = medianparticlediameter of bed material
FCU = forming colony unit
F~ = Froude number

= friction factor
g = accelerationof gravity
h = water depth
I = hydraulic gradient

= effectivebed roughness
= gravel layer thicknesses

NTU = nephelometricturbidity unit
P = remaining concentration
p = porosity
Q. = treatedwater, effluent
Q, raw water, in fluent
Q0 = overflow
R = removalratio

Reynolsnumber
S = overflowrate
S~ = availablesurfaceareafor sedimentationin gravel beds
S1 = surfaceloading
SS~ = effluent suspendedsolid concentration,treatedwater
~~1 = influent suspended solid concentration, raw water
SS0 = overflow suspendedsolid concentration
STD = standarddeviation
U = scouringvelocity
V = filtration rate
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CHAPTER 1

Introduction -

1.1 Background

Experiencein severalcountrieshas shown that for manycommunitiesSlow SandFiltration
(SSF) is a very appropiatealternativefor drinking water treatment (Visscher et al. 1987).
Nevertheless,theperformanceof suchsystemsmay not be sufficient to copewith the level
ofcontaminationof rawwatersources.For instance,high levelof faecalcontamination(over
500 CFU/100ml), Lloyd (1991),or medium to high turbidity levels(over 10 mg/I S1O2 for
longer periodsthana few weeks),Huisman and Wood (1974).
Under this situation, pretreatment is required to lower the influent turbidity and faecal
contaminationto the SSFto an acceptablelevel. Obviously the pretretment processshould be
suchthat its level of complexityis compatiblewith thatof theSSF.

The pretreatmentresearchcarriedout in Colombiaon waterfrom a highly polluted lowland
river and from other Andean rivers, clearly shows the potential of combining two-stage
roughing filtration with SSF,CINARA-IRC (1992).

The researchrevealsthat roughing filtration asa pretreatment alternative helps to reduce the
load in suspendedsolids and createsan essencialadditionalbarrier against the transmission
of diseasecarryingorganisms and other harmful substancesin the water, Galvis (1992).Also,
preliminary studies by CINARA indicate that two-stage roughing ifitration is a feasible
alternative to lower the chemical consumption in conventional treatment plants.

In the two-stageroughing filtration, the DynamicRoughingFilter (DyRF) provides a very
goodfirst stagein the treatmentprocess.The resultsin the investigations in Cali-Colombia
show that:

i) Costs are rather low (on average less than 5% of the capital investmentin the
treatmentplant).

ii) DyRF contributes to the removal of suspended solids between 57% and 80% of
average suspendedsolids loadsin rawwater in the rangeof 60 to 190 mg/i.

iii) Faecalcoliform countsarereducedbetween33% and 78% for raw water in the
average range of 8476 and 73182 CFU/100 ml.

iv) Turbidity is being removed between36% to 45% for averageturbidity levels in the
raw water between25.8 and 238 NTU.

v) Iron removal is between46% and 75%.
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vi) Color removal is between11% and 17%.

According to the available reviewedliteratureand taking into accountthe optimizationdone
by CINARA, DyRF comprisesa thin layer of fine gravel on top of a shallow bed of coarse
gravel with a system of underdrains. The water entering the unit (Influent) passesover the
gravel bed.Partof it is drained through the bed to the next treatment unit (Effluent) and the
otherpart is returnedto the river (Overflow). Under normal conditions the unit will gradually
clog andwill needto be cleanedevery weekor twice a week.Whenpeakloads in suspended
solidsarebeing receivedclogginggoesmuch faster. The clogging will reducethe flow to the
subsequenttreatment units, thus protectingthe total treatment plant from peak loads, Galvis
et al. (1992).

In spite of the good findings resulting from the DyRF performance,furtherimprovementsof
this stageseemvery well possible.Up to now DyRF systemshave beenbasically studiedas
part of multi-stage filtration plants. Only initial researchon DyRF itself is carried out by
CINARA in collaboration with IRC and mCWD.

A particular point for further study is the Impact of the surface overflow on the DyRF
performance.Although the available reportsdo recognizethe impactof theoverflow on the
behaviourof the units, there is not any systematicstudy of this parameterto supportdesign
or operationalcriteria. Data mentioned in the literature shows a wide variation in the ratio
Overflow/ Effluent ranging between0 and 10. This thusrequiresfurther researchin orderto
achievea better understanding of DyRF processesandalsoto developadequateguidelinesfor
design and operationand maintenance.

1.2 Objectives

The objectives of this study are:

i) To characterisethe raw waterquality

ii) To study theparticleremovalprocess

ii) To assessthe impact of the surface overflow on surface particle scouring and on
treatedwater quality

iv) To suggestdesignguidelines

1.3 Approach and Methodology

The main activities covered in the research are as follows:

i) The raw water quality of Cauca river will be analysedand resultsobtainedfrom the
bacteriological and phisical-chemicalanalysiswill be compared with, existing water
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quality standardsto assessthe sanitaryrisk of the water.

ii) Sedimentationhasbeenmentionedas oneof the mostimportantmechanismsin the
removal of particles in roughing filtration. This processwill be studied in DyRF by
comparing the real efficiencies (established on the basis of the experimental data for
suspendedsolids) and theoreticalremoval efficienciesestablishedwith column settling
tests.

iii) The statisticalcomparisonofremovalefficienciesfor eachparameterandfor different
overflow will allow to analysethe impact of the overflow on the qualityof treated water.

iv) The impact of the overflow on scouringof particlessettled on the surfaceof the
gravel will be estimatedby comparing the remaining concentrationof particles for
different flow velocities.

v) On the basis of the results and dataavailablefrom literaturepossiblechangesin the
design will be presented to optimize the system.

To stablishthis research pilot plants will be establishedin the ResearchStation of CINARA
in Cali, Colombia, where water will be treatedfrom Caucariver. Theplants will operate
under declining rate filtration and will be designedon the basis of the preliminary design
criteriapresentedby CINARA, IRC (1993).
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CHAPTER 2

Reviewon Pre-treatmentAlternatives

2.1 General

In Europe the limitations presented in slow sand filtration application resulted in the
developmentofpre-treatmenttechniqueswhich initially wererathersimplesuchas,longterm
storageand micro straining. Gradually, more complicatedsystemswereput in placeprior to
slow sand filtration including coagulation,using chemicals,and flocculation followed by
sedimentationand rapid sand filtration. These processeshowever hold little promise
consideringthe conditions in most less developedcountries.This situation has revitalized
researchin other pre-treatment alternatives that do not requirethe addition of chemicalsand
that aresimpleto operateand maintain.Most oftheseexperimentsinvolve rathersmall scale
pilot plantsandin factonly limited data are presentedin literature andnoevidencewasfound
of comparative research of the different techniques. According to CJNARA, IRC (1993)
experiments reported in the literature focus particularlyon the removal of suspended solids -
someusing kaoline suspensions- and that theperformanceof the systemsis mostly being

explainedon thebasisof sedimentationtheory.

Pre-treatmentAlternativesare categorizedbelow and will be discussedin that order.

1. Infiltration Wells
2. Infiltration Galleries
3. Storage
4. PlainSedimentation
5. RoughingFilters

Dynamic Roughing Filters (DyRF)
Downflow Coarse Sand Filters
Downflow Roughing Filters in Series
Upflow Roughing Filters
HorizontalRoughingFilters (HRF)

2.2Pre-treatment Alternatives

2.2.1 InfiltratIon Wells

Infiltration wells are wells dug or drilled in the banksof rivers. Dependingon the water
quality in theriver and the soil conditions, water drawn from infiltration wellscan be directly
put into supply after disinfectionor bringing it to a slow sandfilter plant. Engels et al.(1989)
have reported problemswith the resuspensionof iron and manganeseoxideswhen levelsof
oxygen in the ground and river drop below 1 mg/i.
Anotherdisadvantageof filtration wells is that changesmay occurundergroundwhich may
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result in reductionof thewaterflow andwhich cannotberemediedby maintenanceactivities.

2.2.2 Infiltration Galleries

Infiltration galleriesbasicallyconsistof perforatedpipesplacedin theriver bed.If thenatural
permeabilityof theriver bed is low, the material canbe removedandreplacedpartially by
othermaterialsuchasgravel and sand. Figure 2-1 illustratestwo posibilities to install the
filter material.Flow velocitiesappliedin river bed filtration havebeenreportedin the range
between0.25 and 1.5 rn/h dependingon the turbidity and the requirementsto improvethe
water quality. Removalefficiencies for the system indicatedin Figure 2-1 (b) have been
reportedby Salazar(1980) as 98% for turbidity removal from rivers with turbidity levels
rangingfrom 48 to 200NTU. A studycarriedoutby CINARA, IRCWD (1988)in Colombia
indicatedhowever that the real efficiency of the systemsis rather low and may reachonly
some20%. In 1984, Nagarkaret.al. indicatedthat filtration galleriesmay not be suitable as
a pretreatmentmethod for treatingraw water with colloidal turbidity greaterthan 100 NTU
and may beconsiderablymorecostly for constructionand maintenancethanothersystems.

Theperiodic blockageof the infiltration zonemakescleaningor repositioningof thematerial
needed.In practicethis maintenanceis extremelycomplicatedasthematerialis locatedunder
water in therivers. Galviset al.(1993)reportedthat thesetypesof limitations have motivated
thedevelopmentof a modified systemnow being known asdynamicroughingfilters.

(a) (b)

Figure 2-1 a) Infiltration Gallery without interfering in the flow gradient(Smet
et. al. 1989)and (b) Infiltration Gallery AbstractionSystemwith a weir Salazar
(1980).

2.2.3Storage

Schultzand Okun (1984)havereportedthat storageservesthe following purposes:

1. It reducesthe turbidity by naturalsedimentation.
2. It preventssuddenfluctuationsin raw water quality.
3. It improvesthe quality of waterby reducingthenumberof pathogenicbacteria.
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4. It can improve the reliability of the water supply system
5. It can be usedto overcomeperiodsof excessturbidity.

Long term storage also may have draw backs. Ellis (1985)statedthat in the caseof storage
theproblem of eutrophication may occurand monitoring of nutrient should be employed.

2.2.4Plain Sedimentation

Plain sedimentation can very much contributeto reducing thelevel of suspendedsolidsin the
water source but hasa limited impact for water sourceswith a turbidity of colloidal nature.
Cleasby (1991)reportedthat in Cincinnati, plain sedimentation of water from the Ohio river
reducedthe suspendedsolidscontent from 170 to 100 mg/I, aftera retention time of six days.

Two different applications can be identified: a) a systemusing a short retention time, lessthan
one day, and b) a system with a very long retention time in the order of severaldays or
weeks. For systems with a short retention time tests with sedimentation columns are
recommended to explore the expectedquality improvement. Cleasby (1991) experimentally
recognized that these tests however arenot suitable for estimating the effect of long term
storage, as the processin the sedimentationcolumn will not reflect the normal situation where
other factors such as stratification becauseof temperature, and the influence ofalgae can be
very important.

Long term storageis very common in England.WRC (1977) has found that in London
turbidity reduction in large storagebasins have reducedturbidity levels from 30 NTU to
valuesbelow 4. Long term storagemay also havea significanteffect on the bacteriological
quality. In 1974 Taylor confirmed that in the period from 1961 to 1970 the averagefaecal
coliform counts of 6,680per 100 ml werereducedto 249 per 100 ml. However the periodic
bloomsof algaemadeit necessaryto introducemicro-screenersor rapid filters beforethe
slow sandfilters treatingthe storedwater. The potentialof long term storagefor tropical
countrieshasto beevaluatedcarefully beforelargescaleapplication can be promoted.

Tilted plated settlersor tubesettlerscanbe appliedassedimentationunits with shortretention
times and may reducethe required surface area. Tilted plate settlershave beenapplied with
good results in chemical coagulatedwater but hardly any experienceexistsin its application
for non-coagulatedwater.

2.2.5Roughing Filters

Roughing filters are basically boxes filled with gravel or coarse sand. The efficiency of
roughing filtration is primarily based on the large surfacearea available in the gravel bed
which facilitates the available mechanisms to remove impurities from the water. These
mechanismsareof physical, chemicalandbiological nature. In the following sectiondifferent
typesof roughing filters aredescribed andareclassified according to their characteristics and
direction of flow.
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2.2.5.1DynamicRoughingFilters (DyRF)

CINARA, IRC (1993)describedthe DyRF asa layer of fine gravel (3 to 6 mm) of some0.2
to 0.3 m heigth placedover a layer of coarsergravel (12 to 25 mm) of some0.2 to 0.4 m of
height. In the bottom layer perforatedpipesareplacedas drainage system. Figure2-2shows
a longitudinal section.

The water flowing into the unit partly infiltrates into the gravel bed to the drainage system
from where it will flow to the next unit. The otherpart flows over the graveland usually
returnsto the raw watersource.Theseunits operateat a filtration ratewhich rangesfrom 1
to 9 rn/h. Undernormaloperationconditionsthe fine gravel layerwill graduallyclogg asa
resultof theretentionof suspendedsolids. Whenhigherlevelsof suspendedsolidsarebeing
receivedtherateof cloggingmaybehigherand- dependingon characteristicsof theparticles
- may leadto a completeblockage. Onceor twice a weekthe gravelbed has to be cleaned
by raking the fine gravel layer. Galvis et al.(1992)reportedthat every six to twelvemonths
the filter material has to be removed, washed and re-installedin the unit to maintain the
filtration capacity of the system.

WATER

Figure 2-2 Dynamic Roughing Filter - Longitudinal Section.

2.2.5.2.Downflow CoarseSand Filters

Sincethebeginingof this centurydownflow rapidsandfilters havebeenapplied prior to slow
sandfilters in EuropeandtheU.S.A.. Cleasby(1991)reportedthat although thesealternatives
aresomewhatdifferent from conventionalrapid sandfiltration, as somewhatcoarsersandis
being used and no addition of chemicalproducts is required, still the ifiters need to be
backwashedfrequently to clean the sand.This complicatesthe applicationof thetechnology
andlimits its useto areaswhere backwashing may be readily applied.

Rajapakseet al.(1989)have found another systemcomprising pebblesand sandcalledpebbled
matrix filtration which is currently being investigated as pre-treatment to be combined with
slow sandfiltration. The stoneshave a sizeof some50 mm and aresurroundedby coarse
sand. In this way rather a large quantity of suspendedsolids can be retainedwith a relative
limited headlossdevelopment. An experimental pilot unit with a sandbed depth of 1.3 m

7



operatingat flow velocitiesbetween0.5 and 1.5 rn/h treatingwater with kaoline suspension
rangingbetween100 to 5000 mg/l of suspendedsolids producedeffluentswith suspended
solid concentrationsbelow 25 mg/l. On the basis of these resultsRajapakseet.al.(1989)
considerthat this technologycanbeusedasapre-treatmentmethodfor surfacewatersources
with a suspendedsolid contentbelow 2000mg/l, applying a filtration rateof 0.7 rn/h.

Thus, downflowCoarseSandFilters seemto havegoodpotentialfor pre-treatment of surface
water with high suspended solid content. However, its operation and maintenence
requirements which include backwashing under considerable pressure may restrict its
aplication.

2.2.5.3.Downflow Roughing Filters in Series

This alternative is based on the system introduced by Pueb-Chabalin Paris and other
Europeancities in thebeginingof this century(Ellms 1919; citedby Cleasby1991). In this
system the water passesthrough three or more filter units. The first unit comprisesgravel of
25 mm diameterandthefollowing unitscomprisesmallergravel.Subsequently,thewaterwas
treatedby a slow sandfilter.

Perezet al.(1985),Pardon(1989), and Galvis et al. (1987)carried out studiesin Peruand
Colombia respectively.Thefindingsstimulatednew interestin this pre-treatmentoption. The
figure 2-3 indicatesa schematicdesignof a Downflow RoughingFilter in Serieswith three
units. The systemhasa moderatecapacityto store sludge which makes periodic cleaning
necessary.This is doneby drainingthefilter with thehelpof afastdrainagevalve connected
to the drainagesystem.

Ir,tlow -~

Outflow

Figure 2-3 SchematicDiagram of a Downflow Roughing Filter in Series.

