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ABSTRACT

In ordex tn predict the efficiency with which an crganic material
may be biodegraded in slow sand filtration, and to conduct the fundamental
study of hendloss development and turbidity penetration, so as to be

able to uprate the slow sand filter, a study i3 made on the biological

s clarification kinetice and aspects of upyating. It is seen that the

effect of duminant biclogical purificaticn in clow sand filtration as
contrasted to the dominant physical, hydrodynamic aud surface chemical
clarification {n rapid sand filltration, 18 not adequately described in the

present kinetics and formulations.

An Anvestigation has been conducted on 10 mg/) phenol solution
flowing through a bad of builders sand. Two pllot slow sand filters
{cach wonLuring 3,20 x 1.83m) at a waterworks near London, were adapted,
to ronitor presunre within the bod, and with taps to obtain Lsokinetic
srrmleog 0f water at olght levels through the dnoth of each filter., The
primary filtrate avuilable on the works was used as influent, with the

inflow controlled by an overflow and automatic flow controllers and the

* outflow by an orifice plate and a gontrol valve. Phenol concentration

was detormined by the Amincantipyrine Chloroform Extraction Method as
modifiod by the Metropolitan Water Board, sensitive down to values of
1 yg/o. Turbidity was road on a Hach Turbidimeter, reading down to

2.01 FTU,

Rom these sxperiments an empiric correlation has been developed
botwaocn tho level of biodegradation and operating parameters based on three
rogirnn of anyxng degree of degradation in slow sand filtration. The
work has shovmn ovorvhalming phenol removal in schmutzdoc:n and the top
Sen of tha bod (878 of residual) and considercble phonol doqradétion

thronanout tho 0.35m bod (4A% of residual), espacially in the middle of

tha zun, down to a total of over 99%., Phencl shortaned the run length
from 6 wawks to 2 wesks, Thars is evidence of sianificant phenol
production, mresumsbly from equatic plants, in ¢the control f£ilter and
An wrironnd fort £ilear, avexaging 5 to 200/49/1. Beadloss incroarnd
osnonontinlly, aliolit nntiraly occurring in the top laysr of tha [ilter,
In tha rest of the filter heaadless deb‘lOpad during tho,tirtt’half fun

fr ——



vecovare duripg the gacond half. Turbidity vembval takes place
throughout the bed. The slow sand filter could be operated at 0,2 m/h
if adequately conditioned influent is used.

The appli~ation of the slow sand filter in rural communities of

developing countries and in the metropolitan cities of industrialised

countries has been discussed after an extensive review of the relevant

scientific and technical literature.
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lower layers could be considerec ineffective.
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CHAPTER 1

INTRODUCTION AND HISTORICAL DEVELOPMc&NT

1.1 Introduction

3

Filtration for public water supplies has bee: in use for some one
and a half centuries. 1In the USA, since the beginning of this century,
the emphasis has been solely towards the develcpment of rapid sand filters,

but in Europe, Britain and India, attention has been paid to the develop-

ment of both slow and rapid sand filtration. In spite of water being so

iuportant in soclety's life, the development of the filtration process has
proceeded slowly, usually by trial and error innovations, with a poor
wrdicrstanding of tho £iltration mechanisms. In more recent years,
witorzcical and ecxnoviiuiontal ctudies on the rapid sand filtrotion have
chovm it to bo & dynialc, complox ptocess,'relating the particulote
rcirovel phenomonon with depth in the rapid filter and timo of operation,
On the other hand, the dual media or multi-media rapid filters have been
dovaloped, to lengthien the rapid filter runs, because the bulk of the
particulate matter is rc¢movod in the uppeor layers of fine sand, leaving
the lower layers to function principally as a support for the finer sand,
which can be regarded ags inefficient gsituation. In a glow sand filter it
i0 oven more true that tha top leyer of fine sand along with the
ochmutzdecke removes much of the particulate matter and therafure the

But the duminant mechanism
of biological purification in a glow sand filtor is altegeher difforont to

tha physical mecheoniomg dn repid filtration. It ghould he poésible to

unto uze of this mhopec-men for the moeaval of £ine turbidity ond
‘~azadatlon of discolv:d oxnrnle osuhstones 4n the dopth of the olew pand
2ideor,  Porcovnr, 4k 22 beon a continuvtd chinctive to roduce lond

goruiroments, by uprating tho slow sand filter providing no advsrse eoffect

on the filtrata occura,
Tha long h~'A an~vwotion of the paricct gafety of tha filtrats from

zh) corbinations enraulntion, zapid filtration and chiorination r~enrivad

i nnyars jolt aftar zho 1255 Infectious Heontitia opld-mie in Poihd,

e put the offactluspany o8 rapld £41+teve 4in doubt, Tho snareh Zor. .-

R R
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~zocens.i3, bettor for bacteria removal, created new interest in slow
viond £4ltors, and brought them into focus for research and use,
Glow sand filtration is reliable, compact and sinple in denign and

operation. It has been suggested as a panacea to the water supply prohlems

in villages of India,
filtors in rural areas of developing countries to overcome the drawbacks

Modern conditions dictate ﬁho use of

World Health Organisation favours the use of these

of {llitoracy and backwardnoss,
natural resources with consideration and diccrimination. and it will be
difficult to match the slow sand tilterk‘when it cames to the conservatioun
of resouxces, In industrialised countries, the optimisation of surface
water sources, results {n heavy introduction of industrial and organic

pollution into them. Slow sand fllters can deal with such impuritius

more otlocti?ely, if any are encountered in the raw water, Moreover, in
affluent cities, the gresater acoromic prosperity and more social ameritios
call for an increasing standard of water quality, for which the community
13 proepared to pay the price, In such circumstances it is possible to
chtuin drinking watcer of an extremely high degree z. purity and aesthetic
guility by the use of slow sand filters as secondary filters, by making
- e chvir unicue blological purification mechanism. It may be

=1 ochuod Chat whon cheoadng Cxoatient methods for new supplies, banod on
2lichildty, simplicity, ceusorvition of rosources, high standard of quality
it may be moro readily attainable through the use of slow
than through any other compérable method, Therefore, it is

emdoeeonsiyy,
sand filtors

punnling why
£ilerotion ip one of the least understood and only a little scientific

reooazen hos been carried out into {t., 1t looks paradoxical that rich
countzies have ohown reluctance in adopting it because i1t is allegedly

<he oldest and the most scientific and versatile method of

cootlior and the developing countries have so far failed to gsieze the
imagination of uscing it widely, because it is not modern,
Some recont oxparimental work on slow sand filtration haé been

carried out by the Motropolitan Vlater Board of London. (Windle Taylor 1971-73), o

and st Zurich ond Gt. Gallen (achaleﬁkamp 1971).

oo ozporinonts indicoto tha advantages of biological purifieation
ol aderr pand filtzation, and tho Zoonidbility of inezeasing the slow gand
Zhdtxenton rata by weing an adoouitoly conditioned influent.

Thy admn of the propnsed rescorch are, (1) to astudy the headloss
dyynlemron®, ond tha turbidity rconotrzation in a olow sand f£ilter, (2) to
aandy chny dnqradrtion of  an oxganic-rich influant, (3) to develop a
wrshrpatianl madnl for the drgrerdation of an oxgsnfc golution in a slow
seed OAbenr, and (4) to find out: ¢ha innict of trega studies on tha

zo ibillty Of uprating slow send £i1tratinn.

i e e O 2ot - "’_-_L-;-w",:;q-yj_f b s A ch it
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1,2 xtar Supnly Devslorrnent in India

-

The importanco of an adequate water supply had been recognised, at
tho early stage of the start of the Five Year Plans, even though there
were overwhelming constraints due to the priorities of industry,
agriculture, population control and defence. The following table shows

the financial plans for the development of water supply and sewerage.

TARLE 1.2,1

S. No, of S Year Plans Million Rupeoll- Mililon Pound Stesling
1 (2951 - 1956) - 490 ' o 26
2 (1956 - 1961) 760 41
3 (19€1 - 1966) 1,053 57
4 (1969 - 1974) 3,730 200

In India 68% ond 95% population is yet to ba nnyvod with piped water

supply, and sowerage, recpectively, (CPHSRI, 1971). In rural India where

830 of the population ebides, only 22 millicn out ¢f 438 million are

served with piped wator supply (Mohan¥ao, 1971). Accotdlng to an estimate

the mortality incidenco due to enteric diseases.(typhoid, dysentry etc),
is 360 per 100,000 population (Dietrich and Eapldoraon, 1963), which can be
accounted for by inedequate water supply and seweorage facilities, The

amount of money involved in supplying safe water to the entire rural

- population is Rs 9000 million, and water supply and sewerage to the rest

of urban population is Rs 10,000 million (Roy, 1973),
In 1972 the twanty-fifth World Health Assembly endorsed the targets
Zor eenmunity wator oupplies in the developing countries for the Second

. Aol ntiens Bovolognont Decade (1970 - 1980) as follows:-

In wehan arcas (23 of the population to be gerved by houce connectionz

ond ¢a2 uzoroining (03 by public standposts.
- In v oal communities 25% of the population to hava reasonable access
to bafe water,
anord on the pant trend (1862 - 70) it can bo paid with certainty that
“ho hhwalomment Docnda 1Y taxget for house conanctian~ {n urbhan gector will
WY Zuldy e, Baend on tha finsnclal allacationn dnw!naa maxied 1070 - 74,

=hioh An rovahly thz~n time~ that of the Ist pewnleraont Doceda, the DO IT
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- 4913, 4Lnr-+duyc~d the microstrainar for plankton removal.
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tnzoe for public stand posts in urhan soctor will also be largely met,

Put tha 1970 = 74 investment level will be inaufficient tou meet DD II

turget in the rural sector of India. Recently, about tha targets for

rural areas A similar observation has been commented by Pineo and

Subrahmanyam (1375).

1.3 Historical Development

Twenty five centuries ago, Tirthankar Mahavira(in India) otd@lned
hies ever travelling Bhickshus (lecturers) never to drink unconditioned
water, tJ protect them from the {1l effects of varying qualities of water,
and advocated the use of certain carbon, charcoal and ash, for treating

Baker (1949) has quoted Sushrut Sanghita, describing the
It was James

the water,
usefulnesd ©f copper stored water, and sand filtration.

Peacock who first conceived the usefulness of filtration for public use,

and patentied it in 1791 (Skeat, 1969). John Gibb in 1804 built an
ernn

crordmental filter at Palsley (Scotland), and sold the surplus water.
oooes Dévlaan at the ege of 28, after expixiaenting for over a year,
Siop o the firzse pormonont f£4ltor ia 184y, for Chelsea in London.