A study wasmadein Peruon a systemwith threeunits of 15 cm in diameterfilled with 0.6
m of gravel. Gravel wasusedranging from 50 to 12 mm diameterandflow velocities were
appliedrangingfrom 0.1 to 0.8 rn/h. Theturbidity of theRimacriver during thestudyperiod
was approximately50 NTU. Removalefficienciesobtainedwere 45 % with respectto NTU
for the highestfiltration rate and 55% for the lowest rate. When turbidity levels were
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increasedto 200 and 300 NTIS through sludgedosing, efficienciesincresedto approximately
70% for the highestfiltration rateand 90% for the lowest. On thebasisof the experiments
a filtration rate of 0.3 rn/h was recommended to ensure an enfluent below 20 NTU, for
surfacewaterwith turbidity levelsbelow 300 NTU. It wasalso found that the flow velocity
neededto clean the systemwasvery high and had to be in the order of 90 mlh to transport
the depositedmaterial to the underdrain system.

In Colombia studieswere alsorealizedwith pilot scaleunits similar to thoseutilized in Peru
but with layersofgradedgravelwith grainsizesrangingfrom 6 to 18 mm, and filtration rates
of 0.7 mlh wereused.Quiroga(1988)andGalvis etal.(1989)recognizedthatthestudieswere
complicatedby the fact that the small diameterof the units (15 cm) and the low flow
velocitiesmadeoperationandmaintenanceof theunits rathercomplicated.To obtain reliable
results of such experimentsvery closemonitoring is required and therefore it is betterto use
larger units. Quiroga (1988) and Galvis et al.(1989) reported that the first resultsof the
studieswith water from the Caucariver in Cali were obtainedwith raw water turbidities
rangingfrom 20 to 100 NTLJ, apparentcolor levelsrangingfrom 49 to 200 units, and faecal
coliform levels in the order of 100,000MPN/100 ml. The removalefficiency obtainedfor
turbidity rangedbetween50 and 90% for apparentcolor between45 and 85% and for faecal
coliformsbetween70 and99%. In subsequentinvestigations with technicalscaleunitsof 2m
diameter the potential of this pre-treatmentalternativewas confirmed, but very little
experienceon full scaleplantsis available.

Frankel (1974) and Wolters et al. (1989) havereported that in Asia Downflow Roughing
Filters were also usedbut insteadof applying gravelother filter materialwasusedsuch as
coconutfiber. Raw water turbidities ranging between25 and 130 JTU (JacksonTurbidity
Units) werereducedto below 1 JTU by applyingcoconutfibre. However,this filter medium
needsto be replacedevery time whenthe filter needsto becleanedwhich in this casewas
every month.

2.2.5.4Upflow Roughing Filters

In upflow roughing filters the water flows upwards through a seriesof different gravel layers
which are decreasing in size. Galvis et al. (1993) distinguish two alternativesnamely, a)
upflow gravel filtration in layers (URFL) when the gravel layers are installedin the same
unit, as is shownin Figure2-4and b) upflow roughing filtration in series (IJRFS) when the
gravel layersare installedin two or threedifferent units, as is presentedin Figure2-5.

Galvis et al.(1987) have expressedthat the unitshaveamoderatesludgestoragecapacityand
therefore require periodic cleaning. This cleaning is done by draining the units by opening
a fastdrainagevalve.Thecleaningeffectof drainingcanbeincreasedby rapidlyopeningand
closing the fast drainagevalve.

Galviset al. (1989)havepointedout that both alternatives of upflow roughing filtration have
beenevalualedin Cali, Colombia,usingwater from theRiver Cauca.For thefirst trials with
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the URFS, filter columnswere usedeach 15 cm in
diameter filled with gravel ranging from 18 to 6
mm. The filtration ratewhich wasappliedwas 0.7

Inflow - m/h and raw water quality with a turbidity level
rangingfrom 20 to 100 NTU, color from 50 to 200
TCU and faecal coliforms in the order of 100,000
MPN per 100 ml. Galvis et al. (1989)and Wolters
et al.(1989) havereportedthat the results obtained

Drains for filter CleaninQ indicatedremoval efficienciesfor turbidity between
75 and 90% for apparentcolorbetween50 and 70%

Fi re 2-4Overviewof an u flOWand for faecalcoliformsbetween70and99.9%.Thegui . p alternativeof URFL evaluatedfor the samewater
Roughmg Filter in Layers. quality showedlower removal efficiencies.

CINARA, IRC (1993) reportedthat between1990 and 1993 both systemswere evaluated
using water from the Caucariver but using systemsof 2 m diameterandgravel ranging from
25 to 1.6 mm. Filtration rateswereappliedrangingfrom 0.3 rn/h to 0.75 rn/h. Over the test
period the raw water sourcehad turbidity valuesrangingfrom 52 to 106 NTU, true color
levels from 35 to 73 TCU, suspendedsolids levelsrangingfrom 61 to 187 mg/i and faecal
coliformscountsbetween30,185and 148,575MPN per 100 ml. Removalefficienciesfor the
URFL were reportedby CINARA, IRC (1993) ranging between46 to 71 % for turbidity,
between10 and 46% for true color, between49 and94% for suspendedsolids and between
73.3and 98.4% for faecalcoliforms.Theefficienciesfor theIJRFSrangedfrom 69 to 83%
for turbidity, between29 and 68% for true color,between92 and97% for suspendedsolids,
and between97.7and 99.7% for faecal coliforms.

Inflow —

Figure 2-5 Overview of an Upflow Roughing Filter in Series.

2.2.5.5Horizontal Roughing Filters (HRF)

Wegelin (1989)haspointed out that over the last 30 yearsthis pre-treatmentalternativehas
been used in combination with sand filtration for artificial rechargeof ground water in
countriessuchas Germany,Switzerlandand Austria. Studiesaboutthis methodhavebeen
establishedin Thailand as is reportedby Than et.al.(l977), in Tanzania by Wegelin et
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al.(198l) and by Mbwette (1983).

The International ReferenceCenter for WasteDisposal (IRCWD) hascarried out laboratory
studies in Switzerland with experimental pilot units using different kaoline suspensions.This
study continued with a monitoring of full scale units constructedin different countries
including Tanzania,Peru,Sudanand Colombia, Wegelin (1986).

CINARA, IRCWD (1988)hasreportedthat in Colombia one experimental unit and threefull
scaleplants have beenconstructed and monitored. The first experiencewith this alternative
was obtained with an HRF of 7.14 m length which included a drainagesystemfor cleaning
purposes.The gravel size utilized rangedfrom 25.4 to 2mm and the filtration rate ranged
from 0.3 to 0.6 rn/h.

Figure 2-6 presentsthe schematiclay-out of a typical HRF which basically consistsof the
inlet, the filter bed, the outlet, and theunderdrainagestructure.

Inflow iutt low

Figure 2-6 SchematicLay-out of HRF.

Wegelin et al.(1986,1987)reportedthe useof a filter bed composedof gravel of different
sizesvarying from coarse(20 mm) to fine (5 mm) over 3 to 4 compartmentsin thedirection
of flow. The total length of the filter bed is in the magnitudeof 9 to 12 m, the height is
limited to 1.5 m to allow comfortablemanualcleaning.The width of the filter box depends
on the filter capacityand normally varies from 2 to 5 m.

More recently the International Institute for Infrastructural,Hydraulic and Environmental
Engineering (IHE) based in The Netherlands carried out research to enhance the
understandingof Direct Horizontal-Flow RoughingFiltration’s (DHRF) behaviour and to
further developit, Ahsanet al.(1991).In DHRFcoagulantsareaddedprior to filtration. Lab
scalepilot plant experimentssystematicallyshowedbetterremoval efficiency of DHRF even
at higher filtration rates (e.g. 5 rn/h) whencomparedto HRF.

Chowdhury (1993)so far concludedthat thefeasibility of DHRF, provesto be an attractive
and promising pre-treatment processon benchscale. Its applicationon full plant scaleprior
slow sand filtration and rapid sand filtration in semi-urban areasand the small towns of
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developing countries needs to be investigated and Ahsan et.al.(1991 ) added that the
constructioncost of DHRF is estimatedto be about two times lower than HRF or a
conventionalflocculation-sedimentationsystem.

2.3. Dynamic Roughing Filtration

2.3.1. General

CINARA,IRC (1993)pointed out that the pre-treatment researchcarriedout in Colombia on
water from a highly polluted lowland river and from other Andean rivers, clearly revealed
the potential of combining two-stageroughing filtration with slow sand filtration; Galvis
(1992) reported that roughing filtration asa pre-treatment alternative helpsto reducetheload
in suspendedsolids and createsan essential additional barrier against the transmission of
diseasecarrying organisms and other harmful substancesin the water. Also, a preliminary
study doneby CINARA, IRC (1993)indicatedthat two-stageroughing filtration is a feasible
alternative to lower the chemical consumption in conventional treatment plants.

In two-stageroughing filtration, theDynamic Roughing Filter (DyRF) provides a very good
first stagein the treatmentprocess. Figure 2-7providesdatafrom the evaluationbrought
aboutin Colombia, showingthat the DyRF gavebetterresultsin suspendedsolids removal
thantheplain sedimentationunitsand the tilted platesettlers.

The results in the investigations in Colombia show that:

1. TheDyRF constructioncostsare rather low (on averageless than 5% of the capital

investmentin the treatmentplant).

2. DyRF contributesto theremovalof suspendedsolidsbetween57 and 80% of average
suspendedsolid loads in raw waterin therangeof 60 to 190 mg/i.

3. Faecalcoliform counts are reducedbetween33 and78% for raw water in the average
rangeof 8476and 73182FC/100ml.

4. Turbidity is beingremovedbetween36 to 45% for theaverageturbidity levels in the

raw waterbetween25.8 and 238 NTU. - - -

5. Iron removal is between46 and 75%.

6. Manganeseremoval is between52 and 60%, and

7. Color removal is between 11 and 17%.
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Figure 2-7 Average levels of different contaminants in raw water and effluent
of dynamic roughing filters and other conditioning processes.(CINARA-IRC,
1993)

2.3.2Main Features

A generaloverviewof a DyRF is presentedin Figure 2-8. The water flow Q, entering the
filter is distributedinto two flows. The first flow Q passesthrough the filter medium and on
to thesubsequenttreatmentunits; theotherflow Q

0 normally returns to the rawwater source.
It is importantto note that the filter mediumgradesfrom fine at top to coarseat thebottom
where it is placedover thedrainagesystem.In this way the systemis designedto accumulate
the suspendedsolids basically at the surface which very much facilitates its cleaning.

Due to the relatively coarsegravel which is beingused,the headlossover the unit is very
small. However, if the valve which controls the flow towardsthe other unitsof the system
is not beingopened,the flow throughthefilter will graduallyreduceas a result of the small
increasein headlossdue to gradualclogging of the surfacearea.After sometime too little
water will flow through the units and then cleaning will be needed.In caseof peak loadsof
suspendedsolidsclogging will go much fasterand the water flow through the other treatment
units may be blocked completely. In this way the other units are being protected from
excessiveloads of suspendedsolids. Galvis et aL(1993)reported that the potentialto react to
increasedloads in suspendedsolidsis the reasonfor the nameDynamicRoughingFiltration.

Galviset al.(1994)addedthat thefilter bedis themostimportantelementandrequiresspecial
attentionas it is crucial to the functioning of the system.The gradingof thegravel (a layer
with fine grains on thetop and a layer with coarsergrainsat the bottom)differs from other
typesof roughing filters wheregrain sizereducesand not increasesin the direction of flow.
Just raking the surface provokes the resuspension of the retainedmaterial which is easily
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carried away with the overflowing water. It is very importantto keep this gradingof the
gravel as otherwise suspendedsolidswill be carried deeperinto thebed which would make
cleaning much more difficult. A simple raking of the surface level would then not be
sufficient to restorethe filtration capacity.

Figure 2-8 General overview of a dynamic roughing filter.

2.3.3. Design Criteria

Two typesof DyRF canbe designeddependingon the type of raw water source.The first
type of systemis designedto reduce the quantity of suspendedsolids in the raw water, thus
minimizing operationand maintenanceproblemsin the otherparts of the treatmentplant.
Galviset al.(1992) statethatthis type of DyRF is a clearfirst sanitarybarrierto improvethe
water quality becauseimportantreductionsin suspendedsolids and also turbidity andfaecal
coliforms canbeobtained.

A seconddesignpossibility for DyRF is usedfor rivers which normally transport limited
quantities of suspendedsolids but occasionallyshow sharppeak loadsof short duration. In
this casethe filter is designedto quickly block wheneverthesuspendedsolid loadin theriver
is showing a rapid increase.This type of systemcan be seenas an automatic valve which
blocks partially or totally the inflow to the other treatmentunits whenthe river is carrying
too much suspendedsolids.

The velocity of the surfaceflow over the filter needs to be controlledbecausetoo high a
velocity would carry away the fine gravel. Based on the preliminary experience Galvis et
al.(1992) recommendedthat a surface flow between0.05 and 0.15 rn/s is a good rangewhen
the DyRF is designedto improve the water quality. A lower velocity below 0.05 mIs is
proposedwhenthesystemhasto protectagainstpeakloadsin suspendedsolids. In the second
alternativethe effect of sedimentation on the filter medium will help to block the surface
quicly when peaksarriveat theunit, whereareasin the first alternativeautomaticcleaningof

•r.v.i b.d.
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thesurfaceis beingstrived for. A higherflow will ensurethat less materialwill sedimenton
the surfaceof thegravel.

Duringa filter run the DyRF will operateasa decliningratefilter andflow through the filter
bed will gradually reducewith time. This reduction may be between20 to 40% during an
operationperiod of oneweekprovidedthat no peaksin suspendedsolids arebeingreceived.
Galvis et. al. (1993) reportedthat the designcapacity needs to be at least1.4 times the
requiered capacity of the system.

The preliminarydesigncriteria differentiatingthe two design alternatives and preliminary
specificationsof the filter medium arebeenindicatedin Tables 2-1 and 2-2 as recommended
by CINARA, IRC (1993).

2.3.4. Limitations

In spiteof thepromisingfindingsresulting from theDyRF perfomance,furtherimprovements -

of this stageseemvery well possible.Up to now DyRF syitemshavebeenbasicallystudied
as a partof multi-stage filtration plants. Only preliminaryresearchon DyRF itself hasbeen
carried out in Colombia.

A particularpoint for further study is the Impact of the SurfaceOverflow on the DyRF
Perfomance.Although theavailablereportsdo recognizethe impactof the Overflow on the
behaviorof theunits, thereis notany systematicstudyof this parameterto supportdesignor
operational criteria. This thus requires further researchin order to achievea better
understandingof DyRF processesand also to developadequateguidelinesfor design.

Table 2-1 PreliminaryDesign Criteria for two DyRF design alternatives. CINARA, IRC
(1993).

PARAMETER

PRINCIPAL ROLE

First barrier to
improvequality

of water

Protection
againstpeak

loads

Filtration Velocity (rn/h)

Rangesizeof gravel in the upperlayer (mm)

Surfaceflow (mIs)

Surface wash velocity (m/s)

Depth of bed(m)

0.5 - 3.0

3.0 - 5.0

0.05 - 0.15

0.2 - 0.4

0.6

3.0 -5.0

< 3.0

< 0.05

0.1 - 0.3

0.4 —.
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Table 2-2 Specificationof Filter Media for DyRF. CINARA, IRC (1993).

Position of
layer

First barrier to improve qulity Barrier against peak loads

Depth of layer
(m)

.

Diameter (mm) Depth of layer
(m)

.

Diameter
(mm)

Top

Middle

Bottom

0.2

0.2

0.2

3.0 - 5.0

5.0 - 15.0

15.0 - 25.0

0.20

0.10

0.10

1.5 - 3.0

3.0- 5.0

5.0 - 15.0

16





CHAPTER 3

Review on Roughing Filtration and Sedimentation

3.1. Roughing Filtration

3.1.1. BasIc Concepts

Wegelin (1991)reportedthat Roughing filtration using coarseandfine gravelis a simpleand
efficient method for the removalof suspendedsolids dueto the largesurfaceareaavailable
for sedimentation,absorptionand biological and bio-chemicalactivitiesin the ifiters.