Surin? thooe ceys £lltration was conuddored a means of straining out
cuononded material causing turbidity, and pathogonic bacteria -was unknown,
The firct rogular water examination was initiated in 1858 in London, which
latar in 1BAY alzo included. the bacteriological examination, after the

diccovnrdco 0f Pasteur, Koch and Escherich,

Ly 1652, filtration became ectapliched, and its construction started
ia pony countrfes, By 1870, the pressufo type mechanical filters came
in- use and the first mechanical filters wore installed in the USA in 1885,
It was in 1892 that the convincing proof of the effectiveness of water
filctration waa provided by the experience of two «ities; Hamburg and

J.tona, both gltuated on the River Elbe., Hamburg delivered settled
wnfiltercd watey, suffered a cholera cpidemic and lost 7,500 lives, while
206 Geanotred dltona, supplying filtered water, escaped aimost unocathed,

Tan £4vot -cndo of this contury saw the congtruction of many rapid

mzmwdte J4ltexay Candy pressure filter {n 1900, Jewell machanical rapid

exawtty £41lter in 1901, and Paterson in 1910, Glenfield and Kennedy in
Since then many

irworor~m-~nzg havae boen introduced, mostly r2lated to the reduced land

zoauirsmoen® @ wackay than to the watar quality,
It wai andipted out recantly in the lLoughborough Confrronce {(Jain 1973),
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that little research had been done in slow sand filtration., The only
oncoption was the Metropolitan Water Board., The first major thrust towards
uprating was achieved by the introduction of primary rapid filters in
London, which made slow sand filtration possible at rates up to 0,15 m/h,

(Ridley, 1967). Coppermills works have recently worked at 0.2 m/h (Turner

1974). Therxe are notable advances in the in situ cleaning (Lavel et al,

1952, Burman et al 1961) and the mechanical cleaning (Lewin 1961), These

have been critically discussed by Ives (1971) and Skeat (ed. 1969).

Even today the performance of the biological or #low sand filter in

producing high quality water has not been surpassed, (Huisman 1974). No

wondex that many of the major cities in the industrialised countries use

slow sand filters and are continuing to build them, as it produces better

quality water than chemical cocagulation (Allen 1973). For example,

Amsterdam, Antwerp, London, Paris, Springfield (Massachucsets), 2Zurich, and

various cities in Sweden and Japan. The biggest harbour in the world,

Rotterdam, uses slow sand filters as in essential part of the drinking water

treatment system (Van Damme 1973). The latest are Coppermills slow sand

filtration works, iunaugurated in 1972, in london's Lee Valley, of a capacity
of 490 million litres a day, operated by computorised remote control,

{Turnerxr, 1974).
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CHAPTER IIX

OPERATIONAL ASPECTS OF A SLOW SAND FILTER

2.1 Operational Descriotion

A slow sand filter consists of:-
(a) A filter tank for maintaining a constant head of water above the

filter medium, to cause pressure to make the filter to flow.

(b) A bed of sand supported on gravels, ‘
(c} An under drainage system for supporting the filter medium, and

causing least headloss to filtered water.
(d) A system of control valves, to regulare the rate of filtration

and to mpasure the rate, to oonitor the headlsss in the bed, and for
recaarging aftor clecning at the end of the run.
The cron filtor tank contains overlying water to be filtered, the

sand bed ond tho uncor droinage syctem, The controls are located in the

cdjacent chambor. The roctangular filter tanks are 2.5 m to 4 m deep,

0.3 to 0.4 hectare in area and built wholly or partly underground. The
walls are made of brick, stone or concrete, and the under drainage of
porous concrcte, porous unjointed pipes or tiles, supporting the sand
bed over a layer of about 0.2 m or less gravel. The sand bed is 0.6 to
1.2 m deep, and the depth of supernatant water is 1 - 1.5 m, .

- . The two greatest assets of a slow sand filter are, its biological

purification, and its simplicity. Once constructed on sound engineering

dasign, there i3 little ;hat can go wrong, while following the simple
The operation is determined by the filtration rate,
An automatic control

routine operation,
- controlled and rmrasured at the filtrate outlet.
valva 4a tha inlot chamber adjunts the constant head of wdter in tha filter

ft:ak, susnlind by a atorage pond, undar gravity or through a pumn.: The
“conctant head 4n tho €iltor tank assiota officient scum removal dpn to
constant lavel ovorflow outlets and chacks diminishing output or eicessive
The filtration rate (explained in saction 2.2)
1a controlled by tha xagulating valve on the outlet pipe, which is closed
martially ia the hoginning of the run, and opened proportionately to
compennate for tha hdloan bulld vo in the hod dve to clogging, In the

2arly ntegas of tho filtorx cun, the daily headloss build up will be vary

R B L L



=221, but in the later stage, it will necessitate a positive opening of

tha valve. To be cble to measure the filtration rate, a venturi meter

33 installed on the outlet pipe, immediately before the control valve.

In small installations, a very much cheaper device, in the form of manometer
. gauge is sﬁbstituted, but it cannot measure the flow rate.
;k Excessive algal bloom ir the raw water considerably shortens the
This is dealt with ir several ways. By the appliciution of

filter run.
algicides, pretreatment by microstrainers or coarse rapid filters, cutting

the suniight by covering the_flltezs, or by by-passing the turbid raw

i _ ~ water into the iilter tahk‘ Chemical application as a permanent device is

fraught with Jdanger, as it could adversely affect the bactgriél activity

>§l , of the filter bed. »

‘ i Dissolved oxygen content in the raw water is important to prevent
? anaerobic conditions due to the oxygen demand of bacteria in the bed.
- Some growth of algae in the raw water is conducive to oxvgenation of

Aeration of incomning water or recirculation of cascadeu. filtrate
There is no danger of

water.
helpsto prevent anaerobic conditions devaloping.
tho bed going anaerobic if the filtrate oxygen content does not fall
>low 3 1g/l, In large water works, sampling and analysis d4re carried out
< ily, but in soall installations with two or three filters, an infrequent

but regular apalvois chould be attempted. A simple amzonia test will

roveal altrification in the filter if emmonia is not detected in the
filtrate, indicating dcpletion of oxygen.The significance of sand size,
machanisms,and the filter cleaning have been discussed later in sections
2,3, 2.4 and 2.5 respectively.

Vlced (1955) and Ridley (1967) stressed the unsuitability of highly

" turbid waters for slow sand filters. For best results, Huisman guoted

10 mg/l1 for the average turbidity of influent water, even though short
periods of 100 - 200 mg/l could be handled satisfactorily. The water from
storage reservoirs ir London has turbidity usually less than 10 mg/l, but
the reason why this water is provided with primary:répld filters or
microctrainers has been explained by Ridley in his paper. (1967) for the
calio of high conesntration of algal cells, up to 107/1 during short peaks .
~ of algal bloons. . ' ’ S
- Tho chemical coagulation before slow sand filtration has been generally
considered undesirable, due to the finer flocs clogging the filter and
There i3 also danger of the aluminium hydroxide '

" xeducing the run.
pracipitating in the lcwer layers, due to low PH caused by alum dosing

(Ivns 1957).
To aliminnze taste or odours from an influent ¢ct2r, activated carbon

15 3pplied o the inlozs of tho alow sand £iltar. The Desdered carbon which .

«
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rotzles on the bed surface, -adsorbs the offensive compounds., Carbon should

(RS R Sy g

ot be added as a routine as it shortens the run and reduces the photo-

synthesis in the schmutzdecke. Sometimes carbon powder might be separated
from the sand dQuring washing of the scraped material, if not mixed with

the dirt.

2.2 Filtration Rate

‘ Rate of filtration can be regarded as ;he second most discussed topic
in filtration, after.the funf!mentalAundetstandinq of the processes. of
purificatior. It is of significance in slow sand filtra;ion. becau;e of
its direct effect on the residence time of the influent water in the

filter, which contributes to the biological purification. Two important

rates of filtration are, the natural rate of filtration underground which .
is nearly .05 m/h, and the traditional rate of slow sand filtration,
xentioned in text books for design purposes, as 0.1 m/h (2 Imp gall/sft/h ).

Recently Huisman (1974) has written 0.1 to 0.4 m/h, as thn desjgn
»ata of Rlow sand filtration, It appears the upper limit is based more
on favouzeble speculation rather than on any existing practice or mature
oxsarl ence. In vicr of the pocoﬁtial of econcmising for large installations
it is sugoested that a pilot scale study extending over a year to include
‘seasonal and climatic affects should be worthwhile. /In the S.W.T.E. 1967
Symposium, based upcn his experience in the Metzoﬁolitan Water Board,

- Ridley gave filtration rates of about 0.05 m/h for slow sand filters acting
¢lone, and about 0.15 m/h where preliminary treatment wés provided. Too
high a velocity of flow can cause a breakthrough of organic matter into the
effluent (Huisman 1974) which suggests the usefulness of organic-rich
influents in studies of uprating. ‘

In the middle of the last century, slow sand filters are reported to
have operated satisfactorily on untreated surface English waters at the rate
of 0,1 to+3 m/h (.04 to .12 Amer galls min/5:2) (Weber 1972). If that
. wn3 tho caso, thon there is hardly any advancement on uprating, because
'ancqpt Cononrmills) all £ilter wvorks in London operate at .07 to .13 m/h,

wilng inflvent [rom primary rapid filters and storage reservoirs.
In rapld filtration, straining is mostly independent of the rate of
filtration,there is little influence on innore ssdimentation as only fine

asrticles 4 - 20 micron size are involved, adsorption also is influenced

1ittls, ard turbidityvias there is not much daterioration of effluent. In
.'9’ov sand €1%ration, uprating has £o b2 considered carefully, ~s the
bielogical activity thars La vaxry much tim3 deoandeni:. Th» pusifying
EEREN -"r’.‘ ""‘._é"f  soaid - s quid i APTIION S T b
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micro-organisus in the first instance are present only in the top 30 -
40 cm, but the increased filtration rate carries their food deeper in
the bed and the purifying organisms adapt themselves there. But due
to lack of oxygen and enough food, the bacteria establishment is only
limited. This results in {mpaired influent purification. Vloed reported
(1955) that full rate must not be applied to a clean slow sand filter, it
should be steppeé up from about 0.02 m/h, and increased to full rate in
about a day., depending upon the temperature and the scason.

Too low velccities, less than 0.05 m/h, on t..e other hand can cause
taste due to decomposition of algae (Ridley, 1967, and Huisman 1974).
Algae are reported gometimes to give leached out oil as a metabolic product
(Steel 1960).
- The slow sand filter is sensitive to the filtration rate‘and raw water
quality, as the food in the influent water is vital fot the degrading
Therefore, uniformity in the rate and influent quality are

organisms.
To achieve this, it is usual to maintain a

conducive to optimisation.
constant raw water head, and regulate the rate of filtration by adjusting

tho exit head to ccupensate for the clogging, controlled and measured by

a venturl noter.

2.3 Sand Sizes

The size of the sand has bearing on the length of the run, the grain
surface area, the initial headlcss, and slightly on the rate of filtration.
The grain size is described in several ways. The most common being, in
terms of effective size (de) and the uniiormity coefficient (U}. The
concept of effective size was introduced $y Bazen (1892) and defined as
the sieve size in mm through which 10% of the sample will pass by weight,
The coefficient of uniformity is the ratio d60/de, where d60 is the

- coxzesponding sieve size in mm through which 60% of tho sample by weight

uiil pans. In reopld filters a uniform cand is ocerntial to save it from

sexntilicntien vhon backwashed, but a olew sand £iltor ia freo from this
Arandock; ond oxbponzse on sieving can bo reduced. For the saka of porosity
~nd gregularity in pore sige, sand with U betwoon 3 and 1.5 is satisfactory.
Zowover, de 18 of great significance in a slow sard filter. As the slow
oend Z31%zor is not backwashed, pormanent pexm=abillity of the bed is
recassary, and dsev silt penatxotion is undesirabla, therefore, a finer

gend i3 alvays used, The desirzabla values of da as onunclated by the

3ovaral authoxs ara shown in tha following table.