Roughing filters usually comprisefilter material which gradually decreasesin sizefrom coarse
in the first partof thesystemto relatively fine in lastpart. The filter mediais often relatively
coarseand of much larger size than material usedin slow sand filtration or rapid sand
filtration as is indicatedin the following comparationgiven by Schulzand Okun (1984).

Slow sandfiltration : 0.15 to 0.35 mm
Rapidsandfiltration: 0.40 to 0.70 mm
Roughing filtration : > 2.0 mm

The filtration rate normally usedrangesfrom 0.3 to 3 rn/h. Schulzand Okun (1984) and
Galvis (1992)reportedthat theappliedratewill dependvery muchon the type of filter, the
sanitaryrisk of the water sourceand the requiredtreatmentefficiency. Galvis et.al (1993)
indicatethat thetreatmentmechanismsin roughingfilters canbe classifiedasmechanismsof
transport,attraction and purification.

3.1.2. TransportMechanisms

This is theprocesswhich bringsthe particlesinto contactwith the graveland includes:

3.1.2.1.Screening

This processremovesparticlesof largerdiameterthan theporesbetweenthegravelgrains.
During thefiltration processthediameterof theporeswill graduallydecreaseandsosmaller
particleswill be retained.Huisman(1984)recognizedthatthis mechanismhowever, hasonly
limited importance in roughing filtration due to the large diameter of the gravel
(approximately2mm), which correspondswith a pore of 500 tim. Wolters(1988) indicates
that only at the end of the filter run when the sizeof the poreshasdecreasedscreeningof
suspendedsolids may beof someimportance.

3.1.2.2.SedImentation

This processremovessuspendedmaterial in a similar way as in a sedimentationtank as is
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reportedby Ives(1975)andWegelin(1986).Thedifferenceis that in sedimentationtankonly
the bottom is available as a precipitation surface whereasin roughingfilters the total surface
areaof the grains is available.
Flocculation of smaller particles createslarger flocs which thenalso canprecipitateon the
gravel surface.Colloidal material however, is not being removed by sedimentation. Wegelin
(1986)and Siripatrachai(1987)havereportedthat sedimentationis themain mechanismfor
particleremoval in horizontalroughing filters. This mechanismwill bediscussedfor DyRF
according to specific datacollectedduring theexperimentalphase.

Huisman (1986) reportedthat sedimentationremovesparticulatesuspendedmatterof finer
sizesthanporeopeningsby precipitationupon the surfaceof the grains. A gravelbed with
a porespacep, one m3 of sphericalfilter grainswith a diameterd

1 hasa grosssurfacearea
of S~= (6/dJ(1 - p) m

2.

Lebcir (1992)proposedthat theavailablesurfacearea for sedimentation in gravel beds(Se)

canbe determinedas:

(3-1)

In which, 1/6 = reduction factor for availableupwardsurface,1/2 = reductionfactor for
contact of adjacent grains and2/3 = reductionfactorfor high flow which preventdeposition.
Therefore, the equation (3-1)canbe expressedfor any volumeof gravel bed (V

1) as follows:

Se~(1P)Vg (32)

In gravelbeds,theSurfaceloading (S1) takenasquotientof theamountof waterto be treated
(Q~) and theareaof depositionwill now bevery small andhencetheremovalefficiencywill
be greaterthanfor a conventionalsettling tank. For S1 thefollowing equationcanbewritten:

3d8Q~ (3—3)
Se (1P)Vg

3.1.2.3.DiffusIon

The brown movementor molecular diffusion is causedby thecollision of particleswith water
molecules.Huisman (1982) reportedthat this movementis important for the removal of
colloidal materialand doesnot affectparticlesabove2 ~m. Removalefficiencyby diffusion
increaseswith the increasein sizeof the suspendedparticlesand temperatureand with the
reductionof the flow velocity and thegrain size.
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3.1.2.4.InertIal and Centrifugal Forces

During the passageof thewaterthroughthefilter the flowlines curvearoundthegrains. Due
to inertial and centrifugalforces particlesmaybe forcedto leavetheflowlines and comeinto
contactwith the gravel grains.The removal efficiency increaseswith the increaseof particle
density and flow velocity and is reducedif larger grains arebeing used. Galvis et.al (1993)
indicate that particle removal through this mechanismsis limited in roughing filtration because
low filtration velocitiesarebeingappliedand the gravel grainsarerelatively large.

3.1.2.5. Interception

Partof theparticlesin thewaterwill stick to thesidesof thegrainsand in doing so gradually
reducethe diameterof the pores. Initially theseparticleswill stick to the grains where they
enteredthe filter but gradually partof the materialdepositedin this area will be transported
further into the filter bed.

Yao et.al (1971) indicatethat theremovalefficiency throughinterceptionis independentof
operational factors such as flow velocity. In 1967 O’Melia and Stum reported that the
efficiencyincreaseswith increasingparticlesizeanddecreases with increasing gravel grains.
Becauseof the large sizeof grains usedin roughing filtration interceptiondoesnot play an
importantrole in theremovalof impurities.

3.1.3. AttachmentMechanisms

Themain forcesthat hold particlesin placeoncetheyhavemadecontactwith thegravelare:
electrostacticattraction, and massattraction. A combinationof these forces is frequently
referredto as absorption.

3.1.3.1.Active Absorption

Mass attraction betweenparticles(van der Waals force), is alwayspresentbut very much
decreaseswith thedistancebetweenthe two. Theimpactof this forceis thereforevery limited
beyond the distanceof 0.01 ~zm.Theattractionbetweenoppositeelectricalcharged particles
(Coulombforce) is inverselyproportionalto the squareof the distancebetweenthe particles.
Like thevander Waalsforceit maysupplementothertransportmechanismswhen thesehave
broughta particleinto the nearvicinity of gravelgrainshavingan oppositeelecticalcharge.
As a result of the attachment of materials to the gravel the electrical chargeof the gravel
grainswill change constantlythus attractingalternatelyparticleswith a positiveor negative
charge.It appears that activeabsorptionis of limited importancein roughing filtration.

3.1.3.2.PassIveAbsorption

Mass attraction and electrostatic attraction although of minor importance to draw particles
from the water, is considerablymore importantin holdingthe particlesto the grain surface

19



oncethey havebeenput in contact.

Particles of organic origen deposited on the surfaceof the gravel will quickly becomethe
breadinggroundof bacteriaandother micro-organisms. This will produce a stick slime layer
to which particlesfrom the raw watermay easilyattach. The organicmaterial is gradually
assimilatedto becomepartof this sticky layer and mayform largechainsof organicmaterial
which may easily interceptsmallerparticles.

3.1.4. PurificationMechanisms

Thepurificationprocesseswherebythetrappedimpuritieson thefilter grainsarebrokendown
are independent and therefore better describedin combination than separately. The two
principalprocessesarechemicalandmicrobiologicaloxidation,but otherbiologicalprocesses
may play a significantrole aswell.

3.1.4.1. Biochemical Oxidation

Through biochemicaloxidation organic material is beingconvertedinto smaller particlesand
eventually into water, carbon dioxide and inorganic salts. Iron salts arealsobeingtransferred
into severaloxideswhich form a thick layer around thegrains. The chemical andbiochemical
reaction only takesplaceon thesurfaceof thegrainswherethecatalicagentsaswell as large
quantitiesof bacteriaarepresent. These mechanismsonly can takeplace after suchagents
havebeenattachedto thegrains. This biochemicaloxidation plays an importantrole in the
removal of color (true and apparent),and the removal of iron and manganesein roughing
filters.

3.1.4.2Bacteriological Activity

Wolters (1988), Smet et.al (1989), Wegelin (1989) among others, have recognizedthe
importanceof biological processesin roughing filtration. Through all the mechanisms
indicatedbefore,bacteriaattachthemselvesto thesurfaceof thegrains. This concernsboth
bacteriawhich are useful for the removalprocessesaswell aspathogenebacteria.To satisfy
theenergyrequirementfor their metabolism,bacteriaoxidizepartof theorganicmaterialthey
will encounter.Furthermore,theyconvertorganicmaterialinto cell materialfor theirgrowth.
For certaintypesof bacteriasuchasfaecalcoliforms, theconditionsin thefilter arenot very
good, and thesewill graduallydie off whenattachedto thegrains.
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3.2. Sedimentation

3.2.1 General

Sedimentation is the separation by gravitational settling of suspendedsolids from the water
which carrries them. For sedimentationto takeplace, the density of the suspendedsolidsmust
be greaterthan that of water (otherwise flotation would occur).

Thesuspendedsolidsmayalreadyexist in therawwater and/or mayresult from a preliminary
procces,such as hydrolysis, precipitation,etc. Generally speaking,there are two typesof
suspended solids: 1. discreteparticles, which settle separatelywith a constantsettlingrate;
and 2. more or less flocculated particles resulting from naturalor inducedagglomerationof
the colloidal substancesin suspension.

Four distinct typesof sedimentationwhich reflect the concentration of the suspensionand the
flocculatingproperties of the particles were describedby Fitch in 1958. Theseare: discrete,
flocculant,hinderedzone,and compressionsettling sedimentation.

In the discretesettlingregion, theparticlemovesdown independentlyat a constantratewith
a negligible amount of natural aggragation. With flocculant settling, one particle overtakes a
slowersettlingparticleandin passingcollides,aggregatesand consequentlysettlesat a higher
rate.

When particles are sufficiently close, interparticle forces are able to hold them in fixed
positionsrelativeto eachother. As a result, theparticlessubsideasalarge massratherthan
as discreteparticles. This type of sedimentationis called zone settling. When the particles
actuallycontacteachother, the resulting structureof the compactingmassacts to restrict
further consolidation.This is calledcompression.

3.2.2. PrincIplesof Discrete Settling

3.2.2.1 Settling Theory

Theterminalvelocity of a settling discreteparticleis given by Newton’sformula and taken
into accountthat Weber(1972) introducedthe forcesF~,Fb, Fd, which are due to gravity,
buoyancy,anddragrespectively. The following equation can be written:

dv (3—4)
m.

The impelling forceequalsthe submergedweightof the particle, as: F~- Fb = (p~-
in which, p andp are the particleand fluid density respectively,g the accelerationofgravity
andV~,the particlevolume.
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Thedragforce is a functionof thedynamicviscosity~, p, V1, and characteristicdiameterd
of the particle. Basedon Newton’s drag coefficient (CD), the friction drag equals:FD =

CD.AP.P.V1
2I 2, where, A~ projectedparticleareain the direction of flow and V

1 =

settlingvelocity. Incorporatingdynamicbehaviourof theparticleinto the aboveequationand
taking into considerationthat after an initial transient period, the acceleration,dV3/dt,
becomeszero and the V1 becomesconstant,the generalequation for the settlingvelocity of
sphereparticle of diameter d is:

( ~ .d]°
5 (35)

~ 3 CD P

In 1946CampandFair et al. (1968)havepresentedthecoefficientof drag CD as a function
of the Reynolds number, R,. For laminarcondition, R~< 1, and the frictional resistanceis
only due to viscousforce, CD = 24/Reand the correspondingsettling velocity is:

PSP) .d2 (3—6)
18 ~ p

which is knownas Stocke’slaw.

Chaudhariand Tare (1993) have developeda simple regressionmodel to predict Re as a
function ofthenon-dimensionalnumbers CDRC2 (diameterterm)orCDJRC (velocityterm). Both
thesetermscanbe computedas follows:

1. For a known particle diameter (d)

C~
8

2~(4/3) [g(p
3—p)/(pv

2)]d3 (3—7)

2. For a known velocity (V,)

CD/Re=(4/3) [gv(p
5—p)] (1/V5p) (3—8)

In which v = kinematic viscosity.

The regressionmodelcanbe expressedas follows:
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1ogR~——1.35873+0.987198(X
1)—0.0251154(X2)

2-0.00368094(X
1)

3+0.O00273403(X
1)’

(3—9)

Where X1 = log(C~R~
2)and X

2 = log(CDJR~)

logR1.0.7355—0.570226(X3) +0.025256986(X2)
2—0.00239434(X

2)
3 (3—10)

The values of R~(R~ V
1dIv) obtainedin the aboveequations,can be usedto calculate

velocity and particle diameter respectively for raw waterand overflow in DyRF.

3.2.2.2Settling Velocity Distribution

Thefrequencydistributionof thesettlingvelocitiesfor variQusparticlesis measureddirectly
in the laboratory. The details of the experimentalset up and procedure of the laboratory
testing are explained in Chapter 5 of this report. In this experiment, the samplesof
suspensionweretakenat differentdepthsat pre-determinedtime intervalsand were analyzed
for turbidity and suspendedsolid concentrations.

Settling velocity is given by the quotient of the depth of the samplingpoint to the time
elapsing from the begining of the test. A typical cumulative frequency distribution of settling
velocities is shown in Figure 3-1.

3.2.2.3Removal Ratio of DiscreteParticles

Since 1946, Camp found that all particlesin the settling zoneof an ideal rectangularbasin
travel in a straight-linepathasshownin Figure3-2.They aredeterminedby thevectorsum
of the settling velocity V1 of theparticleand thedisplacementvelocity VH of the liquid.

The efficiency of the basin dependswholly on surface area(A) and thedischarge(Oj, which
together constitute the displacementvelocity. The detention time is calculatedfrom the length
of the basin(L). Theequationfor both thevelocity and detentiontime is as follows:

XVH-~” B~H ~ L.B.H (3—11)

In which, B is thewidth ofthetank. Thevelocity of theparticlewhichsettlesadistanceequal
to the effective depth (H) of the tank in a travelling time (tv) is the overflow rate(S =. V0)
of the tank; i.e. S = V0 = H/tv. All particleswith a settlingvelocity V1 � S arecompletely
removed,while for particleswith a lower settlingvelocity thanS, the removal ratioamounts
to: h/H = V,/S. The overall removal efficiency is given by:
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Figure 3-1 Cumulative Frequency Distribution of Settling
Velocities.

R= (1p0) +~÷fV8. d

which canbeevaluatedfrom thecumulativefrequencydistributioncurve, suggestedby Camp
in 1946and further by Ingerselet.al. in 1956, asilustratedin Figure3-3. The integralpart
representsthe shadedarea,which canbe found graphicallyby drawing a horizontalline in
sucha way that the two shadedareasare equal.

0

Figure 3-2 PathsTraced by DiscreteParticlesin
an Ideal Basin.

(3—12)

0 0.5 1.0 t5x10
3

m~seC
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Figure 3-3 Graphical representationof removal ratio of discreteparticles.
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CHAPTER 4

Review on Scouring of Particles

4.1. General

Scour refers to theremoval of materialby running water. Galayet al.(1987) have reported
that scourin rivers and canalsis generallythe resultof secondarycurrentsor vorticesthat
occur in conjunction with river features such as bends, abrupt changesin flow directions,
obstructions,constrictions,confluences,subsurfacesills, control structuresand piers of
various typesand sizes.

H. Chang (1988) pointed out that scour criteria are involved with physical conditions
pertaining to the thresholdof motion for the material. Therefore, determinationof such
criteria is theprerequisitefor scourcontrol and sedimenttransport.

4.2 Initiation of Motion

4.2.1. Introduction

Particlemovementwill occurwhen the instantaneousfluid forceon a particleis just larger
thantheinstantaneousresistingforcerelatedto thesubmergedparticleweightand thefriction
coefficient.

Thebasicaspectsthat play an importantrole in the initiation of motion will be descibedin

the following sections.

4.2.2 CritIcal bed-shearstress -

The motion of theparticleis under the interactionof two opposingforces: theappliedforce
and the resisting force. The former is causedby the hydrodynamicsof flow; the latter is
associatedwith thesubmergedweight. Theparticlewill be movedor entrainedif the applied
forcesovercometheresistance.At the critical condition for entrainment,that is, thresholdof
movement,theapplied forcesarejust balancedby theresistingforce.

In a flowing stream,theforcesactingon agrain of noncohesivesedimentlying on thestream
bed consistsof the hydrodynamicdrag (FD), thehydrodynamiclift (F1), and the submerged
weight (W), as shown schematically in Figure 4-1. The drag FD is in thedirection of flow,
and the lift FL is normal to the flow. The lift force is not consideredseperatelyin most
analyticalmodelsbecauseof thedifficulty in determiningits magnitude,Moreover, lift force
is directly related to the drag. It dependson the samevariablesas the drag forceandtherefore
the effectof the lift force is automaticallytakeninto accountby theempirical coefficients.