-grain size,

In this ooction machanisms of filtration, which partly deal with slow
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aadLE 2,3.1
Prescribed de mm

8.N.O. Author
1 Huisman, 1974 0.15 - 0.35
2 Holden, 1970 0.2 - 0.5
3 Skeat, 1969 0.3
4 M.W.B. 1966 ~ 67 _ 0.3
5 Falr, Geyer and Okun 1959 0.25 - 0.3 - 0,35
6. Vioed, 1955 0.25 - 0.35

Theoretically, in a slow sand filter bed, the beat Ae 13 that which

does not permit penetration of those suspensions which are not degraded

by the bacteria, below the top < cm. In practice, both finer and coarser

than the de generally recommendel, have beon found to work satisfactorily.

A higher uniformity can be achieved by mixing two or Lore types of stock

coady (Huiaman, 1974). A finer cand 4s useful for improving stralning

wuraroiniller pore openings, the lavger onrfsce area of cialler grains

7411 ¢niiunen inpore sedimcntation and céoorstion, end 1t will be

ovhetentially conducive to the growth of tha biolegical £41m on grain

surfucens improving the filtrate further. It is more cconcmical to use

fincr oand with less depth, than to adopt coarse sand with deeper bed, :
to achieve the same grain surface area, which is (6/de) (1 - f) square

motrco por m3. Thus filtrate quality 48 significantly affected by the

The Katropolitan Water Board generally uses a sand of 0,25 mm de.

1t oppears that the tendency is more towards using finer sand. FPiner

oand i8 nocessary to check silt penetration going deep into filters, which

ic 1ikely to happen when primary ~apid sand filtrate is filtared through

gocondary slow sand filters at highor rates,

'

2,4 gggﬁggigms of Filtration

Machaniems of biological purification ara described in Chapter 3.

sand filtaras but largely deal with repid nand Zil%ers are cerecribed. In ;
i
Zact, purilication clarifications machenjoma ara compleax, ond in practics,

thnxa 44 po clear cut division betwaen vaxinus stagna, ag thesa interact

with ~nch otherx in most casesn.
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- & stage 1s reached when the bed needs cleaning.
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Urapse—oxt Huchanisms

Van de Vloced (1955) had attempted to explain the rapid filtration
Cleasby and Baumann (1962)

mechanisms largely in terms of surface energy.
demonstrated that the flow in the filter pores, washed or clogged, is

laminar, Mints 01966), showed pictures to prove that particles smaller

than pores are removed during filtration. He strenrsed sedimentation as

the transport mechanism, even though mechanical straining and chance

contact were mentioned, It was Ives in thn I.W.S.A. 1969 Vienna Céngresso

and Ives and Gregory in the S.W.T.E. 1967 London Symposium, who presented

and e laborated the several transport and attachment mechanisms; which

advanced the understanding of rapid water filtration. The several

{(b) sodimentation, (c) inertia,

machanismg can be listed as (a) straining,
(d) interception, (e) diffusion, and (f) hydrodynamic.

Straining

i1t is the dominant process for the retention of particles too large
It is lurgaly independont of the filltration

Zn »758 through the pores.
A3 19 clear from the Fig. 2.4.1.,

oto, and takes place at the bed surface.

5 7oro size within a tightly packed bed of nphorical uniform sired sand

arcins 1s about 1/7 of the diameter of tha grain, Conaldering 0.3 mm

d2 of a normal slow sand medla, the smallest pore size is about 43

vhich i3 not capable of intercepting colloids (1 m or less) or bacteria
within the bed, small particles

{longth usually 1 m, but up to 15 m),
acglomerate by striking each other, while travelling the tortuous routes,
cnd are retained by the straining mechanism, whenever they become large

cnouch., The schmutzdecke in a slow sand filter assists in straining

wachanism, but this is accompanied by incressing headloss, and ultimately

a4 = 0~155d
[~)

- Fg. 2.4.1. (Hildmsn, 2674) 3elation brtvoon groln pine ond

pone noiza,
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“Sualrontation

In-poxe settling of susponsion in connection with the slow sand
filter was suggested by Hazen (1904), followed by Vloced (1955), mentioned
by Mints (1966), and further {nvestigated (Ives, 1960) and elaborated by

Ives (1967 and 1969), by visual damonstration of particles collecting as

caps on the tops of grains, even in up flow filtration, Hazen has

explained the removal of particles smaller than the pore size as analogous
to sedimentation in a basin filled with a very large numbaer of trays. In
this connection considering a cubic metre of spherical sand grains of
0.3 mm djiameter, 40% porosity, the number of grains will be 0.6 x 106/
{{A/6) x 27 x 10-6] - 42,4 x 109 with a grnss gurface area of 42.4 x 10

x% x9x10 2 x107% - 12,700 m2, Assuming 1/6 of tha area to bae

horizontal facing upwards, 4 in contact with other sand grains, and 1/3 of
the remainder exposed to scour, the effective surface area of an eguivalent

= 1718 x 12,700 = 700 m°,

is 700 nz.

9

suttling basin would be (1/6 x 4 x 2/3)

Effective settling area in 1 m3
Filtration rate (approach velocity, Vf; = 0,2 m3/rn2 h.
So for ) m3, flow rate is 0,2 ma/h per m depth,

In tuzus of oZfective settling area, over flow rate is therefore

0.7 ms/mz h
¥CO
Using Stokes formula, u, the settling velocity is

2 . ’ " ' - 20‘01

T
[

g e
v o

particle diameter

vhore e
p = density of water
p +4p = density of suspended matter
g = accolcration due to gravity (9.8l m/oz)
‘v = kincmatic viscosity of the flu:d

. for water at 10 °c, .v= 1.31 x 10.6~m2/.,'and the equation hecomes

u = 9,81 x .01 02 m/s
18 x 1.31 x 10°°

e 0,415 » 107 0¥ mpe

B e
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" whero, P8 is the particle density -

. vp is the approach volocity = - ‘.j;:
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Aléo, u = 0.2 m/s
700 x 3600
Therefore, ez L] 0.2 m2

700 x 3600 x 0.416 x 10%

= 0.2 x 10710 2

7 x 0.36 x 0,416

0,19 x 10-10 m2

19 x 10-12 m2

e 4.36 x10°%n or 4.36 wn

Smaller and lighter particles will be only partially removed.
Vloed (1955) was highly appreciative of the large surface area of
finer grains, that is available in a slow sand filter, but his stress was

confined more to the surface energy rather than to sedimentation.

Zaortia

When a suspended particle has specific gravity higher than that of

water, the particle maintains a trajectory which causes it to collide
The inertial action has been

f
)

Fiy. 2.4.2, Simplified

diagrem of particle transport

with the grain as shown in Fig. 2.4.2.
caleculated by Ives (1960) as a dimensaionless praduct,

18 W 2.4.2 trajectory

p 13 the dynamic viacoalty of

.. . the fluid,
o io tho particle diamater

: through pores,
- D 48 the grain diamater,.

by inertia.
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Incignificant occurrecnce of the force of inertia in water filtration
™3 alno calculated by Yao (1968), and shown experimentally by Ison
{1967) in an up flow filter. The phenomena has bean recognised of
significancae in air filtration, but not in liquids,

Interception

Interception is applicable to smaller particles but i3 similar to
straining, and also has application in air filtration. Wwhen a particle
in a gtreamline approaches the grain surface within its own radius,
the particle will just touch the grain surface and be intércepted by the
grain, The concept was introduced to water filtration by Stein (1940),
and investigated experimentally by Ison and Ives 11969), and Yao (1968),

and enuncilated as,

I = e 2.4.3
D

wheére I is the force of the interception
e i3 tha particle diameter, and
D 43 tho grain diameter,

2ilfunion

Particles mainly smaller than 1 ym move at random in water, due to

¢hormal energy of the water molecule; the motion known as Brownian movement.. .

%aus the particles come in contact with the containing surface, Movement
i3 not affected by the filtration rate or the depth of the filter. The
machanism ia oxpressed in terms of the Peclet Number,

E

ﬁnoxo E is the Stokes-Einatein diffusion coefficient, expressed by

.oLal

2z/3wue, whora K is Boltzmann's constant, t is absolute temperature, .

S

s Thngnfore,

P~ 3nEeD!2 ' ' ) ’
- - Kt o B . . 2.4.5
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Ioiromomoiie dction. 2

A spherical particle in a uniform liquid shear field, experiences a

difference in drag on each side, resulting in the rotration of the particle,

creating a spherical flow field. Due to the pressure difference in a direction

lateral to the flow, the particle moves to the urea of higher velocity, crossing

the area of flow. The lateral force is complex and time dependent in a non

uniform non stationary shear field as encbuncered in a filter bed consisting of

interconnected pores of different sizes. Non spherical particles whose centre

of mass and hyédrodynamic centre do not coincide will experience out of balance

forces and rotate at a non uniform rate and manner. Non spherical particles, as

mostly encountered in deep bed filtration appear~to adopt” random drifting motion
across the streamlines. .

At University College London, Ison performed expériments to observe hydro-
dynanic drifts of particles, by keeping all other transport mechanisms negligible
or constant and varying cnly the Reynolds Number for flow through the filter.

The filtration efficlency changed presumakly due to cg;nge in s‘:ear field config-
uration and flow pattern, brought about by the hydrodvnamic effect of change in

Reynolds' Nunber.
R = V_DP

-f-;r—

. where R =} approximate valuo of Reynolds' Number in water filtration -
Ve 1s the approach velocity

D is the grain size

In a reéenﬁ detailed document devoted exclusively to the advanced study of
the scientific basis of filtraticn, Ives (1975) has propcsed four more Reynolds
Numberxs, involving shear gradient, velocity of the particle relative to the
liquid, the angular velocity of a rotating particle, and the frequency of a puls-
ating fluid flow due to rore siee sequence- in an effort to bring out the

intrinsic dependence of the hydrodynamic transport mechanism on particle size.

Another aspect of the hydrodynamic phenomenon is the resistance felt by
_the particle during close approach to a pore wall, due to the fluid viscosity,
This cffect is really too small to affect the transport wechanism, but is worth

considoring when surface forces are affecting a particle.

Attochront Mechaniams.

. Attachment forces hold the particle in place, after they have mada contact

 with the grain suriace. Thene forces are a) electrostatic attraction, b) Van der
tlaal's force, and c) adsorption, Vloed (1955) had treated surface forces as more
Mints (1966) was able to differentiate between Van der

of a single entity.
a clearcr oxposition was made at the S.W.T.E. 1967 Symoosium

Wrala's forces, but

by Ives and Gregory (1967), Rocently Gregory (1975) has provided a most compre-

henctvs dereripsion of tha ~lortricn) phencmana at inrerfeces, electrokinetic

sffrcte AN ha elecirical inbrzection batraen particles, . e

et
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lnackrootatic Attraction.