At the threshold of movement, the resultant of thesetwo forces is along thedirectionof the
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FL friction angle; that is, the ratio of forces on the
grain acting normal to the bed is equal to tan e.

C =ctanO (4—1)
(y3—y)d

-o~~
This situation can be expressedas a function of
critical shearstress r~. For horizontal bed, 4) is

Figure 4-1 Schematicof forces0~equalsto zero and the formula becomes:
sedimentgrain on slopingbed. ________ (4-2)

In which y1 and y are the specificweights
for sedimentand water respectively,c =

constantvalue which must be determined experimentally and d grain diameter.

4.2.2.1ShieldsDiagram

Major variablesthat affect the incipient motion of uniform sedimenton a level bed include
r~,d, y, - y, p and v. From dimensionalanalysis,they maybe groupedinto the following
dimensionlessparameters

(4—3)

WhereU.,, = (r~/p)½is the critical friction velocity, and v = kinematic viscosity. The left-
hand sideof this equationis thedimensionlesscritical shearstressandis often referredto as
the critical Shields stress, r.~.The right-hand side called the critical boundaryReynolds
numberis denotedby R.. When any bed shear stress T0, other than r~,is usedin the two
quantitiesin equation4-3, theybecometheShieldsstressandboundaryReynoldsnumberand
aredesignatedas r. and R., respectively.

Figure 4-2 shows the functional relationshipof equation4-3 based on experimental data,
obtainedby Shieldset. al. in 1936 on flumes with a flat bed. It is generally referred to as
the Shieldsdiagram. Each datapoint correspondsto the condition of incipient sediment
motion or vanishing bed load.

Three different regions can be identified in Shieldsdiagram basedon Reynoldsnumber (R.):

1. LaminarregionwhereR. is less thanabout 2, theparticlesizeis less thanthe thickness
of the laminar sublayer and, hence, is enclosed in a thin laminar film. Since the
boundaryis hydraulicallysmooth,themovementis mainly causedby viscousaction; the
critical shear stress is inversely related to R.~or r.~ CIR.~,where C is a constant.

Pointof supporl

w

F÷Wsin~
tanO= D

Wcos4,

t Lid
C •c )

(y8-y)d v
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2. The transition region of intermediate boundary Reynolds numbers where the grain size
has a magnitude similar to that of the laminar sublayer; therefore, the movement is
partially influencedby viscosity. The critical Shieldsstresshasa minimum value of 0.03
at theR. valueof about 10.

3. The turbulent region presents largeReynolds numbers (R. > 400), and the laminar
sublayer is interrupted by the grain size. For this hydraulically rough boundary, the
citical Shields stresshasa constantvalueof 0.06, independentof the Reynoldsnumber.
In 1963, Zeller suggesteda lower valueof 0.047in this region.

BoundaryReynoldsnumber,R. —

Figure 4-2 Shieldsdiagram for incipient motion.

The Shieldsdiagramcontainsthe critical shearstressr~as an implicit variablethat can not
be obtaineddirectly. To overcomethis difficulty, since 1975 the American Societyof Civil
EngineershaspublishedtheASCESedimentationManualwhich utilizesa third dimensionless
parameter:

-~[O.1(-!.f_1)gd)h/2 (4—4)
V y

which appearsas a family of parallel lines in the diagran.From the value of the third
parameter,the valueof thecritical Shieldsstressis obtainedatan intersectionwith the Shields
curve from which r~canbe calculated.
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4.2.3 Influence of Criterion

Van Rijn (1989) has reportedthat thecomplexity of defining a critical bed-shearstressfor
initiation of motion is mainly causedby the stochasticalcharacterof the driving fluid forces
and the stabilizing resistingforcesandby lack of an unambiguous definition of initiation of
motion.

Since 1936, Shields found that the critical bed-shearstressis the zero transportrateafter
extrapolationof measuredtransportrates, another group of researchesNeil et aI.(1969)
indecatethat the critical bed-shearstressis thenumberof particles displacedper unit area
and time and Deift Hydraulics (1972) experimentallyrecognizedthat it is the qualitative
transportstagebasedon visual observationand found measurable quantitiesof transported
particlesat much smaller bed-shearstressthan the Shields-values.

4.2.4Influence of shape,gradation and size

Breusers (1988)has reported that experiments with particles of differents shapesshow that
the r.~parameter is not much affected by the shape of the particles when the nominal
diameter(diameter that yieldsthe samevolume) is usedas the characteristic parameter. Very
flat particleshavelarger r.~values(factor 1.5 to 2).

In 1965, Egiazaroffexperimentallyrecognizedthat Gradationhas an effect when the size
rangeis ratherwide (d~jd~> 3), becausethe large particleswill be more exposed,while
the smaller particles are shieldedby the larger particles. Armouring will occur when the bed-
shearstressis not largeenoughto move thelargestparticlesof thebed material.Whenthere
is no supply of smallerparticlesfrom upstream,all smaller particles will eventually erode,
and the coarserparticleswill form an armour layer preventingfurther scour. Based on
experimentalresults, the mediandiameter(d50) of the armour layer will approximatelybe
equalto the d85 of the initial bed material. This phenomenon has beenobserveddownstream
of weirs.

Mantz(1977)studiedtheinitiation ofmotion offine cohesionlessflaky sedimentswith particle
sizes(d9) in therangeof 10 to 100 j~mand the equation 4-5 representsthe critical bed-shear
stress(r00):

(4—5)

4.2.5. Influenceof bed forms

Bed forms areof interest in practice for severalreasons:

i) Bed forms determinethe roughness of a streamand a change in bed form cangive
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changesin friction factors of 4 or more.

ii) Bed form and sedimenttransporthavea mutualinfluence.

A generally acceptedclassification for bed forms is thefollowing:

i) Lower flow regime: (Froude Number F1 < 0.7). The bed form is either ripples or
dunes or somecombinations of ripples and dunes all of which are triangular shape
elements of irregular shape. The common mode of bed material transportis for the
individual grains to move up thebackof therippleor duneandavalanchedownits face.

ii) Upper flow regime: (F1 > 0.7 ± 0.2). The usual bed form are plane bed or
antidunes.The mode of sediment transportis for the individual grains to roll almost
continuoslydownstreamin sheetsa few diametersthick. Simonsetal.(1972)believethat
as soonas the sedimenttransportprocess is established, ripples and dunes areformed
on the bed.

4.2.6.Influence of cohesivematerial

Sedimentmixtureswith a fractionof clay particles(d, < 4 ~m) largerthanabout10% have
cohesivepropierties becauseelectrostatical forces comparable to or higher than the gravity
forces are acting between the particles. Consequently, the sedimentparticles tend to stick
together forming aggregatesknown as flocs whosesize and settling velocity aremuch larger
than thoseof theindividual particles.

Fluid-sediment mixtures consisting of water, fine silts, clays and organic materialsare
generallycalled muds. Whenthe bedconsistsof silty and muddy materials, cohesiveforces
betweenthesedimentparticlesbecomeimportantanddependingon the typeof clay minerals,
the effectmay be more or less pronounced. Biological activity at the bed may also influence
the critical values for initiation of motion especiallyin muddy and silty environments as is
reportedby Van Rijn (1993).

ParchureandTrimbak (1985) found that critical shearvelocitiesand erosion rates are greatly
variable, dependingupon typeof mud andconsolidation time. Tests with the actual sediment
arenecessaryto obtain accurate values.

Freshmuddepositshaveavery loosetextureof mud floeswhich alreadyhavea low density
themselves.The wet bulk density of such a depositmaybe within the range of 1050to 1100
kg/m

3of which 95% or more consistsof water. In this stagethe cohesiveforces in thedeposit
arestill very low and scouring canoccureasily.A sandbed with small percentagesof silts
andclays (silty or clayedsand) already showsa distinctly increasedresistanceagainsterosion.

Van Rijn (1989) reportedthat most of the clay particleshave a negativechargeand the
flocculation process for cohesive particles requires particle collisions: The three most
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flocculation processfor cohesive particles requiresparticle collisions: The three most
importantcollision mechanismsare: (1) TheBrownian motionsofparticles(d~< 4 ~m) due
to the randombombardmentby thethermallyagigatedwatermoleculas,(2) turbulentmixing
dueto presenceof velocitygradientsin thefluid and (3) differential settling velocitiesbecause
the larger particles have larger settling velocities and may therefore “fall” on the smaller
particles.

Winterwerp etal.(1992)haverecognizedthattheeffectivesettling velocity (V1) in therange
of 0.001 to 1.0 mm/s decreaseswith increasingcritical bed shearstress(r00). Experiments
carried out with cohesivesedimentstaken from western Scheldtwhich, the maximum r~
appliedamountedto 0.2 (N/rn

2), haveshownthe following ratio:

¶
0~=o.3X~o-’v;°~

588 (4—6)

In which V = effectivesettlingvelocity (mis) and r~= critical bed shearstress(N/m2)

4.2.7. Scouring velocity

Scouring velocity (U) can be expressed as a function of critical shearstressas follows:

U=( . . (4—7)
p ~

f~=O.24[1og( (4—8)

In which ~ = friction factor, I = hydraulicgradientand k~= effectiveroughness.

Experimentalresearchshowsthat effectiveroughnessis mainly relatedto thelargestparticles
of the top layer of the bed. Van Rijn (1992) proposedthat k~can be takenaslc~= (Id

50
where Il is rangingbetweenI and 2 for gravel bedsand d50 = median particlediameterof
bed material.
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CHAPTER 5

Materials and Methods

5.1. Introduction

The main objective of this researchproject is to identify the main treatment processes
involved in DyRFandto assessthe impact of different overflows (Q0) on treatedwaterquality
as well as in scouringof particlesand to suggestdesignguidelines for DyRF. The research
was carried out in the Researchand Technology Transfer Station of CINARA in Cali,
Colombia, where two pilot plants with declining-rateifitration were arrangedto treatraw
water drawn from Caucariver. Two different types Qf experimentswere conducted.First a
seriesof testsin which the initial filtration rate in the DyRF wassetat 2.0 rn/h anddifferent
overflow rates wereusedto assessthe influenceon thewater quality improvement.Thereafter
threeruns were madewith higher initial filtration rates.

5.2 Descriptionof the pilot plants

Theoverall lay out of thepilot plantsis shownin Figure5-1. Themaincomponentsfor each
DyRF arebriefly describedbelow and a schematicpresentationis illustated in Figure 2-8:

1. Inlet Structure: This is designedfor control, measurementand flow distribution.

2. Main Box: This is the mostimportantdevicein theDyRF structureandcontainsthe
filter bed and underdrain system.The dimensionswere taken as: length = 1.50 m; width

0.50m; and depth = 0.70 m, including free bord takenas0.10 rn.
For filter beds,threedifferent gravel layerswere placed:

Upper layer (thickness = 0.20m): 4 6 to 13 mm, D10 = 5.1 mm, D~= 6.4 mm
andD~= 8.6 mm.
Middle layer (thickness = 0.20 m): ~ 13 to 19 mm, D10 = 9.0 mm, ~ 10.0
mm and D~= 1.23 mm.
Bottom layer (thickness= 0.20m): 4 19 to 25 mm, D10 = 13.0 mm, D30 = 15.4
mm andD~= 20.1 mm.

TheUnderdrainsystemwasformedby manifolds4 50 mm with 30 orifices4 12.7mm.

3. Outlet Structure:To facilitatethesamplingandmeasurementsactivitiestwo different
chamberswere constructed,onefor overflow and one for treatedwater.
4. Drain Valve: Onedrain valvepereachDyRF was installedin orderto facilitatethe
operationand maintenanceactivities.

32



Raw water

~P~ometer~
Q2,i board 1

Figure 5-1 Layout of the pilot plants.

5.3 Description of the experimental set-up

Two periodscan be distinguished in the researchperiod.Duringthe first, six nominal influent
Q valueswerechosenbasedon: 1) DyRF guidelinesfor surfacevelocity; 2) The frequency
distribution andparticle diameters existing in the raw water; and 3) Hydraulic conditions in
the existing infrastructure.
Basedon the abovecriteria and in orderto generateflow velocitiesin the range0.05 to 0.25
rn/s the initial Q~was set at the beginning of each test at 2.0 rnlh and the Q, was set in such
a way that initial overflowswereobtainedspreadover threetestruns of 0.42,0.70, 1.0, 1.5,
2.0 and2.65 1/s. Eachtest run wasrepeatedthreetimes.

Mixing tank

Influent: Q~Influent: Q~

DyRF2

Overflow:
Q2,3

DyRF1

Overflow: Q~

01,3

Effluent: 0e Effluent: 0e
02,2 Qi,

2
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For the secondperiodQ waskept constant at 1.5 1/s and the initial filtration rateswere set
at 3.0, 4.0 and5.0 rn/h. Two filter runsweretestedper eachfiltration velocity while gravel
sizesand their layer thicknessesremained constant. An overviewof theapplied initial flow
velocities is indicated in Table 5-1. A list of material and tools usedin the researchis
presentedin Table 5-2.

Table 5-1 Overview of initial flow velocitiesin the different researchperiods.

Research
Period

Sub period DyRF1 DyRF2 Initial
Filtration rate

V (mlh)
.

Nominal Q
1

(l/s) (us)

January/94
to

March /94

t1
t2
t3

= 1.00
Q4 = 2.00
Q6 = 2.65

Q1 = 0.42
= 1.50

Q~= 0.70

2.0; 2.0
2.0; 2.0
2.0; 2.0

March/94to
April/94

t4
t5

Q4 = 1.50 Q4 = 1.50
Q4 1.50

4.0; 3.0
----; 5.0

Table 5-2List of Materials, Tools and Equipments

A. For raw water feeding system:

1. Miring raw water constantheadtank (1.2 in’ ferrocemenitank) x 2

2. Diatributuion,yatcm(pipes,vslvcs,ctc.)

3. Elcctnc stirrer(Siemens0.5 Hp) x 2

B. DyRF Pilot Plant

1. Riutangularfilters (1.5 m lesigth.05 m width, 07 m depth) x 2

2.Orivel4,ótol3mmipprox.015m’

3. Gravel 4’ 13 to 19 mm ipprox. 0.15 in’

4. Gravel 4i 19 to 25mmapprox 0 15 in’

5. Minnifolda (4, 50mm. 30 orilices 41 12.7 mm) x 2

6. Piczomc*cr board (metalic 0.70x 0 80 m) x 2

7. Columnsettlingapparatus(ccaupkte)x 5

8. Twbid,metcr(HAC}1 2100A) x 1

9. Spectiuphoteaneter(HACI{ DREL 20(83) x 1

10. spectropholowetcr(SHIMAD~U1IV-120-01) x I

11 pH meter(WIW PH-522)x I

12 Electricalstirrer (RW 20 DZM fromTAMSON) x I

13 Suctionapparatusx 2

14 Whitman filter paper(934 AH 1.2 tim)

15.Bacteriologicalkitx2

16. Digital cronometerx 2

17 Drying oven, for useit 103‘Cx 1

18 Dessicatorx 2

19. Analisisbalancex 1
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5.4 Overview of experimental parameters

Theparametersand samplingfrequencyusedin theresearcharesummarizedin Table 5-3.
Theseparametershave beenselectedon thebasisof informationon roughingfiltration in the
literatureand availableequipment.

Water sampleswere taken at the sametime at the different sampling points after which
analyseswere carried out. The parameterswere: turbidity, suspendedsolids, volatile solids,
truecolor, total iron andfaecalcoliform Counts.Theselectioncriteriafor physical, chemical
and bacteriological parametersare supported below and their experimentaltests were
accomplishedbasedon guidelines given by APHA (1986)and APHA (1989).

Turbidity: This is the universalparameterusedto evaluatewater treatmentsystem. It is
related with particle sizes present in the water as colloids or suspendedmatter which
frequently is associatedto high bacteriologicalcontamination.High levelsof turbidity can
protectmicro-organisms from the effectsof disinfection, stimulatethe growth of bacteriaand
exerta significant chlorinedemand.