The attractive force between two opposite charges is inversely proportionall

to the square of the distance between the charges. Various transport mechanisms

help in the particle contacting the grain, then if the particle and the grain havo'

opposite charges, the particle will be retained. However it will be repelled if

the charges are the sane, and the particle will continue on its course. Because
of crystalline structure, clean quartz sand grain has a negative charge, it there-
fore attracts positively charged particles of colloidal matter as crystals of

carbonates and flocs of alum and iron, and metallic catiuns,

Particles of biological origin in nature have a surface charge due to

- acidic or basic groups. Proteins with both types of groups present in them have
At a

a positive charge at low Ph and a negative charge at the raised Ph.
characteristic Ph value there can be zero charge described by Gregory (1975) as

COCH con~ C00
R/ -ut \ k/ -nt \ R/
N N\ N
TN 3 Nh; Nm,

Eicteria and algae, are mostly negatively charged as they show the pcint of 2exo
ci.arae (Figa) in the acid region of Ph. Silica particles are negatively charged
Clay particles due to their crystalline structure have a

Particles and grains are repelled from each other in

for all Ph ubova 2.2.

negative charge in water.
tre beginning of the run, but during and immediately after the ripening of the

filter, some grains due to accumulation of particles have a charge reversal and
bechava as positively charged grains, which attract negative particles. The

reversa?;charge process is continued in the life of the bed.

Ives and Gregory (1967) reported the sand pctential low as -25 mv, and
hegligible electrical effects due to extremely small range of action and reported
no validity in Vloed's statements that electrostatic forces can be effective up

to 300/“* from the grain surface.

Van der Wsals' Forces.

. ~ This force is universally attractive, It has a minor effect in transport
machanicm but is affective in holding particles on grains when the contact. has

The forve although powerful at a very short range, has only limitod

' baeen made.
The combined interaction has been

range of action being mostly less than 50 nm.
dealt with by Gregory (1975) in detail. He has clearly explained combination of

electrical repulsion and Van der Waals' attraction to give a total intexraction

with the help of diagram.

Adsoxption,
This phenomena i3 signifi .ant in slow sand filters. During the ripening a¢
' E ‘ ’ " Jthe filter

pben o
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crcanic particles held on the ffiter surface or on the grain surface are act.
v2cn by bacteria and other microorganisms, producing a gelatinous material kn.
as Zoogloea. This slimy film on the surface of the schmutzdecke and the grain

surface, consists of bacteria, their metabolic products, including polysacchar:.

and partly assimilated organic material., Particles from the raw water adhere to

it during filtration, out of which organic particles are assimilated by the
bacteria and the inorganic particles remain adhered to the film until the filter

is cleangd.
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2,5 Cle ing

Cleaning of the slow sand filter is a simpler affair. At the end
of the run, based on the ultimate headloss, about 1.5 m, the overlying
water is run down, and the suspended soiids and colloidal matter deposited
at the very top of bed are removed by scraping off the surface layer to
2 depth of 1 or 2 ¢cm., This operation can be carried out by unskilled
workers using hard tools, or by mechanical equipment as described later

in this section., When a filter 1is cleaned in this manner, both dead and

living algal material and the bacteria are also removed, and a ripening
period is necessary before satisfactoky level of bacteria in schmutzdecke

reaches again to cbtain a satisfactory bacterial quality of filtrate,

Method and level of cleaning affects the length of the run. Total influent

solids, higher filtration rates, finer grained media, and the periods of

algal bloom, shorten the filter run. It is considered prudent to design

and operate the filters in such a way that under the worst conditions, the
length of run is never shorter than 2 weeks, otherwise it will affect
clonning costs and increase the length of the unreliable ripening period.

aZtar 20 - 30 clecninpa, resanding iay be required. Commonly it is more

ceonsuical to uco tho sone sand fer resanding after washing, then to use

. “ho now sand. Tae scrovings must be storcd immediately after washing the
sand, otherwise the entrained organic matter will decompose, and the .
accompanying tastes and odours may be impossible to remove. One thing to

be watched, while reusing the washed sand is that the de of the grain has
not incrcased materially, due to loss of finer particles during washing.

The practice followed a century ago, of returning the washed sand immediately

to the bed, was abandoned, becauge the lower layers clogged persistently.

¥achenical Ailds

The first fully nechanised gystem for cleaning the slow sand filters

was @aveloped by tho [fotropolitan Water Board in London (Lewin, 1961).

Jungazdam, and Berlia also, are now using mechanical eids for this purpose,
. and cities in induntrialised countries #ind it attractive to solve the

manpowar shortage by using mechanical aids. A portable conveyor belt is

" used to transfer the ncraped sand from the bed, whence_it'is transported

‘_to the central washing aite, To prevent compaction of the bed, modified

light agricultural tracked vchicles are used for scraping the top, which

allow the soil pressuvxa not to oxee~l 33 X N/mz. The skimming machines

fittnd with olades, scrnoa of{ the @arired amnunt of msand to a preset

A‘dapéh'oﬁil to 3 cm. Thn scxaped nand ie carried to the rear by the

. .
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conveyor belt, and discharged into a following tractor dumper, Rake

uttachments fitted at the rear of the tractors, leave the filter bed
curface in a level and finished condition, Considering the capital
outlay on equipment, the saving in operational cost is not impressive,
and the motorised vehicles on the beds carry a hazard of prllution from

oil drippings.

Hydraulic Cleaning

By this method the slow sand filter clzz=ning bas been approached

in another way. Hydraulic cleaning systems have been installed at Paris

(Laval, 1952), London (Lewin, 1961 and Burman et 51, 1961i,VAntworp,

Istanbul and some other cities, Backwaﬁhing a slow sand filter {s objectionable

from two points of view. During backwashing the filter media may stratify

to the disadvantage of operation and it is necessary to avold excessive

disturbance of the lower active layers,

washwater | in

tranzfar tran~for

position - complete

7ig. 2.5.1. In situ gandwashing, mode of operation

< S0 An oitu filter clonning, rig. 2,5.1., the lances points pressed

Py 8,

akout 20 centimetres below the top of the bed, relaase.water, which rises

- %o the aurfece, dislodging the irpurities and carrying them from the

uwprr fand layar to the lover and uppét chambers of caisson boxed. From
thorg At is pumped out into the drain running along the filter. The
=loaning advances in atrips of 30 cm widzh and controlled by the adjustment
Zach ntyrip i3 washed in ahout

onn mindta, then the lances axa withdvawun, Loxes 1lifted and the gantry

S L w—er sy M M R T e
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moved further, If the schmutzdecke is ﬁoo heavy or consists of the

filamentous algae, then the surface mat is first raked mechanically by

gantry attachements, before strip backwashing. Hydraulic cleaning can

be said to be the quickest, as the filter does not need to be drained

However, the equipment cost is high, and because of supporting
In addition

down.
structural requirements it cannot be used on existing filters.

there are some serious operational defects. During backwashing, cue to

separation of grains, finer grains are stratified on the top, which reduces
permeability and shortens the filter xrun. Algae remaining in the overlying
water cause accelerated clogging after the filter wash; also the impqritios
are carried deeper‘ih the bed due to unavoidable uneven wash water

distribution, Overall, it is not possible to regard the hydraulic cleaning
a favourable method of filter cleaning.

L BN i
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- pandmem amount of food and oxygen is available there,

CHAPTER 11T

BIOLOGICAL ASPECTS

3.1 Mechanisms of Purification

The various purification mechanisms involved are biological processes,

microbioloqical processes, microbiological oxidation and chemical., These

purification processes which occur 'on the surface and within the bed are

responvible for breaking down the intercepted and dissolved ifmpurities

into simpler compounds. It is important to note that Huisman has

considured only the suspended impurities, and ignored the discussion of
biological purification in terms of dissolved impurities in the influont

wator, For influents polluted heavily by industrial wastes, and carrying

dlssnlve-d traces of industrial and organic wastes, the effect of biological

~viifdeation s equally important.
410 feoyloecal £1lm on the grain surface, containing bactoria, bacterio-

o609, “nd come predatory micro-organisms as protozoa and rotifora, and

tho cehmutpdocke on the bed surface are instrumental in holding organic

impurities, and bacteria, from the raw water., Selective bacteria assimilate

organdc impurities for cell growth and to provide energy for motabolism,
Tac matibolic products are transported down to the lower layers by the
watcr and converted into living matter by other organisms thera, and the
cyclas is thus continued till the degradadle organic matter is broken down
into wator, carbon dioxide and relatively stable inorganic salts like
culphates, nitrates and phosphates, which appear in the mineralised
filtrate, '

The beetoria are most active in the top of the bcd because the
The bacterial
netivity diminichos with depth, because of tho decrcasing food and
Ciaoolvod onygen in the water. Below a depth of 30 - 20 cm, the
biological activity is on a much smaller scale, but the microbiological
dngrodation products from the upper layers are biochemically converted
hnga into Aammonia nitrates and nitrites,

Tiooed (1955) atrezsed that the large surface arca aveilerble in a nlow
o nd B Aun to mralleor gradn size, affectad the amnunt of onorgy availahls
Ar the vatorearain 1ntnrfacn/¥y%nncnd Adeorntion of particlen on tho grain,

Yeeenp (1970) admirtnd that a mechenical d~reriotisn of zho ilow nond 24)Eay

,
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[}

<".3 rot justificd as the real mode of opcfation, which is biological and

Dischewical.
Huisman (1974) has described how the infiuent water stays in the
filter tank over the bed for 3 to 12 hours, so that the purification of

water actually starts there, While the water is waiting to be filtered,

iarger particles settle to the schmutzdecke, @mallexr particles coalesce

with each other, and the planktonic algae photosynthesize, improving the

dissolved oxygen. ' -
Prechlorination of slow sand filter has been favoured by B;umanﬁ

(et al 1963) based on the results using residual chlorine doses of average

8.8 mg/1, but is not favoured by-ﬂuisman-(1974); It is difficult to

conceive compatibility of such high chlorine doses, with the live
biological purification in the s3low sand filter. 1Ives (1971) pointed out

the stress laid Ly Vloed, Ridley and Huisman on the unsuitability of slow

sand filters for highly turbid waters. But none made it clear if the rapid

filters were suited for higaly turbid waters, even without pretreatment
such as coagulation, for only on such a basis could a proper comparison be

presented.
[olimeizéoacke

On the surface of the slow sand bed an organic layer about 1 cm thick

cavalops as the filtration proceeds, and is known as the schmutzdecke,

(Corman : literally 'dirt layer'). It is slimy and gelatinous and consists

of filanmentous algae, diatoms, bacteria, particles of organic and 1nor§anic
origin, other forms of living and dead algae, parasites, protozoa, rotifery

end cthér forms of life. The schmutzdecke is intensely active: live micro-

organisms use suspended and dissolved organic matter of the incoming water
for call growth and metebolism, Living bactoria and dead algae in the raw
wator are consumed in this layer, and are converted into intermediate '
org:nic matter or simple inorganic salts. Nitrogondus compounds are aiso

brekon down and the rolcancd nitrogon is oxidized, Soma colour ia removed
and a gzeat part of turbidity dun to nuspended particlos is romoved.

to blological oxidation in tha sochmutrdecke, thera is a demand on the
dinpolved oxygen, which is vital for the bacteria to function properly in