SuspendedSolids: The amount of suspendedmatter removed by DyRF can be expressedin
terms of suspendedsolids. Whatman filter paper ofpore 1.2 ~imwasused.

TrueColor: Colour in drinking watermaybedueto thepresenceof coloured organic matter
suchas humic substances,metals such as iron and manganese,or highly colouredindustrial
waters.

Faecal Coliform Counter: Theprincipal risks to humanhealthassociatedwith community
watersupplies aremicrobiological.Yet this comprisesawide rangeof bacteriaand therefore
faecal coliform counts are commonly used as indicator to determine the degreeof
bacteriological contamination.

Furthermore the following physical analyseswere made: flow and headloss measurements,
column settling test, massdensity and massbalance.A generaldescription of how these
analyseswere carried out is given below.

Flow Measurements: Thevolumetricprocedurewasaccomplishedand influent (Q), effluent
(Q) and overflow rate (Q0) were measuredat the sametime at three different points, twice
a day.

Head LossDeterminations: To determine the filter resistancein different gravel
layers the headlossreadings ofsampling from the calibratedpiezometerboardwererecorded
oncea day Sevenpiezometerswere placed at different gravel depths (0.0,0.10, 0.20, 0.30,
0.40, 0.50and 0.60m). The first piezometerwasinstalledjust abovesurfacebedandbelow
water surface and the last one wasplaced in the manifold pipe 4 50 mm (this pipe conveyed
the treatedwater into the outlet chamber).
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Table5-3 Overviewof selectedparametersan-d samnlingfrequency

(1): onesamplingpoint: . Average filter run: 5 days
(2): two samplingpoints: Q1, Q . Q1 = 0.42, 0.70, 1.0, 1.5, 2.0 and2.65I/s
(3) : threesamplingpoints: Q,, Q, Q . Numberof filter runs/Q : 3
(4) : Headlossreadingsin ~ piezometers . Massbalance : once/Q~

(5) : Suspendedsolids readingsin 7 piezometers

Column Settling Test (CST): This indirect method wasusedto establishthesedimentation
diameterandfrequencydistributionof settlingvelocities.Severaltestingsduring theresearch
project (according to rawwaterqualityvariationsand overflow rates) were accomplishedand
water samples to fill the CST were drawnfrom Q, Q0, Q0,, at the sametime. The quiscent
settling column testapparatususedin this experimentconsistedof cylindrical columnsmade
of plexyglassof 0.30 m diameterand 1.0 m depthwith four tapslocatedat 0.26, 0.46, 0.61
and 0.71 m below thewatersurface. - -

Mass Balance:In order to know the particle removalefficiencyfor eachDyRF run, mass
balancewas determined and the suspended solids variation for eachsamplingpoint (influent
C1, effluent C~,and overflow C0) was calcu]ated.Moreover, the total storagedsuspended
solids concentration(TSSS)in each pilot plant was measuredand addedto massbalance
accordingto:

Q1. C1.AtQ9. C~.L~t+Q0. C0.~ t÷TSSS . . . . (5-1)

M~MR+Mo+TSSS (5-2)

TSSS=M~—(MR+MO) (5—3)

Parameter
Samplesf

Q1
Runs/

Q
Samples!

filter
run

Sampling

frequency

I. Turbidity
2. Suspendedsolids
3. True color
4. Total iron

5. Faecalcoliform
6. Volatile solids
7. C S T
8. Flow measurements
9. Head losses

225
150
27
27
45
90
18
120
-

3
3
3
3
3
3
3
3
3

75
50
9
9
15
30
10
40
-

every 8 hours (3)
twice/day(3)

three/week(2)
three/week(2)
once/day(2)
twice/day(2)

every 2 days(3)
twice/day(3)

once/day(4)(5)

In which ~t — filtration time. Equation(5-1) can beexpressedas:

or:
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TSSS=M1-(MR+MO) (5—3)

Determinationof SedimentDensity: For different filter-runs three Imhoff cones were
respectivelyfilled with influent, effluent and overflow samplesdrawn from the DyRFs and
the sedimentationprocesswas given for three hours. After that, three different layers were

/ observedat the Imhoff bottom. Eachlayer were carefully drawm and its sedimentdensity
I determined.Theexperimentalprocedureis given by Van Rijn (1986).
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CHAPTER 6

Presentations of Results

6.1. Introduction

The results have beenorganized in five blocksin line with project objectives:

1. Raw water characterization: Results of physical, chemical and bacteriological analysisof
raw water during the research period are being presented. The following parameters are
included: turbidity, suspendedsolids, truecolor, volatile solids, total iron andfaecalcoliform
counts.

2. Column settling test (CST): On the basis of samplestakenof Q, Q~and Q
0 andresultsof

the CSTs a relation hasbeen presentedbetweenremaining concentration (P) and settling
velocity (V). These have beenusedto calculate the diametersof the particles and remaining
concentrationsas well astheremoval ratio (R) as a function of overflow rate (S) for different
Q1.

3. Treated water characterization: Results are presentedof physical, chemical and
bacteriological analysis of samplestaken simultaneouslyof Q and Q~for different values of
Q~.This enablesto establish the impact of different yalues of Q on the quality of treated
water. The different flow velocitiesare indicated in Table 5-1 (Chapter 5).

4. Scouring of particles: To analysethe impact of Q, on the scouring of particles
measurementsof suspendedsolidsconcentrations in Q, andQ0, flow velocities, water depths
and hydraulicgradientswere donepereachnominal Q,.

5. Other measurements:The removal efficiency for suspendedsolids in a DyRF has been
estimated on the basis of a mass balance. For each Q, a massbalancewas made as well as
for the experiments with thedifferent filtration rates.

Furthermore headlosswas measuredat different depths and flow velocitiesfor Q1, Q and Q0
were madeper each Q1.

Although during the project it was tried to keepQ, constantthis provednot possible due to
operationalproblems not under control of the project. This has resulted sometimesin flow
variations of 50%. To limit the impactof this variation only the filter runs havebeentaken
into consideration were variations were less than 15% of the nominal Q~value.
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6.2 Presentationof results

6.2.1. Raw waterCharacterization

CINARA’s researchstation receiveswater from the highly polluted Caucariver, which
receives water from the highland rivers and untreatedsewage from small and large
settlements,aswell aswasteand runoffof agriculturelands.

During theresearchperiod theraw waterin Caucariver hadaverageturbidity levelsranging
from 71 to 167 NTU with peaksranging from 254 to 420 NTU, suspendedsolids ranging
from 146 to 333 with peaksbetween367 to 881 mg/I, volatile solids rangingfrom 54 to 64
with peaksbetween86 and 154 mg/i, truecolor rangingfrom 60 to 109 with peaksbetween
102 to 157 PCU, total iron rangingfrom 13.37to 15.76with peaksbetween25.60to 57.50
mg/l, andfaecalcoliform countsrangingfrom 19440to 64143with peaksbetween29000and
242000FCU/100ml.

Figures6-1 (a) to 6-1 (1) givean indicationof therawwaterqualityandits variation for each
of the the five testperiods.More detaileddescriptionsarepresentedin AppendIx 1 Tables
1-1 a) to 1-1 1). Thisincludesminimum, meanand maximumvalues,standarddeviationsand
numberof samplesfor the following parameters:turbidity, suspendedsolids, true color,
volatile solids, total iron and faecalcoliform counts. On the basis of the removal efficiency
obtainedin the first researchperiod (averagesranging from 83.4% to 87.2%) suspended
solids removal wasselectedasindicatorfor theexperimentswith different ffltration velocities
in the secondresearchperiod.

ti t
2 t3 t4

— ~

Figure 6-1 a) Raw water turbidity
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Figure 6-i. b) Raw water suspended solids.
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Figure 6-1 c) Raw water volatile solids.
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Figure 6—1 d) Raw water true color.
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Figure 6—1 f) Raw water faecal colifôrm counts.

6.2.2. Column Settling Test

On the basis of the test results (Appendix A Figures A-i a) to A-i c)) a linear regression
model was stablishedwhich gives therelation betweensuspended solid concentrationand raw
water turbidity. This model is presentedin Appendix 2 Table2-1.

Figure 6-2 illustratesthe typical patternof the remainingconcentration(P) and the settling
velocity (V) for samples taken simultaneously from Q, Q~and Q

0. The value of P is
calculatedas (C,/C,,)x100 whereC,, is the initial suspendedsolid concentrationin Q. at t =

0 and C, are the measuredvaluesat different times and depthsduring the the CST. On the
basisof Figure 6-2 it maybe concludedthat:

0
I—

80

60

40

20

0

Figure 6-i. e) Raw water total iron.
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41



0~

I
Sett1In~velocity. V8 (1C�-3 an~&

—
iitk.lent Elflu.nt Overflow

Figure 6-2 Cumulative frequency distribution of settling
velocity for Q1 = 2.0 1/s and initial V = 2.0 rn/h.

1. Very small differencesexist betweenthe curvesfor Q, and Q0 for differentsettling
velocities,rangingfrom 0% for V = 78.8x10

3cm/still 10.4%for V
3 = 41x10

3 cm/s.

2. Both Q and Q
0 show a remaining concentration P of 70% for V, = 5.0x10

3cm/s
indicating that 70% of the remainingparticleshave a settling velocity V

3 < 5.0x10
3

cm/s.

3. Only some 17% of the initial concentrationof suspendedsolids in the raw water
remains in the treated water thus indicating the impact of DyRF on suspendedsolid
removal.

Laboratory analysisindicated three typesof densitiesin thesedimentoftheCST. Thesamples
were takenfrom Q~and Q,, and determinedat a rawwater temperatureof 25 °C(±3.1 °C)
using the procedureindicatedin section5.4. The following densities were found: Pi = 2650
kg/rn3,P2 = 2125kg/m3 andp~= 1365kg/rn3. Furthermore theaveragedensity of the deposit
on top of the gravel in the DyRF was establishedas 1564 (STD = 78.2)kg/rn3.

With helpof theequationspresentedin 3-8 and 3-10thediarnetersof theparticles(d,) present
in theraw waterhavebeencalculatedfor different densitiesPi, p

2 and p3 at 25 °C.Results
are presentedin Table 6-1 and Figure 6-3. Table 6-1 also includes the values of the
remaining concentration (P) for Q, andQ0 takenfrom Figure 6-2. For V3 80x10

3 crn/s,P
is about100% which implies that all particles in Q and Q

0 have a V < 80x10
3 crnls. This

indicatesthepresenceof particleswith d
1 < 31, 38 and 64 ~m for densitiesof 2650, 2125

and 1365 kg/rn
3 respectively.For P of 70%, V

3 is smallerthan 5x10
3 cm/swhich implies a

high concentration of fine particles with 4, < 5, 7 and 13 j~mrespectively.

0 10 20 30 40 50 50 70 80
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Table 6-1. Particle diameters for different sediment
concentrationsas a function of settling velocities.

densities and their remaining

V3 x10
3

(cm/s)
Particle diameters d (nm) P_(%)

Pt P2 p3 QI Qo

80 31 38 64 100 100

60 27 32 57 92 91

20 15 18 32 91 90

5 5 7 13 70 70

1 0.84 1.10 2.70 17 17
...-i -r — A1 ‘Fr - r- —- rL_ -. . —-

Pi 265( kg/rn3 P2 = 212~kg/rn P3 1365 kg/rn3

In Table 6-2 the resultsarebeingpresentedfor both researchperiods.This concerns:

i) Variation of Q,, Q~and Q throughoutthe filter runs for different initial Q~’sand for
different filtration rates.
Thereductionof Qe and theincreasein Q

0 during the ifiter run can well be observed.

ii) Suspendedsolid concentrationsin Q,, Q~and Q0. Thesefiguresshowa wide variation
due to the variation in the raw water. Table 6-2 doesnot include data on suspended
solids for the overflow when Q, = 0.42I/s becausewhen V = 2.0 rn/h Q0 0.

100
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80
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40
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20
10

0
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Settlr~gvelocity. Vs (I~-3 an/el

Figure 6-3
densities as

—I—- 2650 --a-- 2125 —0— 1365
kg/m3 k~’m3 k~Im3

Particle diameters for different
a function of settling velocities.

sediment

In order to get a better understandingof the results a generaldescription of the normal
performanceof theDyRF during one testperiodis given.

— _a
— _.— —

— e-—
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Table 6-2 Experimentaldatafor differentnominal Q, andover filter run

NominalO~ 1 01/i V = 2.0 rn/h run: I NOminalQ~ 0.42Eli V 2.0 rn/h run: 1

Time
(dayi)

Flow van~ion(1/.) Suipended,olidz (mg/I) Flow variation (I/i)_________ Suipendedpolids (mg/I)

(~ Q. Q. S_S
1 SS• SS• Q Q. Q. SS~ SS~ S-Se

1
2
3
4
5

1.13
1 09
1.08
1.05
1.07

012
0.30
0.18
0 12
005

0.71
0.78
0.90
0.93
L02

133
246
169
143
251

32
59
35
15
10

94
226
143
125
228

014
0.42
0.42
0.41
036

044
0.42
032
0.26
0.14

0.00
0.00
0.00
0.15
0.22

66
223
155
129
231

40
86
79
32
65

-

-

-

-

-

Nominal Q 2.0 I/a V = 2 0 rn/h run 2 NonunsiQ~ 1.50 I/i V 2.0 rn/h run 2

1
2
3
4

2.04
1.98
2.03
1.96

044
033
0.06
0.01

1 60
1.65
1.96
195

310
196
239
182

78
36
23
6

261
178
231
178

154
133
1.58
1.53

0.44
0.33
004
001

1.10
1 20
1.54
1.52

310
185
251
170

82
54
16
5

256
131
231
164

NominalQ2.65Ip V = 20 rn/h run 3 Nominal Q, = 0.701/i V = 2.0 in/h nrn:3

1
2
3
4

2.41
2.69
2 26
2.70

0.38
0.14
002
001

2.03
235
2.24
2.69

79
325
79
107

16
45
7
9

63
362
80
104

0.71
0.72
0.65
068

0.42
0.18
0 03
003

0.29
0.54
0.62
0.65

65
336
77
100

14
45
6
7

63
312
51
80

NominaIQ1 130I/i V 3 .OmTh run :1 Nominal Q, = 1301/i V4.Om/h run: I

1
2
3

1.40
1.66
1.65

0.65
0.24
005

0.75
1 42
160

442
597
180

165
136
8

384
484
176

1.20
1.38
1.40

0.76
031
0.04

0.44
1.07
1 36

470
595
20*

205
169
14

391
494
180

1
2
3

NominslQ, = 1.50 1/a V =

1.4* 0.99 0.49
1.47 0.97 030
1.49 0.87 0.62

5.0 rn/h run

121
154
151

1

33
56
63

86
130
125

4
5
6

135
136
1.40

0.81
0.63
0.01

0.68
0.93
1.40

121
105
97

52
49
23

99
93
88
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Under normal conditions the inflowing water Q~is divided into two flows a horizontalflow
(Q0) and a vertical flow (Q~).

i) The horizontal flow, variesalong the length of the filter and is minimumat the
begining of a filter runand maximumwhen the ifiter is clogged. (see Table 6-2). The
typical flow variation is alsoshown in Figure6-14.
During the developmentof the filter run, gradually a sludge deposit is formed with
a variable depth between0 at the beginning and 15 mm at the end of a filter run,
with the greatestdepth in the first half of the surfacearea.

ii) Vertical flow. This flow enters into thegravel bed gradually causing theclogging
ofthe filter. Q~varies and is maximum at the beginningandgradually reducesduring
the filter run. (seeTable 6-2and Figure 6-14).

For horizontal flow the difference betweenthe suspendedsolid concentration in Q and
Q0 determines the horizontalremoval efficiency for each overflow rate (S = Q0/A, A
surface area). This efficiencyhas beencalculatedfor eachQ~basedon experimental data
shown in Table 6-2.

The theoretical removal efficienciesR (removal ratio) have been calculated for different
Q.’s on the basis of sedimentation theory with help of the cumulative frequency
distributionand basedin the equation 3-12.Figures6-4a) to 6-4e) show thesetheoretical
andthe measuredsuspendedsolid removal efficienciesas a function ofS for different Q1’s.