Duo

the rost of the bed.
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3.2 Tyoves of Orannium Prosent
With the introduotion of rapid sand filters towards the end of the last

contury, the previounly oalled sand filters becume slow sand filters to

differsntiate {rom the newly developed rapid gravity filter. It is

interesting that the two filters were differontiated on the basis of

filtration rate, rather than the much more fundamental basis of the

processes of purification, With the advancement of biosciences since than,

and thoe understanding of mochanisms ot filtration during the last two

docades, the truo difference is beginning to emorge and. some now prefer to

cunll slow vand filters, biological sand filters. In practice, however,

nlow sand filtern.aré atill pOpulaily identified as such. A valuable
doucription of the orgﬁniams usually encouptbred in the water supplies,
rownge and the slow vand filters is given in tho recent volume,Water
Troatment and Examinstion (Holden, 1970). '

Ps aeruginosa iy one of the three main spacies of the Pseudomonas
It is the only upecies pathogenic to mun, where it is associated

groups
Therce are suggestions that its

with various suppurative conditions.,
enumeration should by inoluded in routine bacteriological examination.
Bacause of its portin) resistance to chlorine, it is supposed to prove a
tuitable indicator for adequacy of chlorination for virus inactivation. Ps
fluorescens is the mont commonly occurring naprophytic species, and its
otrains wore isolatod trom suvil bLy Burman (1954), which produced untibiotics

offoctive agaiﬁat E Coli, The most prodominant bacteria in sewage

treatment plants ure pueudomonads and the Achromobacteriaceae.
Cl. perfringons and E. Coli show a fairly close correlation when
pcwage or mamure find acceas to a water osupply. Pure waters as f{rom und;r-
ground sources are normally free from these microorganisms. cl. perfringens
and its spores are montly removed during.slow sand filtration, or coagulation
with ropid sand filtration. In an investigation, water filtered at about ’
0.14 m/h reduced tho Cl. perfringens spoios from 37 to 5 in 100 ml. ~ The
numbers were lower whon the zoogloeal film had developed well,,ncﬁiorihe ~
donus o8 usually applied in water works do not destroy éﬁores; Nhiﬁh are
colotrnt to drying, eunlight, ultraviolet light, and ozone, -
Salmonella typhi and Salmonella paratyphi B are pathogenic. and cause
tyrhoid nnd peratyphoid, sometimes known as Entoric fever. . Salmonsllas
miccumb easily to other organiusms and canno% survive in sunshine,

(1908-15) made a mont extenaive study of the viability of S. typhi in the
He used cultivated and

Homz;torf~

wnters of the rivora Thamesa, Lee and New River.
unocultivated astrainm of the pathogen and Ilnvewmligated their dertruction by
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steraze, and at 37°C temperature. Later experiments tend to confirm that

the survival of enteric organisms is much longer inr purer water. Thus

purified water is more prone to dangerous contamination. Windle Taylor

(1953-54) reported vigorous growthofs.paratyphi B on the raw jute yarn used

for jointing cast iron mains. Laboratory results appear to be conflicting

but the period of their survival outside the body depends on environmental
circumstances. In the tropics death of these organisms occur quicker than

in tenpscate zones.
The. examination for E. Coli can be regarded as the most important

single observation in the water analysis. .Its relative abundance in water

is of fundamental significance as an index of recent fascal.pollution. Even

though E. Coli 13 fairly widéspread, yet compared with other Coliform Bacteria,

its distribution is much nore limited. The presence of Coliform Bactoria

other than E. Coli do not indicate recent excretal pollution but denote a
later stage of atmospheric contamination or the cortariration due to surface
washings or the growth on decaying vegetation or other organic matter.
Valuable fundamental researches on the slow sand filter especially in
the fields of bacteriology and biology have been reported by Windle Taylor
in various water examination reports published by the Metropolitan Water
Joard in London. A recent study was on the microbiological population in
the top 100 mm and bottom 100 mm of slow sand filter beds conducted
The following table

immcdiately after skimming the Leds in the normal way.

(3.2.1) taken from Windle Paylor (1971=73) gives the number of microbes

found in the bed when filtered at normal and fast rates. :
Table 3.2.1 (from Windle Taylor, 1971-73)

ricrobial content of sand at normal and fast filtration rates

Infazy

Ti)iretion rate 3.6 =15 3.6 215
depth surface | surface bottom bottom
370C Golony Count - 65,200 | 82,500 6,320 10,200

37_¢C Spore Count 53,800 62,500 5,000 8,620
Par ml { 22 ¢ Colony Count 500, 000 256,000 85,000 100, 000
Fungi 533 433 45 39

Yeants » 3 2t | 0 1
Streptomycetes 11,900 9,930 1,030 1,030

[Hcromonospores 115,000 61,000 @ 5,770 11,600
Pluorcoscent Pserdo 605,002 | 217,000 [136,000 228,000

ioneds

Colirorn Orgraasms| Op2L0 3,330 60 23
Por 100 ml . E. Coli 105 253 18 6
Clostridium Spores| 9,900 17,500. 2,400 2,900
Cl. Perfringens 5,000 8,000 280 620

Spores \
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Table 3.2.1 shows only small differences in counts between slow and

faut rate beds and not constant for all categories of organisms. The deep

sand has counts lower than the surface samples, but they are still significant

to play role in the filtration process, It is interesting to note that

. generally the mumber of organisms at the bottom are slightly more in the
e cagse of fast operated filter than the other filter, indicating somewhat self
ad juating activity of the filter organisms by better distribution throughout
the filter depth, in a situation when more food is available at the bottom
of the bed due to higher filtration rate, and less contact time available
to organisms at the top. 4 _

The predatory (bacteria which prey on other bacteria) bacterium

Bdellovibrio bacteriovorus has attraclted attention from the point of view
Windle Taylor has reported

of removal of basteria by slow sand riltration.
that it is Qifficult to sepurate Bdellovibrios (size 0.45 micron) from

e
v
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protozoa for investigation purposes, but it is assumed that‘BdeElovibrios

ara presont in slow sand filter beds, and myxobacteria are probably more

nimerous.
Pseudomonas and Achromobacter are one of the most commonly occwrring

bacteria in filters. These are known to utilise phenol in water. During

TUSIST after resanding, yollow pigmented aerobic sporing bacilli have been

reported in high mumbers (Windle Taylor, 1953-54). The secondary slow sand

filtors appear to be a natural habitat for these organisms and are suitable

for their multiplication (Windle Taylor, 1969-70).

Algzae
Algae are common organisms encountered i\ slow sand filter tanks. The

effect of season on algae growth is sometimes under-rated; when particular

groups assume dominance during certain times of the year. Successional

pattern of algae in eutrophic waters of southern England has been described
by Holden (1970). For slow sand filters, the stages of succession of algae
growth was described in the S.W.T.E. Symposium by Ridley (1967). He stated
that in the tank water over the slow sand beds, the first species of algae
to appear were the small unicellular green algae, followed immediately after
about five days by diatom3, or the seeded algae from previous filter run, or

from the influent. After about ten days of filter run filamentous algae

including the well=known blanket weed (Cladophora) could establish themselves.,
Chlorophyta or green algae group is very common in fresh water with .
The gems Chlanwdomonas‘ has some 600
This small unicellular organism
The

diverse form, size and character.
species and is found almost everywhere.

pansas through filters and is a cause of complaint from consumers.
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diziem gommus Arkistrodesms is extremely resistant to the normal copper
culrhate dosage. Some of these species can pass through filters.

Scenedesmus, another small green algae is a filter passer. Bigger filamentous
forms such as Cladophora Enteromorpha and iiydrodiclyon roproduce rapidly in

a slow sand filter tank and their metabolism may produce undesirable smell

Euglenoohyta is grass green and is present in organically rich
Some

and taste.
water and is motile, so can be a rmuisance in penetrating the filters.
genera of smaller species of the diatoms (Bacillariophyta), also penetrate

filters. Some other forms like Cyclotella and Stephano discus are notorious

for clogzing the slow sand filter, These can also penctrate as they are

small disc shaped algae. Its filamentous form as Melosira can be problem

in rapid filters or microstrainers. Diatoms as a group are fairly expensive

in terms of algicides or dispoal. Some of the very smnll unicellular

Xanthophyta (yellow green algae) are impossible to remove in a rapid filter

and sometimes even in a slow sand filter. Filamontous yellow-green

Xanthophyta, such as Triboriema are of comaon occurrence in eutrophic impound=
ments anl causes clogging of rapid filters or microstrainers during mid-
summer blooms. But small or big, all Xanthophyta are delicate and can be
elininated by the application of copper sulphate or 1=5 mg/l of chlorine.
huonz Chrysoplyta, Syrmura can be regarded as the most troublesome in water
vorks, as only small rumbers will produce cucumoer tastes, which is
accentuated by chlorination. The blue=green group Cyanophyta (Ilyxophyceae)
includes.unicellular, colonial amd filamentous forms, which are found in

.all types of climates, but most species are susceptible to small doses of

copper sulphate., " MNany of them float on the water surface, 80 may not

trouble filtar processes.

Invertebrate animals

There are rumerous invertebrates which inhabit the filters or the
storage reservoirs because of supporting environmental factors., Microe
scopic Protozoa are grouped as Rhizopoda, Plagellata, Ciliophora and
Sporozoa. Some other invertebrate animals are discussed in the next section
32.3. Crustarea, a division of the Arthropeda form a major popmlation of
impourdment fauna and are important to the biological balance. Planktonioc
Clcdocera such as Dephnia and Bosmina, and Cyclops and Diaptomus.are important
fish food. The Harpacticoid copepods are common in the schmutzdecke. Insecta
which form widgoc ond chironogué are a nuisance at waterworks are described
adoquately by Holden (1970), with means for their control.

In a recent study on ciliate Protozoa in slow sand filters, Lloyd (1973)

" located ciliata Protozoa and the Rotifera in a high percentage of samples
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whuneshout the yoar. In mature beds (not newly cleaned), the largest
organisna found were Oligochaeta {worms) including Nais Muller, Stylaria
Lamrack and Aelosoms Ehrenberg. The Nematoda, Gastrotrichia and Turbellaria
were abundant only when the deiritus had penetrated 2~10 cm. Among tne
ciliated Protozoa the commonest were Peritrichia .nd Spirotrichia.
Holotrichia and Suctoria happened to be less common, Rotifera were very
common. The most common Peritrichia were the germs Vorticella, especially
V. campamula Ehrenberg, Ve convallaria Linnaeus,

This indicates a very diverse population of aguatic organisns,
characteristioc of wateré with low pollution and a reasonably balanced ecology.
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3.3 JFuenction of Orcanicms

Certain algae and protczoa are predatory on some bacteria, and thus
rotozoa are well known

play a part in removing bacteria from the water.
The

for reducing typhold bacteria and some other path: :--nic bacteria.

protozoa are capable of feeding on a great variety of bacteria, especially
Protozoa select bacteria for food,
Growth

where these are in large concentration.
but usually do not accept red, purple and green pigmented bacteria.
of one organism may affect that of the other bacteria by the depletion

of oxygen, the production of hydrogen sulphide and fhe oxidation of orgapic

matter etc. Competition for food or the production of toxin by one class:

of bacteria may eliminate another class of bacteria.

Ps asruginosa in sewage is antagonistxé to E;Coli,'aﬁd releases muny
Howsver,. in
Clostridia

antibiotics which act against closely related organisms.
purified water, Ps aeruginosa and E.Coli are abie to coexist,

and their spores are of interest as these indicate faecal pdilution and

ara undesirable in certain industrial uses. During water treatment the

n=lon 43 to remove as many spores as possible, and also to reduce their
The Cl, perfringens test gives valuable

Iate
sulzislieation during filtration.
cvmanzt 9 Cho B.Coll results and serves wi &#dditional evidenco of tho

vowthwolescan charactor of the contamination., On account of tho high
rondgtance of spores of Cl. perfringens, they can survive in wator long
after the timo of the pollution, and are thus valuable in demonstrating
remota pollution, bocause E.Coli and S. typhi are expecéed to perish much

.

narller} oven though introduced to water at the samec time,

Slaas
AR

Treatmont problems can be gauged by the nature and quantity of '

sunponded matter in raw water. If the raw water impurities consist almost

cntivaly of silt and organic debris, the rate of clogging will bo predictable

in cocgulation - filtration; but en increasing number of algae in the cource
A3 crrco problcmy of quantity or quality at the watorworks. Biological
oncnination of vator o wcoful in escessing the probeble zoto of clogging
o2 0low nand £iltors, clther by accumulation or by tha reproduction of

alane in the overlying filter tank water. Aczcording to Van de Vieod the
autotxosho zann of algae 1s not very necngsary for the satirinctory
Zunctioning of tha nlow send filtex, eapeclally in view of ¢ha natisfactory
corration of *hoca fllfars oven when anusred ox filtaring uswcrdn., The

nueotroohic rant enhencrs the direnlved oxvaen contont of watn~r, but 48

dlondwintocour dn povoral wavn 0z ~xplained by Ridlov, Algal colls,
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~uuticulaxly diatoms could cause filter clogging.
> 4

-two gencra, Cryptmonas and Rhodomonas are very common and may cause

- Inwvortebrate Animals

. olimsting the physiesl or blological quallty of a vrorko.

Over productive

Zilomentous algue could break up the schmutzdecke cuusing deterioration of
the filtrate. Ridley also pointed out that living or dead algae could

produce taste or odour in the flltrate, as algae are an excellent substrate

for the multiplication of abcteria. Certain species of algae also produced

polyphaiwis which could react with chlorine to give out undesirable
chlorophenclic tastes.

Algae act as a producer of crganic matter, and determined patterns of

primitive animals which feed on algal cells or organic detritus. Algal

blooms or sufficient growths of algal cells cause discolouration of the
water., Some species of Chlamydomonas form a slimy layer on the sand
grains of the filter and are difficult to remove during filter cleaning.
This slimy layer on c¢rains is stimulated by the presence of chlorine in
the influent water, and when the filter is drained and dried, the slime
comsines with sand and calcium and may result in cementation of the bed
surface, Synura (Chrysophyta) can be easily removed by conventional
filtration, but serious taste problem will occur if they fragment and run
The grecnish-golden brown specles of Peridinium and

through filters,
causa strong f£ishy tastes in water :
I

i

Cexotinn cioong the Pyrrophyta group
straling ond high rato of decomposition in filtor tinls or the impoundwonts.,
Blue crcoen elgrno Cyanpyta causnes major problems, cnd tho largor organiusms
icikly clog repid and slow cand filters, and many cpecies produce
unaccepteble tastes, which are accontuated by chlorination. Cyanophyta
are as bsd as diatoms in their nuisance value to a waterworks as a well:
estcbliched bloom when decompoping can cause deoxygenation of the whole

wator rosg, resulting in major taste problems. Among brownish Cryptophyta

unzecceptible colour problems even after coagulation and filtration.

£ome of the groups are of nuisance value because thcy have to be

zorevod at some gtage, but there are others which may bo rccponaibla for
Protoroa utiliae

ecuolon organic material. Amocba, Arcella and Diffugla aro typical Amocha

Protoszoa, and they utillse algal cells, small animals and organic dotritus.

Ragellata in mony groups are paxanitic. The genera Myxobolus, and tyxidium

been xomnriad to cause infection in caxp with

aranag tMa Sporoznans have

ganalaent portality., Tha aonps Suroongllla emong Poxifara grow on walls

and ingnnt Aend apd alden algeo which ace normally preasant An ¢he filtey

roate,  Pedro2oa pleo foloninar the JiLtar wAlls »~re. 13 lsavon of
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zacyoraytes and feeds on crustacea. Among Platyhelminthes (flat worms),

tiveq Claumes , Mrnogenoidea, Trematoda, and Cestuda act parasitically on

thonta like fimh, molluses and small crustacea. In Rotifera, the genus

Keratella reproduces profusely in slow sand filters and feedson algae,
Rotifera sometimes penetrate filters

Genera Asplanchua are carnivorous.
Nematoda include many groups and

and are & cause of comsumer complaint.
species; known as thread worms, they live in mud and colonise the zooglocal

film in the elow sand filter, and may penetrate filters. Bryozoa house

under rapid filter drains but rarely cause problems. Slow sand filters are

the ideal environment for the colonisation of sedentary Mollusca animals

which include snails, limpets and mussels. The zebra mussel infests the

waterworks rapidly, hut can he controlled easily with chlorine (Greenshields
and Ridley 1957)) however, mass killings are not advised to avoid smell

The outflow mains from reservoirs support mussels which feed
Crustacea if formed in great

and taste,
on organic debris (Windle Taylor, 1964).
quanitity can interfere with filtration and in larval stages can penetrate
sand tiltuia. The larger crustacea divided into two groups, the Isopoda
such as Asellus and the Amphipoda such as Gammarus and Niphargus roproduce
in the slow sand filter tank water using organic food, but are resoved by
fileration.

The G #only occurring Rotifara and Spirotrichia are strongly tblgmétactic

and feed largely on the grain surface. The ciliated Protozoa Peritrichia

attach themuelves to the sand grains, but utilize paticles suspended in

the filterinyg water (Lloyd, 1973), Vorticella are abundant in tha upper

layors, but the Spirotrichia and Rotifera are evenly distributed throughout
the bed cdupth, The Vorticella incroases rapidly in the first few days of
the filter zun and causes & great reduction of bacteria during that period

in the £iltrate. During higher rates of filtration the veorticella and

Spirotrichia redistribute themselves to cope with the higher rate, and
panotrate a few centimetres into the bed, rather than all accumulating on
Rhizopeda especially the subclass Amoebina are abundant
in the olew sand filter. These aro known forvbacterlal prodation and

vﬁf!hﬁ?& have a ndgnificant function during purxification in filtration

Cindlo Tayler, 1957 ~ 68).

3.4 Effock 0f Sroxags

Storans of raw water started Zor the sake of water quantity, but now
with tho hanafita during rtorage comipg increasinglv to light, it may ha

caqually creenetiva o juntify ctorsan beenad solely on quality conﬁidnrntiona.

vxnidlny (1944) han donn plonasring work on the atudy of theymal ntratification
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An Thamss Valley reservoirs. Be described thermal denslty laye: .9 a8

Zaportant in terws of filtration and disinfection, as only 30 feet Geep
wator 18 i{sothermal for most of the time, while a depth of 524 feet ensures
a temperature difference sufficient to produce a stable three-layered

density stratification consisting of epilimnion, thermocline and

hypolimnion. Thw use of jet type inlets and offshore outlets was advanced

for inducing internal circulation in standing reservoirs to control thermal

stagnation. Steeli (1964) pin pointed the remarkable rapidity of events

occurring during thermal stratification, and argued a case for monitering

facilities capable of determinations at time intervals as small as five

minutes. . A
Storage has been described as a significant step for the treatment of

water (iolden 1970). The hygienic advantages were summarised by Houston

(1903). He descxibed the dovitalisation of pathogenic bacteria and

reduction of excremental organisms, as the main virtue of storage, and went

to the extent of calling adequatley stored water a safe water. In the

modern coantext though, this appears to be an overstatement, but it also
4licutes the large increase in the level of pollution of surface waters
tiano Yy.ne It Lo eracrally cgrecd that 10 days storage can reduce the
eailfordsacalims by 75 to €9 pur cent, the greatest reduction occurring
Crodng cpring and lecst Guring winter. In eddition the settlcuont of
eonsildorcnle cnount of particulate matter takes place whatever the duration
of storage. Somc of the phyzical, chemical and bacteriological chanqes
that take place vhen river Thames water is stored for periods ranging from
14 to 120 days cre chown by Holden (1970) on page 331, and are also clearly
prooonted in the Metrupolitan Water Board reports, covering several decades.
, Ridleoy (ot al 1955) have explained the influence of reservoir design
on the actuzl retention time; for exerple, a short distance between the ’
inlet and the outlet rzy allow undirectional flow, but in other cases the
dosign may inclvedo orrangcrants for inducing two directional rotation of

the water ma3s., Otorogo provides a very dilute nutrient medfium for some

bazteria which grey undor those condictions, and in warm weather and in the
sunooned of doesyAng plont motorial, coliforms and gsome of the Pscudomonas
uouy fAnd cproremll gonditlons to grow (Burman, 1961). Storago roducod
enlonz, avmanicerl aitroz n and oxygon absorbed from permanganate. During
jxoﬁuvo alaal grer=ha oveor long storege, there may be reduction in tempcrary

NozAnocs and pltxatn eantont.  PFiltration and coagulation improva’, in the

’

~broneco 0F Aleaa in Anfliluent vater., Storage acts as a buffer to avoid

adéan drroavioration nf Lnfluant wator daring floods or intermittent
intzeduction of vanticidal oollution. ' )
an =oinc~d out In 8sction 3,2, nooxmas of Cl. parfringens survive tha ’

S evenend s s Vmrvaes
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»:u3l chlorine Gomen. Therefore, the best treatment is to remove them in

~zrlier trentments as much &3 pnssible including storage of surface watexs.
Storage of water for 3 to 4 wecks causes complete destruction of V, cholera,
though chlorination is fully effective 1f carried out properly (Holden 1970).
Hovwton (1910} reported startling success in removing pathogens through
storags, He found that a storage of five to nine weeks achieved‘99.9\

However, poliovirus is notorious for withstanding

pathogen destruction.
Recently an

long periods of storage, extending up to several months,
oxtensive atuly on the survival of viruses in water was carried out by

Poynter (1968) using plaque mehtod. In the case of poliovirus 3, he

estimatod that at 15 - 16 C, the. initial concentration of 20,000 PFU/ 100 ml
was reduced to less than 50 PFU/ 100 ml after 15 days, and at 22 °C to less

than 10 PFU after 11 days..
it appears that even from virus inactivation point of view, a storage

of 2 to J woeks is extremely valuable.