2
a

I
Overflow ratesS (100-3 cm/sI

—I—— Theorstical -~- P.eal

•ff~ciency •ffici~cy

Figure 6—4 a) Removal efficiency comparation for Q1 0.70
1/s.

Figure6-4a) showsefficienciesbelow 5 % in thefirst daysof therun and thereafter the
efficiency increasesto 36% and thendropsto 20%. Thesevaluesarenot in line with the
data obtainedin subsequentruns andas there isiio logical explanation for this behaviour
it is mostlikely resulting from an experimental mistake.The other Figures 6-4 b) to 6-4
e) showhigh efficienciesat thebeginingof thefilter run, with a maximumof 29% for Q
= 1.0 Us and S = 94.7x10

3cm/s, but thereafter theseefficienciesdrop to between2 and
9%. The higher valuesclearly divert from the theoreticalvalues and they can not be
logically explainedon the basis of sedimentationtheory. A possiblereasoncould be the
designof the systemin combinationwith cleaning.As aroutinemaintenanceoperationthe

0 50 100 150 200 250 300 250 400
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top gravel layer of the DyRF wasremovedaftereachrunand replacedafterwashing.It
was observedthat in the beginning of each run the gravel bed was slightly higher and
extendedsome5 to 10 mmover the overflow weir. After one day the gravel pack settled
and reducedin height till the level of theweir. Theinitial situation makesthat the water
overflowing the weir is actually passing through the gravel bed whereasthe secondday
this no longer is the case. Therefore it may be concluded that the data obtained for the
secondand subsequentdaysaremorein line with normaloperationconditionsandshow
average removal efficiencies of less than 10% which is much more in line with theoretical
sedimentation efficiencies.

I
0var~owrates. S (100-3 cnV,~

Figure 6-4 b)
1/s.

Figure 6-4 c)
1/s.

Figure6-4e) showsa negativeefficiency for Q~= 2.65 1/s this is a results from the high
flow velocity which is ableto producescouring of depositedmaterial.
In Table 6-3 the theoretical and measuredefficiencies are being presentedfor the
beginningof the filter run (situation 1) and for the end (situation 2) for different Q’s.
In situation 1 the differencein theoreticaland measuredefficiency is considerablewith

0 50 100 150 200 250 300 350 400

I

—4--— ThQCI-etical -a-- Reei
efficiency efficiency

Removal efficiency comparation for Q1 1.0

100

80

0 50 100 150 200 250 300 350 ~400

O~.rf1owrates. S (100—3 cmi’&

—4— Ths~uticaI --a-- ~
efficiency efficiency

Removal efficiency comparation for Q, = 1.50
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averages of 14 and 4.7% respectivelywhich is probablydueto thefiltration effectbefore
the water passesover the weir. For situation 2 and particularly for the experiments with
higher flow velocities the theoretical and measuredefficiencies are much closer. The
efficiency measurementsof 20% for Q, = 0.7 Ifs and 29% for Q, = 1.0 1/s have been
excludedfrom the calculationsas they are probably resulting from experimental mistakes.

100

80

60

40

20

0
0 50 100 150 200 250 3(X) 350 400

Overflow rates. S (100-3 cm/a’

I
I

~— Theaetlcal 8-- Real
efftc~-~y efficiency

d) Removal efficiency comparation for Q, 2.0

I
I

Overflow rateS, S (105-3 ci~’sI

Figure 6-4
1/s.

—4-’--- Theoretical --8— Real
efficiency efflcler~y

•) Removal efficiency comparation for Q1 2.65

For the vertical flow (Q) removal efficiency have been calculatedon the basis of
difference in suspendedsolid concentrationin the influent (SSJ and effluent (SS~)
presentedin Table 6-2.
The theoretical efficiency is calculated on the basis of the cumulative frequency
distribution for eachQ1 basedon theequation3-12.

The variation of the efficiency over thefilter run is expressedin terms of surfaceloading
(S1), which is a function of Q~and the availableareafor sedimentation (Si). These have
beencalculatedwith helpof equations3-1, 3-2and 3-3. Figures6-5a) and 6-5 b) show
the efficienciesfor different S1 values for Q, = 0.70and 2.65 Ifs over the length of the
filter run. Table 6-4 shows the theoreticaland measuredefficiencies in suspendedsolid
removal for different valuesofQ1 at thebeginningof thefilter run(condition 1) andat the
end (condition 2).

Figure 6-4
1/s.

0 50 100 150 200 250 300 350 400
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Tabla 6-3. Suspendedsolids removalefficiencieson surfacearea of a DyRF due to Q0.

(1) l~eginningtilter run (2) Ending filter run

The Figures 6-5 a) andb) and Table 6-4 indicatethatthemeasuredefficienciesareslightly
higher 6.1 % for condition 1 and 6.2% for condition 2, than the theoreticalefficiencies.

Q
(lps)

Theoreticalefficiency (%) Realefficiency(%)

(1) (2) (1) (2)

0.70 5.0 2.0 3.0 (*)20.0
1.00 5.0 2.0 (*)29.0 9.0
1.50 4.0 2.0 17.0 4.0
2.00 5.5 2.0 16.0 2.0
2.65 4.0 1.0 20.0 3.0

Mean 4.7 1.8 14.0 4.5

STD 0.7 0.5 7.3 2.7

95% 0.6 0.4 6.4 3.1
Confidence

(1):~gT~ningliter run (2): Ending filter run - S~5:Stand~arddevlation
(*) not includedin averageand STD calculations.

Table 6-4Suspendedsolids removal efficienciesin gravel bedsdue to verticalflow (Q~).

Nominal Q.
(lIs)

TheoreticalEfficiency (%) RealEfficiency (%)

(1) (2) (1) (2)

0.42 60.3 64.0 29.4 61.9
0.70 59.2 79.3 68.5 83.0
1.00 60.8 76.0 65.9 86.0
1.50 61.1 80.0 63.5 87.0
2.00 60.5 77.9 64.8 86.7
2.65 60.3 80.1 69.7 81.6

Mean 60.4 78.7 66.5 84.9

STD 0.65 1.54 2.3 2.2

95% 0.7 1.6 2.3 4.4
Confidence

- -~-~ - ... --
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Figure 6—5 a) Comparation of suspended solid removal
efficiencies for treated water under Q, 0.70 1/s.

A slight improvement in removal efficiency is observedin the courseof the filter run.
This is in line with the sedimentation theory as the value of S~decreasesdue to the
reductionin flow resulting from gradualclogging shown in Figures 6-14and 6-15

Although the valuesobtained for Q, = 0.421/s have beenincludedin Table 6-4 thesehave
not beentaken into account in the calculations becauseof irregularities in theperformance
of the DyRF. The efficiency for Q~= 0.42 1/s varies strongly during the filter run asa
result of the hydraulic performanceof the system. In the beginning no overflow is
produced and partofthe DyRF remainsdryat the surface.Gradually this pattern changes
until thetotal bed is under water. This irregular water distribution will no doubt have an
impacton removalefficiency.This differentbehaviouris alsoshownin Figure6-6 were
the relationbetweensuspendedsolids removalefficienciesand surfaceloadingS1 is given
for different Q1’s. For the other values of Q behaviour is very much the samewith
average efficiencies of 76% (STh = 2.3%)with S1 = 10.5x10

3cm/sat thebeginningof
the runs and 95% (STh = 2.4%) with S

1 = 0.105x10~ cm/s ending filter run. The
averageefficiencyfor the total filter runfor differentQ’s wasabove83.3% (STh = 9%).

100

— 80
S

60

2 4 6 8 10 12

&xf.ce loack’Q, 5 (105-3 cm/sI

—s-- Theoretical 0. Real
efficiency efficiency

Figure 6-5 b) Comparation of suspended solid removal
efficiencies for treated water under Q1 = 2.65 1/s.
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Figure 6—6 Real suspendedsolid removal efficiencies for
treated water under different Q1 and V 2.0 rn/h.

6.2.3. Treated water quality

The impact of- the overflow on the quality of treated water is shown for different
parameters in Figures 6-7a) to 6-71’) as functionof theefficiencyover the filter run. Day
1 correspondswith the start of the filter run whereasthe last days dependson the
reduction in the effluent flow Q. When Qe droppedbelow 0.05 1/s the filter run was
stopped.More details including statisticalinformation is presented-in Appendix 1 Table
1-1 a) to 1-1 1) and Appendix 3, table 3-1.

The efficiencies concern:

Turbidity from 50% (STD =11.9%) to 52% (STD = 13.1%)
Suspendedsolids from 83% (STD = 9.1%) to 87%(STD = 5.5%)
Volatile solids from 25% (STD = 11.6%)to 32% (STL) = 12.5%)
True color from 13% (STD = 15.9%)to 24% (STh = 18.4%)
Total iron from 55% (STD 11.8%)to 84% (STD = 7.8%)
Faecalcoliform 0.45 log (STD = 0.54) to 1.0 log (STD = 0.61).
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Figure 6-7 a) Treated water turbidity.
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Figure 6—7 d) Treated water true color.
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Figure 6-7 f) Treated water faecal coliform counts.

The efficiencies showeda small increasein the courseof the filter run.

In the secondresearchperiod theeffect of the higher filtration rates(V = 3.0, 4.0 and
5.0 rn/h)with a constant Q, of 1.5 1/swere evaluatedandcomparedwith theresultsof the
secondrun in the first period Q, = 1.5 1/s and V = 2.0 rn/h. Figure 6-8 shows the
removalefficienciesfor suspendedsolids for the secondperiod.Table 6-5showsthemain
statistical parameterswhen suspendedsolid removal efficiencieswere evaluatedunder
different filtration rates and constant Q, = 1.50 1/s. It may be observedthat at the start
of the runefficienciesare closeto 60% for S1 = 23.3x10

3cm/s and increasetowardsthe
end to 95% for S~< 1x103cm/s.
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Figure 6—7 e) Treated water total iron
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Figure 6—8 Suspended solid renioval efficiencies under
different filtration rates and constant Q, = 1.50 1/s.

Resultsfor V = 2.0, 3.0and4.0 rn/h are rather similar with effectiveremoval efficiencies
of 73.8% (STD = 18.5%)for V = 4.0 m/h and 83.8% (STh = 13.4%) for V = 2.0
rn/h. For V = 4.0 rn/h a low removal efficiency wasobtainedin the beginning, but this
is likely due to insufficient cleaningof the gravel. With a filtration rate V of 5.0 rn/h
efficienciesareconsiderablylower andvary between58% at the start to 76% at the end
with an averageof 63.6% (STD = 9%) over the filter run.

Tabla 6-5Main statisticalparametersfor different filtration ratesandconstantQ, = 1.50
1/s.

Statistics Filtration ratesV (rn/h)

2 rn/h 3 rn/h 4 rn/h 5 m/h

Mean
Maximum
Minimum

STD
Standard error

95% confidence
99% confidence

Size

83.8
97.0
71.0
13.4
6.7
13.2
17.3

4

78.5
95.6
62.7
16.5
9.5
18.7
24.6

3

73.8
93.3
56.4
18.5
10.7
21.0
27.6

3

63.6
76.3
53.3
9.2
3.7
7.3
9.6

6

6.2.4. Scouring of partIcles

Table 6-6 showsthe hydraulic parameters which have beenmeasuredat the end of the
filter runs. Overflow rateshave varied between86.7x103and 358x103 cm/s and flow
velocitiesbetween10 to 18 cm/s for Q, = 0.7 and 2.65 1/s respectively.In a similar way
the Reynolds numbers have differed betweenR~= 1074 for Q = 0.70 1/s and laminar
flow conditions and R~3415 for Q~= 2.65 1/s and turbulent flow. The averageflow
velocitieshave beenestimated as 0.75 times thevelocity of the flow at the surfaceas is
reportedby Yalin (1977).
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Theflow at the surfacehasbeenmeasuredat thebeginningduring and at theend of each
filter run. Flow variationwas rathersmall with velocities starting with 9 cm/s for Q
0.701/s and endingwith 10 cm/sand startswith 15.5 cm/sfor Q~= 2.65 I/s and ending
with 18 cm/s.

Table 6-6Main hydraulicparametersat theend of filter runs for different nominalQ~

Nominal
Q (Its)

Overflow
Q0 (its)

Overflow
rate S

(cm/s)xlO’

Water
depth

(rn)x10
3

Flow
Velocity
X (cmls)

Hydraulic
Gradient
IxiO3
(rn/rn)

Reynolds
Number

Re

Froude
Number

F
7

0.70
1.00
1.50
2.00
2.65

0.65
1.02
1.52
1.95
2.69

86.7
136.0
202.7
260.0
358.7

10.0
10.5
11.5
14.0
18.5

10.0
11.5
12.0
17.0
18.0

1.32
1.96
2.54
2.61
3.27

1074
1283
1473
24.66
3415

0.106
0.133
0.135
0.227
0.194

A theoreticalrelation hasbeenstablishedfor the calculationof the scouringvelocity (U)
asfunction of particlediameter(d1). For the threedensitiesthe scouringvelocity hasbeen
calculated using the equations4-5, 4-7 and 4-8 for non cohesive sediments.This
theoreticalexpression is basedon initiation of motion of fine cohesionlessflaky sediments
with particlediametersbetween10 to 100 ~

In Figure 6-9 is shown the theoreticalrelationshipbetweennoncohesiveparticleswith
diameters d1 and scouring velocities (U) for different sedimentdensities:2650, 2125 and
1365 kg/rn

3.
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k~/m3 kg/m3 k~(m3

Figure 6—9 Theoretical relationship between noncohesive
particles and scouring velocities.

Basedon equation4-6 to 4-8and for cohesivesediments,U wascalculatedasa function
of V and critical shearstess(r~).In Figure 6-10is shownthe U variationversusd

1 for
Pi = 2650kg/rn

3.

As shown in Table 6-6 for Q
0 = 0.65 1/s the minimum flow velocity X of 10 cm/s is

obtained.Figure 6-9 showsthat non cohesiveparticles-with 4, < 27, 32 and 80 ~m (for

0 20 40 60 80 10.0 120.

Particle diameter. da (105—6 ml
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2650, 2125 and 1365 kg/rn3) can be scoured.Theseparticlesare approximately 91% of
the particlesin Q~and Q

0. The samebehaviourmay be expectedfor cohesivesediments
with d1 >3.2 ~im (2650kg/rn

3).
For maximumX = 18 cm/s non cohesiveparticleswith d

1 < 57, 82 and 176 ~m and
cohesiveparticleswith 4,> 0.5 ~m will be scored.Underthis maximumX, almost 100%
of existing particles in Q~and Q0 can be scoured.
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S
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8

Figure 6-10 Theoretical relationship between cohesive
particles and scouring velocities.

6.2.5. Other measurements

6.2.5.1.Massbalance

Figure 6-11 indicatesthe sludge accumulationdistribution in the different layers of the
DyRF for different Q1’s with V = 2.0 rn/h. It is clear that the main accumulationtakes
place in the upper layer (L1) with an averageof 80.5% (STD = 9.5%). Tn the second
layer (L2) 11 % (STD = 4.2%) is retained and in the bottom layer (L3) 8.5% (STD =

6.2%). For Q, = 0.42 1/s a different pattern is found due to the different hydraulic
behaviourasexplainedin 6.1.
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Figure 6-11 Storaged sludge per layer under V 2.0 in/h and
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Figure6-12 showsthesludgeretentiondistribution for thefilter runswith respectivelyV
2.0, 3.0, 4.0 and 5.0 rn/h and Q1 = 1.5 1/s. The averagesare for L1 = 75.8% (STD

= 14.9%),L2 = 13.5% (STD = 6.7%) and L3 = 10.8% (STD = 8.3%). A different
behaviourwasfound for V = 5.0 rn/h weretheaveragewas50% for L1, 25 % for L2 and
25% forL3.

Figure6.13 shows the sludge storage per squaremeterper dayfor V = 2.0, 3.0, 4.0 and
5.0 rn/h. The figure shows an increasein sludgestoragefor V � 3.0 rn/h due to the
increasein Qe. For V � 4.0 rn/h the stored quantity reducesdue to the high flow rate
which causesresuspensionof sediment material.
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Figure 6-13 Sludge load for different filtration rates.