At Walton reservoirs of the Metrcpolitan Water Board, London, 17 per

cent of tha gull population was found to be Salmonella carriers. Fifteen

cifforont upuwcies of Salronclla were isolated, many of which were detected in
Ly reddd gscvity and slow sand filters at the relative sites

R ety Ca-
e wanadnen fLea

vadndle Reylor 1835). Sweh cutoxnal factors affect the resecxvoir water

quality cdvoricly.  CalerrcHus cources enriched by sewage or agricultural
grainagn, anvdst tremeondously in algae production, which in turn gupport a

Other disadvantages of
In this

vast nurhor of invortebrate and vertebrate animals.
storegy rogoervolrs are during the period of summer stagnation.
rospoct Ridley (1964) hes reported, a concentration of blue green algal of
ecvcr 00,000 colls/ml in the top 6 metres of eutropic impoundment, and
ouccssive concentrations of hydrogen sulphide and ammoniacal nitrogen in
the lowest layers.,

Tho overall advantages of storage far outweigh some of these temporary
prdblems. Quality of outflows frcm impoundments, due to density layering,
Control of thermal density layering is

40 oignificont for waterworks.
Partial or complote destratification

irzortant vwhile denioning imsoundmonts.
A3 now po0siblo Dy incuxring omall costs (Ridloy ot al 1966).
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T C2APTER IV

PREVIOUS STUDIES OF CLARIFICATION KINTTICS

Deep bed filters, especially the rapid sand filters, are used

to clarify suspensions of water. buring run the pressure drop

increases due to clogging of the bed. Two fundazental operators

in terms of clarification and pressure drop have therefore been
considered for aevelqping the mathewatical models, These atare
with the conditions that the filter is initially clean and the two

parameters are time-dependent.

Depth Clarification
Mathematical models are developed to find out suspension
concentration and pressure drop at any time ts and depth of the
filter Dm. The clarification is measured by the change in suspension
concentration 8, vhich dependson the gquantity of deposits per unit

{specific deposit) and the distance in the filter
The

£iltexr voluza o
Sy the inlet suriltce Ixa, and the elapsed tiro of £iltuation ts.

Pty

Redical paxencterd cnd opoerating variables used are, inlot concentration

5.
o

So, filtration approach velocity Vf, gram size D, initial porosity fo.

Unigine Modia

Dven though now thore i enough understanding of the transport
rechanices in the £ilter pores and the surface chemistry of f;ltratibn
systcems, it was pointed out by Ives (1973) that there is still
insvfficient understanding of the nature of suspensions, and the
phyoics of the rewroval of suspension by filtration. For filter
clarification, an empirical coefficient A has been used to measure
th2 intezaction between a uniform sucpension and a uniform filter
Tho mathoratical modals aro bacod on the simplified case

aadmg evescasien filtering ata constant A

oodivm,

" af a beiegencsys, nonfloceulnads
‘oo, eheonch on icotrepie vnldennily - zoxoidhio bed of osond, wnder

Armdincr Q2o eonditiens. The Genv-ntien3 can be reprosentod in the

follcering mathematical form:

&hm 4.1.1.
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Equation 4.1.1. wag first proposed by Iwasaki (1937) in relation
to slow sand filtration. 1In the thirties even the slow sand filter
was considered, by some, in terms of physical clarification, and
the impurities in solution and the organic suspension were not given

Iwasaki formulated {mitially another

any significant importance.
It is

basic equation for the mass balance of suspansion particles.
based on the simple asnunption.that particles removed from suspension
are deposited in the filter pores. Because of the local qraﬁients

of suspension concentration and deposit concentration with respect to.

time and distance, Ives (197)) is critical of the simplification and

has described it as micleading. It is also clear that this mass

balance squation coniiders only the physical phenomena and dces not
take into account the biological phenomena encountered in the case of

organic material. 1In differential form, the mass baiance equation

can be written as equation 4.1.2.
4.1.2.

S i3 30 concontrxation of cu~nenoicn, vol/fvol
Dm Js the distance into filter frcm inlet surface

GRANLA

A is the inlet face area of filter
Q is the volﬁmetric filtration rate
ca is the absolute spocific deposit
ts is the elapsed time of filtration

Ecuvation 4.2.1. was algo proposed independently by Mints (1951),
and was observed as having a statistical basis with X for the
probobility of removal of a particle per unit depth of the filter by
Litwiniszyn (1953) and Hsuing and Cleasby (1968). At the run time
£0 20zo, eq&ntion 4,2,1. can be integrated to the form,

§ = So oxp (-AoDm) '4.1.3.
So is the inlet concentration of suspaension, ahd
Ac is the initial value of the filter coefficlent at ¢s = o.

vhore
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Since 1937, equation 4.1.3, was the basis for most of the
mathematical models for filtratfon, but it was Ison (1965} who
proved the validity of the vxpression experimentally and showed also
for a nonflocculating suspension that each of the size fractionsof
suspension particles followed equaticn 4.1.3. using different values
of Ao for each size fraction. Normally X is considered a mean
for the whole suspension, but Mackrle and Mackrle (1959) have
formulated a mathematjcal model based on the values of X for

heterodisperse suspensions in a serigs form.

Deb (1969) used the model éf a coated sphere, using the refined
approach of allowing for the contact points between spherical grains,
thus modifying on the geometry of the deposit, and produced relation-
shipe more couwplex than (4.1.6.f He also modified the mass balance

equation (4.1.2.) to a more exact form:-

-88 = 1 80 + £ -0 85 4.1.4.
éDn VE 46ts VvE Gts -
vhore S is the suspension concentration, vol/vol

Dm is the distance into the filter,

Vvf is the approach velocity.

o 1s the volume of deposited particles per unit bed volume

ts is the filter run time.

£ is the porosity of the bed. o

Cguations for constant time and the relaticnship of simultaneous

ovents have also been reviewed by Horner (1968). Due to the porosity
inka>twoon deposited particles, an experlmental error occurs, »a the
particles occupy gréater pore space than determinud theoretically.
To oretify this discroncney, famp (1964) and ioshaixa (1569 a, 1969 b)
Iaznrre 3 a buliing factor into equation 4.1.4, 1Ives (1973) has
aray -l tha zeasurced valwas of self porosity of porticles zs 6063. The
aZlcntlivy gpecific doposit can be described a3 ¢ = Boa, whexre 8
" in a bulhking factox, and the local instantanecus porosity can be written

az,

4.1.5.




For the sake of simplification, nciligible term §S/8ts is

usually omitted from equation 4.1.4. Because of the assumption that

diffusional movement i{s very much smaller than the advective motionm,
the negligible diffusional term is also cmitted. Herzig et al (1970)
formulated a statement including this diffusional term, which was earlier

investigéted by Litwiniszyn (1965)- under the conditions of significant

concentration gradients.

Research workers generally agree that the deposited particles bring,
about alteration in the characteristics of the filtration action, and
therefore most of the proponents of mathoﬁaticnl models of filtration
have accepted the fact of variation of A during filtration. It is
therefore logical that 1 must be described as some function of the

specific deposit o. At the I.N.S.A. 1969 Vienna Congress, Ives (1969)
formulated equation 4.1.6. which may be described as the most §eneta1

of all the variously proposed functions,

y z
- 1+bo) (- i) (} - of
A Ao ,( 3 ) o0 7 ‘ 4.1.6.

where 2o is the initial filter coefficient
is a gecmetric constant for the macking of the filter gains

is the specific deposit
.1s the porosity
eppiricul exponents (spherical specific surface)

empirical exponents (capillory specific surface)

expirical exponents (velocity)
oU is the saturation value of specific deposit (< porosity f)}

XN%NVQU.

An axamination of cquation 4.1,6. will reveal that the equation is
pot bascd on tho detailed £iltration mechanisms, but is based more on
<ha goneral acsu™ptions of the iiportane pore goanotry and intorstitial
volocity. Tho fizst tom within brackets in cquatien 4;1.6. io for the
increase L, spocific surface in the fllter Que to the localised
coatings of deposited particles on grains, indicating an incroased

4'claxification during the initial stegoes of filtration, but not accepted

Dy amany investigaters. Tha second term 1s fox the diminution of specific
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surface in the filter due to accusulations of dsposits in side spaces

These first two terms are according to the sphere and

in pores,
The third term is based on

copillory model of Mackrle et al (1965).
the increase in mean interstitial velocity because of the reduction
in pore cross section by deposits, assuming that the maximum velocity
i3 reached when the specific deposit 18 oU inhibiting further
depositing of particles. The third term is based on the model by

Maroudas (1965).

Most of the mathematical models formulated previously can be
expressed by a judicious choice of the cxpecncnts ¥,z and x.

Iwvasak{ (1937}
y=1, 2=20, x=0

A=l=bo
Yo £ 4.1.7.

= (2630)

y=1 z=1, x=1

>wansicn of Ives equation 4.1.8. belcw cauals the expannion of

Ivos cquation 4.1.6,, and i3 therefore a spoclal case of the general

cvation 4.1.6., 2
a,0 . .
A= doo+apg - ' 4.1.8,
f-o

where %1 and a, are the Ivec filter coefficients,

tMackrle ot al (1965)

X w0
W A_ = 1+ bo Y l -0 2
Y 2 % 4.1.9.
Shokhtman (1951), Beertjes, and Lerk (1967)
Yy=0, z=1, x=0
A L-o
*o r3 4.1.10,

B IV
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HMaroudas (1965)
y=0, zw0, a=1

A = 1= 4a
Ao ouU

4.1.11,

Equation 4.1.6. does not cover the specific surface model
proposed by Deb (1969}, and by Hereit (1969), 4

Some research workers have not accepted the concepts of equations
4.1.1. and 4.1.6, and have considered the detachment mechanism to be
significant, Mints (1951) has considered the counteracting effect of
the variable rate of detachment on the constant rate of deposition

as equation
8s
- — = )8 -~ =« ¢
$om ve 4.1.12.

waare « 4g the dotachwnont cocfficlent., In IW.S. A. 1959 Vienna
Congress, Ives (1969) criticized the above cquation (4.1.12.) on the
plea. that 1f ) 1is constant » shouid be a function of S.

Because of the now batter understanding of. clarification -
mechanisms, an interest is crowing in campﬁting the trajectories of
particles in suspension as these approach a filco: grain (Ives, 1973).
Current research is employing more sophisticated packed bed models
than the single spherical collector, making use of the txajéctory

calculations in aerosol filtration.. .

‘§ize-graded media

It is only in experimental filters that the media is of a uniform
siza. In pxnotice the sand nize is graded, but for the sako of

“eodeulatiens, a mived gize remaining hotarogeneously mired 18 troated

Filter media 42 gize graded
alther Sor stxuctivral or operational reasons, or baccuse of hich cost
involvod Zox micving redia to make it unisized, The norntl {ilters
wash~d by mo flew flnidisation cavre a slze guccesaion from finecot

At thn top 2o coararmst at the hottom, In the modearn multi-layexr filser,
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media of various sizes and Censities are chosen by necussity, and

the order of size strata depends upon the design.

The principles of filter transport mechanisms and the
mathematical models for specific surface dictate that the filter

coefficient varies as an inverse function of grain size D

A = const, D nl 4.1.13,

is the exponent of grain size, depending on tha dominant
transport mechanism, and quoted by Ives (1973) between
1 and 3, determined empirically,

where n1

Probably, the exponents x, y and z and constant b are functions of

D, which complicate the model further. Mohanka (1969) has dvscribed

such analysis and computation by experimenting with a fine layer filter.
Diaper and Ives (1965) have solved for a size graded filter assuming
as unity and a linear variation of grain size with distance,

n
1
Th3 grain size 18 Do when the distance into

D = Do + jCm,
0, end j Loy be positive or negativo derni:nding on the

inancnning or deercasing grain size in the direction of f£luw., The
cquistion 4.1.14. con ba used to compare analytically tho prouonnos

of downflow and upflo& filtration through continuously size gradad

£iltar Cn =

modia.