6.2.5.2.Flow measurement

Figure6-14 showsthe typical variation in water flows Q, Q and Q0 over the filter run.
Q~variesbetween0.42 1/s (V = 2 rn/h) to almost 0 1/s after4 daysof filter run. The
reductionof Qe implies an automaticincreasein Q0 until almostreachingthevalueof Q.

I
(I,

Gravel layers Q 1. L2. L3)

V=2 rrilh~ V3 m/h~ V~4 rri/h~ V~5 mdh

Figure 6—12 Storage sludge per layer under
filtration rates and constant Q = 1.50 1/s.
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In Figure 6-14 day 1 correspondswith the start of the filter run and the last day will
depend on the length of the run. In general the filter is stopped when Q < 0.05 ifs. A
similar behaviour was found for V = 3.0, 4.0 and 5.0 mlh as shown in Appendix B
FiguresB-i a) to B-i 1).

DyRP2, INrLU~NT - 01 — 1.1 p.
IILTRATJON RAT! 2.0 rn/h

Q:QocDe~

RiJ!’~~AY

Figure 6-14 Typical
DyRF.

6.2.5.3Headloss

The differencein headlossover the gravel bed is presentedin Figure 6-15. It can be
observedthat themain headlossis concentratedin thefirst 20 cm correspondingwith the
finest gravel layer. In Appendix C Figures C-i a) to C-i I) are shown the typical
headlossvariationover the filter run for different Q, and V = 2.0 rn/h.
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Pigur. 6-15 Typical headloss variation over the gravel bed
throughout filter run.
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CHAPTER 7

Discussionof Results

7.1 Raw water characterization

A large part of the diseasesin developing countriesarewater borne.Many of theseare
directly related to faecalcontamination of thewater sources.The Caucariver which is the
raw water sourcefor severalmillion colombian inhabitantsfalls in theworst category(E)
(coliform countsll0Oml > 1000)proposed by Lloyd et al. to WHO and UNEP. During
the research period the averagefaecal coliform countrangedbetween19440and 64143
with peaksbetween29000and 242000.Implying a very high sanitary risk.

Also the physical-chemicalquality is very poor. With valuesfor severalparameterswill
above limitations suggested for the application of Slow Sand Filtration (SSF) as a
treatment alternative. Cleasby (1991),Spenceret al.(1991)andDi Bernardo(1991)have
for exampleproposed upper limits for SSFapplication for turbidity between5 to 10 NTU,
true color between15 and 25 TCU, total iron between0.3 and2.0 mg/i. The raw water
quality of the Caucariver is well abovethesevaluesthus clearly indicating the needfor
pre-treatment alternatives.

A further complicating factor is the composition of the raw water. According to the
researchfindings 91 % of the particles have a diameter d1 < 27, 32 and 57 ~m and 70%
has a diameter < 5, 7 and 13 ~m for densities of 2650, 2125 and 1365 kg/rn

3
respectively.A largeportion of fine material may affect the performanceof slow sand
filters (Galvis et al. 1993)but mayalsoinfluencethe behaviourof DyRF becauseof the
largepore sizeusually above500 ~m for gravel sizes above 2mm (Huisman 1986). In
view of the rather special water qualityof Caucariver findings for the behaviour of the
DyRF treatingthis waterquality maynot be thesamefor other water qualities.

7.2 Particle removal process

Sedimentationis the most important processin DyRF as clearly shown by the results
obtained in the researchaspresentedin 6.2.2.
On the basisof the operatingconditions two sedimentationareashave beendistinguished:

i) Plain sedimentationon the exposedsurface of the gravel bed.

ii) Sedimentationin the gravelbed (aspartof ifitration process).

The impactof the sedimentationprocessis analysedby comparingthe theoreticaland
measuredsuspended solid removal efficienciesfor each of the two sedimentationareas.
The calculationof the measuredefficiency permits the elimination of the effect of the
variation in suspendedsolid concentrationin the influent. Thetheoreticalefficiencies are
basedon the removalrateR establishedwith column settling tests (CST).
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7.2.1. Plain sedimentationon the exposed surface of the gravel bed

This areacan be consideredas a plain sedimentationtank where (R) depends on two
factors: i) the frequencydistribution for settling velocitiesof the suspendedparticlesand
ii) overflow rate (S). Only the last factor canbe influencedby the designor operating
conditions of the DyRF. The efficiency in this areais independof the depthof thebasin
and of the detention time.

In comparing the efficienciesat the beginning of the filter run considerabledifferences
were found for a significance level a of 5%, thehighermeasuredefficiencyhowever is
probably the result of a the water flowing through the expandedgravel bed to the weir.
The higher efficiencyat the startof thefilter run is favoured by thecleanlinessof the filter
and the low value of Q

0, which permits horizontal flocculation to takeplace in the upper
part of the gravel bed (0 - 10 mm) suchas the formation of the bed forms ripplesand
dunes.The latter is favouredby the low valueof the Froudenumber(F1 < 0.7).

In the beginningof eachfilter run X, Re and Fr have the lowestvaluesdue to Q~being
highestandQ1 beingapproximatelyconstant.Theflocculationeffect canbe stimulatedby
thehigh concentrationof total iron (averagerangingfrom 13.37to 15.76 mg/l with peaks
between25.60and57.50 mg/i). This effect is very much reduced after thefirst daywhen
thegravelbed is settled and horizontal filtration no longertakesplace.

If the resultsof the first day areexcluded, no significantdifferencesexist for a = 5%
betweenthetheoreticalandmeasuredefficienciesexceptfor thevalueof 20% obtainedfor

= 0.70 1/s and reportedasa likely experimentalmistake.

Excludingtheeffect ofhorizontalfiltration it maybeconcludedthat theremovalefficiency
in thehorizontalflow is mainly due to plain sedimentationand is presentingvaluesbelow
10%.

The low efficiency in sedimentationis the resultof a combinationof factorsincluding:

i) High valuesof S rangingbetween86.7x10
3(Q =(170Its) to 358.7x103cm/s (Q,

= 2.65 1/s).

ii) Low settlingvelocitiesV, < 80x103 cm/s.

iii) High valuesof theR
0 rangingfrom 1074 (Q = 0.70l/s) to 3415 (Q, = 2.65us),

which results in flow conditionsbetweenlaminarand turbulent. Laminar flow will
occur for R~between 580 and 2000.

iv) Negative effects resulting from the formation of a sludgelayer on the surface
causing the development of horizontal and vertical flow lines which reduce
sedimentationefficiency.

v) Limitations in the hydraulic designof the systemwhich doesnot permit a good
flow distribution in the inlet structureor a good abstractionat theoutlet.
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The efficiency of plain sedimentation can also be influencedby the bed forms suchas
ripplesand dunes which may be formed when F1 < 0.7 and have the common mode of
bed materialtransportfor the individualgrainsto move up theback of the ripple or dune
and avalanchedown its face. Another aspect to take into account is the effect of the
gradationbecausethe large particleswill bemoreexposedwhile the smallerparticlesare
shieldedby the largerparticles.

For a 95% confidence interval it has been established that the horizontal removal
efficiencyfor Q, valuesbetween0.701/s and2.65 1/sdoesnot dependon thevalueof Q1.

7.2.2. SedImentationin the gravel bed

In thegraveltheefficiencydependson thesurfaceloading S1 = QjAI, which Q~reducing
during the ifiter run generatinga reduction in S1 and thus an increasein efficiency. In
Table6-4averagetheoreticalefficienciesrangefrom 60.4% (STD = 0.65%)at thestart
of thefilter runand 78.7%(STD = 1.54%)at theend.Neverthelessmeasuredefficiencies
arehigherandrangefrom 66.5%(STh = 2.3%) to 84.9%(STh = 2.16%)respectively.
For a 95% confidenceinterval differencesbetweentheoreticaland measuredefficiencies
arenot significantwhich implies that reportedefficienciesdonot dependon Q for values
rangingfrom 0.70and2.65 1/s.

Different factors canjustify thehigh efficiency of sedimentationin gravelbeds:

i) High surfaceareafor sedimentation

ii) Presenceof othermechanismssuchasscreeningand flocculation.Theformermay
be importantat the end of thefilter run when the pore sizeshave decreasedand the
latest, due to the fact that thepackedbed of gravelprovidesideal conditionsfor the
formation of compact settleablefloes becauseof continuous recontacts provided by
the sinuousflow of waterthrough the interticies formed by thegravel. Moreover high
total iron concentrationin raw water can help to floe formations. According to
experimentalconditionsand based on the formula presentedby Schultz and Okun
(1984) for gravel-bed flocculators the velocity gradient Gcan get a value of about
40 s’.

iii) Reductionof Q~during the filter run. This processof declining ratefiltration
reducesS1 and increasesthe sedimentationefficiency.

On the basisof the high removal efficienciesand the fact that no significant differences
exist at a 95% confidence level it can be said that sedimentationis the main particle
removal mechanism in DyRF with average efficiencies ranging from 66.5% to 84.9%.

Basedon theachievedresults,Figure 7-1 illustratesthe mainparticleremoval mechanisms
in DyRF. Zone 1 corresponds with plain sedimentation on the exposedsurface of the
gravel bed with an efficiency below 10% and possibly having a negativeinfluence on the
hydraulic behaviour of the DyRF. Zone 2 is the area of major efficiency in particle
removal in DyRF where sedimentation takes place, but also other mechanismssuch a
screeningand flocculation may contribute to the removal efficiency.
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1. Surface sedimentation

2. Sedimentation in

granular bed
+

other mechanisms

Figure 7-i. Main particle ren~oval mechanisms in DyRF.

7.3. Impact of overflow on treated water quality

The effect of the overflow on the treatedwaterqualityhasbeenanalyzedaccording to the
design of the experiment indicated in Table 5-2. Although the concentrations of the
different parametersvary over time this has been solved by calculating removal
efficiencies[(Cm- C~)/ Cmlx 100 with Cm = influent concentration(raw water) and C~,,,
= treatedwaterconcentration.

As Q is the controlled variableand V varies over the ifiter run due to the process of
declining rate filtration, a relative simple analysis can be made of the established
information.Thestatisticaldata(average, STD,standarderror, andconfidencelevel) have
beencalculatedwith the programmeSlide.

Theanalyseshas gone through the following steps:

i) Calculationofrealefficienciesfor eachQ~and for eachparameterunderevaluation

basedon the results of the experiments.

ii) Calculationsof the statisticaldataon the basisof the datacollectedunder i) and

help of the programmne Slide.

iii) Analysis of significant differences for eachof the parametersfor a 95%
confidenceinterval. This interval hasbeenselectedbecauseof the small samplesize
n < 30.

On thebasisof the statisticaldatapresentedin Figures6-6, 6-7 a) to 6-1 ~ and6-8 it can

Remaining concentration
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be establishedthat:

i) The removal efficienciesfor suspendedsolids in DyRF for V = 2.0 rn/h do not
dependon Q1 for valuesof Q1 = 0.70 Ifs and 2.65 Ifs. The average efficiency over
the total filter run is over 83.3% (STh = 9%) exceptfor Q = 0.42 1/s which had
an efficiency of 59.38% (STh = 15.1%) due to poor hydraulic performanceas
discussedearlier.

ii) No significant differences exist in the removalefficienciesof turbidity, suspended
solids, truecolor, volatile solids and faecal coliform, when evaluatedduring the filter
runs for different Q1’s andV = 2.0 rn/h.

iii) At a 95% confidence level significant differences have been established for the
removal efficiency of total iron for different Q’s. This implies that the removal of
iron depends on the value of Q1. This can be explained as resulting from the
horizontal filtration processwhich may stimulate floe formation. Furthermore the
high level of iron in the raw water may be an importantfactor.

iv) Removal efficienciesfor suspended solids for filtration ratesV = 2.0, 3.0 and
4.0 rn/h do not present significant differencesat a 95% confidence level. For V
5.0 m/h however significant lower efficiencies of 63.6% (STh 9.2%) were
obtained.This canbe explained by the increase in the flow velocity which implies
an increasein the shear stress and thus the scouring capacity.

The removal efficiencies obtained in the evaluation of the impact of the overflow on the
quality of the treated water arejustified primarily on the basis of sedimentation and the
effect of declining rate filtration. Other mechanisms such as screeningand flocculation
also may contributeto an increasein efficiency, but its effecthasnot beenquantified.

7.4 Impact of overflow on scouring of surface particles

The analysis of the impact of the overflow on scouring of surface particles is basedon the
following considerations:

i) The raw water of Cauca river hasa high concentration of fine material: 70% of
the particles in Q and Q0 have diameters d, < 5, 7 and 13 ~m respectivelyfor
particledensities of 2650, 2125 and 1365 kg/rn

3 and 91% has a d
3 < 27, 32 and 57

~zmrespectively. Moreover the effective weight of the particle (p~ - p) acts
downwardsand mechanicalfriction is a function of the sizeof the deposited particles,
the resistanceto scouring is minimal.

ii) The remaining concentration of suspended solids in Qt is approximatelythesame
as in Q0 for different values of Q1. This may imply that particles have been
sedimentedand simultaneouslyothers have been removed by scouringor that the
particles remain in suspension indicating low efficiency in sedimentation. The latter
was clearlyobservedin theexperimentwith removalefficienciesfor suspendedsolids
below9% at the end of the filter run.
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iii) Minimum resistance against displacement appears to exist in the deposited
materialon theexposedfilter bed,which hasan averagedensity of 1564kg/rn3 (STh
= 78.2). This behaviouris indicated in Figure 6.-il for cohesivematerial where
particleswith diameter> 3.2 j~mcan be scouredwith X = 10 cm/sand with d

1 >

0.5 ~m with X = 18 cm/s. Thecohesivesedimentstend to stick togetherforming
aggregateswhere the electro-chemicalforcesareactingbetweentheparticlesandare
increasingtheirscouringvelocitiesthan thoseof the individual particles.

iv) Thecritical condition for scouringof surfaceparticlespereachQ, is takenplace
endingeachfilter run when the real flow velocity (X) is takenthe maximumvalue.
Therefore, the analisesof scouringwas basedon the maximum velocities X for Q
= 0.7 1/s and2.65 1/s which correspondwith 0.10and0.18 cm/s respectively.For
thesevelocitiesthe Reynoldsnumber varies between 1074and 3415 which generates
flow conditionsbetweenlaminarand turbulent.

The experimentaldatashow that with a minimum valueX of 10 cm/s, 91% of the
particles in the sedimentcanbe scouredand for X = 18 cm/s all particlescanbe
scoured.The drag force of the fluid on the sedimentsdueto hydraulic shearactsin
thedirectionof the motion of the fluid andhydraulic shearis a function of thefluid
velocity thereforehigh flow velocitiesmeanhigh drag forces. Scouring startswhen
the hydraulic shearstress(r~)betweenthe flowing waterand the sludgedeposits
exceedsthe mechanicalfriction or attractive forces betweenlayers of depositsor
betweendepositsand the grain surface.If r~is very much greaterthanmechanical
friction, scouringis not importantand theparticleswill be in suspensionin thewater
and thereforescouringis not importantaspectfor DyRF.

v) The particle size for cohesive sedimentswere analysedfor a densityPi = 2650
kg/rn

3, which correspondswith an averagevaluefor clay. Specific test to determine
cohesivesedimentshave not beenmadebut in view of the diversity of sediments
transportedby Caucariver assupportedby literaturetheyarepresent.Theliterature
refersto cohesivematerialsuchasamixtureof sedimentswith clay (d, < 4 ~m) and
densitiesabout 2650 kg/rn3. In this researchthis valuewas to determineparticle
diametersand thecalculationof U.

The high flow velocitiesand the low density of the depositedmaterial (1564 kg/rn3),
contributeto the justification of the low efficiency-of plain sedimentation.Thedeposited
materialcaneasilyberemovedbecauseof thehigh drag forceandonly largenon cohesive
particles can remain or small cohesiveparticles. In practicewe see that quite some
material remainson the surfaceof the gravel bed evenat the highestvaluefor X and
particularlyin thefirst halfof thebed.This maybecausedby either lower flow velocities
in the beginningof thebed due to a greaterheight of the water level causinga different
flow distributionover the heigh.This canbe confirmedby a moredetailedmeasurement
of thewater level and flow velocitiesin theDyRF.

Another possibility is that the depositedmaterial is strongly influencedby other forces
involved in absorptionand thereforeis not removed.Neverthelesseven if all particles
would be removedscouringonly affectsthematerialwhich is depositedon thesurfaceof
the grains and which is shown to be less than 10% of the total material removedby a
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DyRF.

7.5. Other measurements

7.5.1. Mass balance

The sludgeaccumulation in thedifferent layersof a DyRF doesnot dependon the value
of Q1 for values between0.7 to 2.65 1/s. This is showing again that the impact of the
horizontalflow over the DyRF is very small. At a 95% confidencelevel it was established
that there was no significant difference in sludge retainmentin the different layers for
different Q, exceptfor Q, = 0.42 1/s which caused a poor hydraulic performance,with
deadzonesat the surfaceandpart of the bed at the startof the filter run.

The obtained averagesfor the retained sludgein eachlayer for V = 2.0 rn/h corresponds
withL1=80.5%(STD=9.5%),L2=11%(STD=4.2%)andL3=8.5%(STD=
6.2%). This clearly indicates the efficiency and importanceof the first layer which
composesof the finest gravel.

The sludgeaccumulation for the higher filtration velocitiesV = 3.0 and 4.0 rn/h show a
similarpatternasfor V = 2.0 rn/h butdiffers at a 95% confidencelevel for V = 5.0 rn/h
when morematerialwas transportedinto the deeperlayers. This canbe explainedby the
increasein flow velocitycausinghighershearstress,taking depositedmaterialdeeperinto
thebed.

For V � 4.0 rn/h sludgeaccumulationdistribution overL1, L2 and L3 doesnot depend
on V with averageaccumulationlevels for L1 = 84%,L2 = 9.7%andL3 = 6%, whereas
for V = 5.0 rn/h the distribution was L1 = 50%, L2 = 25% and L3 = 25% showing
clearly a deeperpenetrationof the sludge into the bed.
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8. Conclusions and Reconimendations

8.1. Conclusions

The major findings of this research are:

1. Characteriiationof rawwater:

The Caucariver water has a typical characterizationof untreated sewagewhich implies
a very high sanitaryrisk when it is usedfor drinking water. Also very fine particles were
found in raw water (about 70% particles < 5 ~&m).This water quality should better be
rejected as a source of drinking water and if usedwill needdifferent treatment steps to
reduce the sanitaryrisk.

2. Particle removal process:

In DyRF Sedimentation is the main particle removal processwhich occurs in two
different locations:

i) Plain sedimentationonto the exposedsurfaceof the gravelbed.Herethe removal
efficiency is < 10%. -

ii) Sedimentation (as part of filtration process) into the gravel bed. The removal
efficiency rangedfrom 65% to 85% and is consideredas the mostimportant process
in DyRF.

3. Effect of surfaceoverflow: -

The surface overflow did not have any impact on scouring of surface particles and on
treated water quality.

4. DyRF perfomance:

The following averageremoval efficiencies were obtained for DyRF units operatingat
filtration rates between2.0 and 4.0 rn/h with averagesurfaceflow velocitiesbetween5
cmis and 18 cmis:

- Turbidity from 50% (STD = 11.9%) to 52% (STD = 13.1%)
Suspendedsolids from 83% (STh = 9.1%) to 87%(STD = 5.5%)
Volatile solids from 25% (STh = 11.6%) to 32% (STh = 12.5%)
True color from 13% (STh = 15.9%) to 24% (STh = 18.4%)

- Total iron from 55% (STD = 11.8%) to 84% (STh = 7.8%)
Faecalcoliform 0.45 log (STh = 0.54) to 1.0 log (STh = 0.61).
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5. Desian auidelines:

The impact of the surface flow in DyRF is limited and may even result in uneven
distributionof wateroverthefilter. Thereforeit is betterto designDyRF whithout surface
flow. The gravel sizes can be kept, although it may be explored to reduceto two sizes.
Preliminary design criteriafor sucha systemare:

Maximum filtration rate of 4.0 rn/h
Gravel sizesbetween4)6to13 mm in the upperlayer, 4) l3to 19 mm in the
middle and 4) 19 to 25 mm at the bottom.
Thickness per layer: 0.20 m.

8.2. Recommendations

i) To eliminatethe overflow asa normal hydraulicelementin DyRF operation.

ii) To keepthe weir in the out let structureas“taponvalve” in order to protectthe water
treatmentplant againstsuddenlyraw waterquality changes.This weir is also useful for
maintenanceactivities.

iii) To evaluatedownflow roughingfilter with declining rate filtration and constantrate
filtration in order to identify the bestalternativeand comparethis with a DyRF with
overflow.
This evaluationpreferably is carried out both in the ResearchStation and in another
location with different water quality.
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APPENDIX 1
Table 1-1 a)

DescriptiveStatistics- Mean valuesfor threefilters runs
DyRF1: Q1 1.0 ]/s and DyRF2: Q2 = 0.42 us; runs 1,2 and 3
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Table 1-1 b) Descriptive Statistics run 1: 1.0 and 0.42 1/s
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Table 1-1 c) DescriptiveStatisticsrun 2: 1.0 and 0.42 1/s
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Table 1-1 d) Descriptive Statisticsrun 3: 1.0 and 0.42 1/s
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APPENDIX 1
Table 1-1 e)

DescriptiveStatistics- Meanvaluesfor threefilters runs
DyRF1: Q1 = 2.0 1/s and DyRF2: Q2 1.50 1/s; runs 1,2 and 3
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Table 1-1 Ii) DescriptiveStatisticsrun 3: 2.0 and 1.5 1/s
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Table 1-1 g) DescriptiveStatisticsrun 2: 2.0 and 1.5 1/s
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APPENDIX 1
Table 1-1 i)

DescriptiveStatistics- Mean values for threefilters runs
DyRF1: Q1 = 2.65 1/s and DyRF2: Q2 = 0.701/s; runs 1,2 and 3
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Table 1-1 j) Descriptive Statistics run 1: 2.65 and 0.70 1/s
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Table 1-1 k) DescriptiveStatisticsrun 2: 2.65 and 0.701/s

Table 1-1 1) DescriptiveStatisticsrun 3: 2.65 and 0.70 1/s
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747k$al 5 3 3 1

544 557 170 4.41 I 3D
71111 10 415 NV 5 70 I 25 7.54 liD

/54/lI 01410 4.70 1.00 4.70 3 46
SIlo I.S0 012 420 210

747k 54510 3 1 2
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APPENDIX 2
Table 24

LinearRegressionModel betweenSuspendedSolids and RawWater Turbidity
Based on Column SettlingTestResults.

Turbidity Range
(NTU)

DescriptiveStatistics
for SuspendedSolids

measuredin the
laboratory

Regressioii
Model R2

DescriptiveStatisticsfor
Suspendedsolids estimated
by the RegressionModel

42-210

Mean 128
STD 67
Minimum 32
Maximum 355
samplesize 219

yffl~
1.2929X~ 0.9758

Mean 130
STD 57
Minimum 54
Maximum 272
sample size 219

42-50

Mean 55
STD 9
Minimum 32
Maximum 67
samplesize 39

yU)
1.1570X~ 0.9794

Mean 55
Sli) 4
Minimum 49
Maximum 58
samplesize 39

51-100

Mean 88
STD 23
Minimum 49
Maximum 158
samplesize 69

~-

l.2311X~ 0.9692

Mean 87
STD 21
Mmimum 64
Maximum 123
sample size 69

101-150

Mean 154
STD 37
Minimum 52
Maximum 227
samplesize 78

1.2257X~ 0.9778

Mean 155
Sil) 21

Minimum 125
Maximum 184
samplesize 78

151-210

Mean 236

STD 46
Minimum 185
Maximum 355
sample size 33

y~)

1.4220X~ 0.9883

Mean 237

sm 23
Minimum 215
Maximum 299
samplesize 33

~“SuspendedSolid Concentration(mgll) Turbidity (NTU)
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APPENDIX 3
Tabla 3-1

Realremovalefficiency variations over the filter runsfor differentQ1’s and V 2.0 rn/h.
DescriptiveStatisticsfor physical,chemical andbacteriologicalparameters.

TURSIDITY

ITATISI1CS N~1 Q~(us)

042 0.70 1.00 1.80 2.00 2..65

MkthXsIII

M~

M.xb!m
lID

sn~

65% ~F,dsnc~
99% u~4s~
8~lss~c

30.0
346
31.o
3.2
IA

2.8
37

5

340
807
62.0
l19

5.9
II 6
15.3

4

38.0
51.2
73.0
140
62
12.2
16.2

5

24.0
31.8
100

26.5
10.2
33.2
264

4

280
51_S

67.0
174
8.7
17.1
23.5

4

37.0
32.2
69.0

13.1
6.6
12.9
17.0

4

SUSPENDE D SOLIDS

M1th~s~n
Mssn

M~x1m.n
ITO

crr~
95% o~f1d~a~
99% ~

S~,ks1zs

394
59.18 -

73.2 -

ISA
68

13.3
173

5

78.5
97.5
92.5
70
4 I
8.0
103

3

739

83.3
96.0
9.0
40
79
10.4
5

71.0
838
970
134

6.7
13.2
173 -

4

748
85.9
96.7
9.6

4.8
9.4

12.4
4

~.7

87.1
91.6
5.5
2.8
3.4
7 I
4

VOLATILE SOLIDS

M~s.n
Mcsn

H~xh~~u

lTD
cn~

95% ~

99% asitldenoc
Ssmplc.Ioc

13.0
286 -

440

12 I
5.4

106
140
5

120
333

490

15.6
7 8
153
262

4

190
278
480

11.6
5.2
10.1
13.3

5

11.0
27.5
34.0

7.9
3.9
7.7
101

4

12.0
25.0
28.0
33
1.7
3.4
4.5

4

26.0
31.7
44.0
123
6.2
12.2
16.1
4

TRUE COLOR

M~
Mean

~
STD

Sta~.zderio
9S%~f~donoc
99%o~&ncn

SsndnaIoc

00
13.3
310
139
92
18.0
23.7

3

00
24.2
390

18.4
92
180
23.1

4

.

.

.

.

-

-

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

0.0
23.8
46.0
III
9.4
18.0
343

4

TOTAL IRON

Mh~.n
Mean

Han~
lTD

S1sM~dsnor
95% ~F~dcnoc
99% oceildenon

3an~kano

340
47.3
54.0
11.5

6.7
13.1
17.2

3

55.0
703
*5.0
ISO

I 7
hO
23.4

3

420
556
63.0
11.0
68
134
17.6

3

76.0
813
*80
6.1
33
69
9.1
3

130
837
900
18
4.5
88
11.6

3

54.0
71.0
16.0
161
9.3

I8~2
34.0

3

FAE CAL COLIF ORM COUN TS

M~
Mean

Ma~sn
lTD

-.~

93% onofldeacg
99%~Idanon

~

0.26

04
0.6)
0 15
0.01
0 14
019

4

0 55
0.7
I 00

0.23
0 13
0.26
0.34

3

0.22

0.5
1.00
035
0 1.8
0.34
045

4

004

04
0.90
0.54
0.36
0.74
0.96

2

0.02

041
0.80
0.55
0.39
0.76
100
2

0.32
1.0

I .5)
0.61
035
0.69
0.91

3

(-)sarnpleswerenot taken.
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Figure A—i a)
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Figure A-i b)

I
Figure A—i a)

APPENDIX A
Cumulativefrequencydistribution of settling velocitiesfor different Q.

0 10 20 30 40 50 60 70 80

settliru velocity. Vs (IOE-3 an(&

—~ ----Os

Effkje,t Overflow

Nominal Q1 = 1.0 1/s

120

100

80

60

40

20

0
0 10 20 30 40 50 60

SettI~ velodty. Vs (1(E—3 an/si

—Qo

Influent Effluent Ov~flow

Nominal Q1 = 2.0 1/s.

70 80

0 10 20 30 40 5.0 ~0 70 80

Settling velocity. V* (1C~—3 cm(s)

—~ —--0. ---00
hfkjent Effluent Overflow

Nominal Q1 = 2.65 1/s
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APPENI)IX B
Typical variation in water flows Q, Q and Q0 over the filter runs.

DyRF2, INFLUENT — 01 — 0.42 ps
FILTRATION RATE 2.0 rn/h

--OI ~

l’s

fl1.IER RU . FILTER RUN 2 FiLTER RUN 3
1,4

1,3 -

—

~E~__
Figure B-i. a) Nominal Q, 0.42 1/s

DyRFI. INFLUENT : 01 1.0 pa
PILTRATION RATE 2.0 rn/h

—Qj~ ~Oo~Oe

1,2

— 0,1

FILTER RU FiLTER RUN 2 FILTER RUN 3

1,4

0,4

0.2

0
2 3 4 6 S 2 3 4 I 6 1 2 3 4 6

Figure B-i b) Nominal Q1 1.0 1/s

Figure B—i a) Nominal Q, = 1.50 ifs.
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DyRF2, INFLUENT 01 — 1.8 Ip.

FILTRATION MATE 2.0 rn/h

Qi ~Qo~Oe

I 2 3 1 2 5 4 1 2 3 4

DAY



S’s

3

LI

= 1,5

0.5

0

DyRFI, INFLUENT 01 — 265 Up.

FILTRATION RATE 2.0 rn/h

01 Qo~0e

1 2 3 4 I 1 2 3 4 I 1 2 3

Figure B-i d) Nominal Q1 = 2.65 1/s and V = 2.0 mlh.

DyRF2, INFLUENT 01 — 1.6 ps
FILTRATION RATE 3.0 rn/h

~ -Qo~Ce

6,I

FiLTER RU FILTER RUN 2

= = =

0,5 —

1 2 2 4 1 2 3 4 1 1 2 5 4

Figure B-I e) Nominal Q, = 1.50 I/s and V = 3.0 rn/h.

DyRF1, INFLUENT 01 — 15 ps

FILTRATION RATE 4.0 rn/h

-Qi~Oo~3e

I’S

2

~l,5

I

0,1

1 2 3 4 1 2 3 4
~.N. ~

1 2 S 4

Figure B-i 1) Nominal Q1 = 1.50 I/s and V = 4.0 rn/h.
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APPENDIX C
Typical variationof headlossfor different Q1 and V = 2.0 rn/h.

FILTRATION RATE 2.0 rn/h
FILTER RUN 1

DEPTH

cm o

10

20

30

to

80

Figure C-i a) Nominal Q, = 0.42 I/s.
FILTRATION RATE 2.0 rn/h

FILTER RUN 2

DEPTH
~ 0

Oh A - 10 2 _26 - --

HEAD LOSS 1cm) - -

Figure C-i b) Nominal Q1 = 0.701/s.

DEP TI-I
cm o

to

20

30

40

50

80

FILTRATION RATE 20 rn/h
FILTER RUN 1

Figure C-i c) Nominal Q, = 1.00 1/s.

0 05 1 5 2 25 ff~ --

HEAD LOSS (cml - - - —-

RUN DAY

—4— 2

* 3

—Q-- ‘

—s-- 5

-4—-- 8

05_ ~~J~i_ 115 2
HEADLQSS(cm( - - - — - - -
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DEPTH
cm 0

10

20

30

40

50

60

FILTRATION RATE 2.0 rn/h
FILTER RUN 2

Figure C-i d) Nominal Q 1.50 1/s.

DEPTH
cm 0

10

20

30

40

50

80

FILTRATION RATE 2.0 rn/h
FILTER RUN 2

RUN DAY

—4— 3

—0t— 4

a as-4~

Figure C-i e) Nominal Q1 = 2.0 1/s.
HEAD LOSS (cm)

Figure C-i f) Nominal Q, = 2.651/s.

RUN DAY
~ 2

—C--- 4

0 015 t L8 2 2h 3 as 4
HEAD LOSS (om)

FILTRATION RATE 20 rn/h
FiLTER RUN 3

DEPTH
cm 0

140&ar ;‘ - .
- _--

-C--- ~

—a—

—+—— 5

0 05 1 ~I5 2 15
HEADLDSS (cM) - - -

Find ion variation with d,pth and tIm.
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