Ap = P1-p20® | 4.1.14.

. wnore Pl and P2 are the Diaper Ives filter coafficient constants.

It can be ovserved that equation 4.1.14 does not form a particular
oase of the Ives joneral cquation 4.1.6.

gt
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4.2, Headloss due to Clogging

As the water passes through the filter media, the flowing suspension
deposits and accumulates in the grain pores which causes loss of
permeability resulting in increased rusistance to flow. The filter
media offers scme resistance even to clear water, which can lre

calculated by the Carman Kozeny equation 4.2.1.

’ 2 .

§n - Svvfs :

5= T 4.2-1.
gt

where dH/6Dm  is the hydraulic gradient
the kinematic vilcosity of the filtering liquid

v is

ve is the approach velocity of filtration g

s is the specific surface (surface area of media
per unit bed volume)

E 4 is the porosity

Por clazn modla, s = so and £ = fo, so the above cqguation can

b0 molificd to form cquation 4.2.2,

[1:] - Svaszo
éDm/ o . gf3 o 4.2.2.

For a filtor layer containing specific deposit o (which varies fxom
layer to layer with Dm, and increases with run time ts).

8 = so(i + b&)y (1 - a’ .
£ f o 4.2.3.

£ = 2o (1 - a) . o :
fo 4.2.4.

Thn cpocific curface 3 ond tha porooity £ are medificd and the
equation 4.2.1. could be rewritton as oquation 4,.2.5.
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35-3

- 3
Su 5,1,}?_-'?.'.30 (l+ bo")y(.l-—o‘>
$o

AR T

8 Om 9%°

'Ratio of the hydraulic gradient at any time of the run to the hydraulic gradient

of clean filter,

(Sn/s5om) | + be =AYt VAP
(318 om), = ¢ o ) (f" ) >

Considering the special case y .5; 1.

k- 4
($#js5om), (1 +T[%)
Expanding the righthand 8ide

Su/Sh :+bo’°x.....’-..............4-1'7

£1/50n a1 ¥(3be1) S w(bat)’ Y+ (be 1) (- Ao xt &

(S u’/ s DM)°

By approximation the headloss per unit depth is proportional to the local
spocific deposit, especially whenGF((Jb This relationship was formulated by

Horner (1968) and Berzig et al (1970) proved the relationship to be true for sorme

othar mathematical modsls, Mints (1966) had also usod it for several empirical

Sazmulationn,
2y -intograting through the filter depth, when the filtrate concentration
rm:1l compared with that of the inflow (less than 5%), the lincar rolation

A~
~)

‘bntwoon total headloss and the run time is given by equation 4.2.9

H = Ho + const. t§ --~~--==c=ec--

vhoxe Ho is the initisl total headloss through the filter modia. Mints had
ovumarised Equation 4.2.9 in the I.W.S.A.1966 Barcelona Congress.

While delivering A lecture on Captive Mechanising Infiltration, Ives

(1973) talked of doposits forming a discontinuous cake at the inlet surfacc of
the doop tied filter, which fol)ows Boucher's Law, where rigse in headloss s

oxponontial with time.
hs = Ks exp (Kt ts)

whord ha 18 the hoadleoss due to surface dovositioniks is the initial hecdlons

at surfacs, uounldy vory nmnll;y kt is the rate constant of gurfece haadloss,

ts 43 the olapsad time of filtration,

In wator £iltrotion it is desired to minimise hs to enable it to lengthon

tho filtar zun,

Tha thran commapants of the headloss {n a rapid 7iliar, Ho tho initis)

hhndlous, hd the heariless dus to accumulations in the poren, and hs the ngurfren
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deposit headlosé are shown in Fig. 4.2.1.

hs

hd

Fig. 4.2.1. Time

Headloss varjation with time in a deep bed filter

In spite of the substantial development in mathematical modelling for deep
bed filters, none is entirely predictive and determination of constants by

expariments is necessary. Biological growth on and within the slow sand

£iltur has not been considered specifically.
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CHAPTER V

PREVIOUS STUDIES OF BIOLOGICAL OXIDATION KINETICS

5.1 Biological Oxidation Kinetics in Depth T

Adolphe Kemna (1899) can be described as the father of the theory

of the slow sand filtration. Kemna recognised the valuable work done by

Allen Hazen in USA, and himself proposed the slogan of enquiring into
the why and whercfore of a process of water purification so intimately

connected with our welfare. During the middle of the last century the

standard of purity of water generally recognised was the physical aspect,
affecting the senses. During this first period, asper Kemna, the suspended
particlaes were arrested on the top because they were larger than the pores
or could not wind their way through the simious channels in the bed. Tha
second period was characterised by a.mainly chemical conception of purity,
especially the organic purity. Kemna remarked that it was in the third
period that the rise of biology and bacteriolegy connected with water supply
was witnessea.

When a clean filter is started, there is no chemical or biological
action. After a couple of days the dirt layer on the surface accumulates and
the filter starts working also biologically and chemically. Kemna described
this layer full of life, green and blue algae interweaving their filaments
into a felted sheet. Diatoms with.siliceous frustules and gelatinous
envelopes fill up the meshes, zooglorea stick on every particle and inmumerable
bacterin dot the whole mass. Vegetable and bacterial life destroy the "
organic compounds of the influent water. The microbes instead of being
destroyed, rather multiply in the surface layer and are caught in the
slimy layer on the surface of grains;thus the filter acts towards then
like a spider's web. This theory of spider's web was explained by Prof.
Vernon Boys, with the aid of his extremely thin quartz fibres. Kemna

has pointed out that open filters are better than covered ones because of

the healthy effect of light on the microbes of the filter. This observation

is sgignificant in view of the suggestions for providing covers %o slow
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sard filters for control of algal blooms. Kemna quoted the work of

Dr 0. Strohmeyer of the Hamburg Waterworks Laboratory, who showed green

algae eatremely energetic against microbes, sometimes achieving complete

disinfection in less than a day. This was explained by the nascent

state of oxygen or the ozone given out by the plants; a view that would

hardly be supported today. Most pathogenic bacteria are adapted to

parasitié life, are not at home in ordinary water and suffer competitively

with the essentially aquatic forms.
In the I.W.S.A. 1955 London Congress, Van de Vloed brought the
question of slow or rapid filters in the open and compared the two on their

merits. After intense application of rapid filters during the firset half of

this century,it was in this Congress that the sagging confidence in slow

sand filters was restored and the versatility of the slow sand filters in

terms of its biological purification was recognised. Van de Vloed emphasised

the energy ia pure water known'aé,the Brownian movement, and the energy
on clean grain surface in terms of large surface area, the electro
osmosis, capillary force, the negative electrokinetic potential on the
sand grain, the electrical double layer, chemical affinity and the

Deep bed filtration is the btest process for removing particles

absorption.
These particles are microorganisms,

smaller than the pore size (35 microns).
cubstances in the colloidal state (between 0.2 micron and 5 nanometer),

or in solution (smaller than 5 nm). He felt that the river sand was weak

in surface energy as it absorbs iron, aluminium and manganese, but not
sufficient to attain a completely reversed zeta potential. The different
aspects of surface energy introduced by Vlced were not probed in depth

and thé clear demarcations were felt wanting.
Van de Vloed was explicit in bringing forth the biological factors.
He felt that when the slow sand filter is commissioned, the biological process

stafts with the grains on the top by providing a bruwnish red coat on
the surface, which consists ot partly decompused organic mattsr, ircn,
" marganese, aluminium and silica which favours absorption of negative
organic unicells in colloidal systems in é two—week old filier, in which

the change on the grain surfaces has turned positive. He also noted that

the better absorption of anions out of solutions causesrformation of more

carbonic acid through biodegradation. After about 2 = 3 weeks, due to

absorption of anions, a higher concentration of inorganic salts mainly
At this moment a surface skin of algae setsin

phosphates will result.
This filter skin,

depending on the lisght intensity and temperature.
popularly called the "zoogleal film" in USA, was first called "schmtzdecke"

by Piefke in 1880. Van de Vloed called it the "autotrophe zone" and
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described it as consisting of organisms brought by the influent water and of
the local forms in the superficial layers of the filter, the commonest
being sessile algae, diatoms mostly, together with less or more number

of protozoa, a few larger animals such as the chironomus and a variety
Vloed did not favour the use of the term schmutzdecke which
filters,

The sole
insoluble

of bacteria.
means “dirt-layer", especially for the secondary slow sand

because of the richness of life and paucity of dirt there.

exception is the chitinous remains of arthropods and their

substances. Autotrophe zone was described by Vloed as the upper most

layer of sand inhabited principally by photosynthetic algae,vrather than
the traditional connotation of the word schrmtzdecke which is a gelatenous

bacterial film.
Slow sand filters owe much to the autotrophe zone and Van de Vloed

outlined its two principal effects. Firstly, the straining effect due to

the interstices between the cellulose threads of the chlorophycae and the
silicesus bodics of the diatoms being smaller than the finest sand used.
Secondly, the metabolic action of algae results in the conzumption of carbon
dioxide and the available nitrogen and phosphates from the water and the
release of oxygen which is helpful in oxidising the suspended and dissolved
organic impurities. Immediately below the autotrophe zone is the hetero—
trophe zone which was described excellently by Pearsall, Gardiner and

Greenshields {1946). Heterotrovhe zore houses aerobic bateria which degrade

organic impurities to carbon dioxide and simple organic salts like nitrites,

nitrates and phosphates. The numerical balance of the microflora and

fauna of this zone continually tends to bring about an equilibrium
according to the character of the organic impurities to be degraded.
According to Piefke the depth of the heterotrophe zone does not exceed

30 cm, but according to Vloed, the deepest layer termed as the "universal
oxidation zone" also oxidises the organic matter through contact catalysis

on the surface of the grain.
In the S.W.T.E. 1967 symposium, Ridley (1967) made the observation that

the presence of unicellular algae throughout the filter run causes the

headloss to rise éteadily, and the gelatenous matrix formation adds to the

ipconvenience in filter cleaning. Normally diatoms replace unicellular

algae, and diatoms' shapes and sizes are ideal for plugging sand pores resulting

in rapid headloss buildup. Due to photosynthesis, if the filamentous algae

are overproductive, it causes production of oxygen bubbles, which may carry
the mat along with the surface sand to float to the top of influent water.

Thus exposed portions of the bed increase permeability locally but causing

deterioration of filtrate quality. Another difficuliy listed by Ridley due
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to filamentous algae in the autotrophe zone is their ability to seal the

bed surface, following the death and disintegration of these large algae

with attendant tastes and odours. As the length of run in the slow sand

filter is long, normally ten weeks, several tons cf living and dead matter

is retained., Ridley expressed fear in the potential risk of taste and odour

in filtrates, and the possibility of complexes, such as muco-poly saccharides,
which may affect industrial processes.

Ridley saw the slow sand filter tank as a complex ecosystem and compared
its physical conditions to a shallow pond with a permeable floor, in which
the primary production of organic matter by algao is enough to support wide

variety of life in the form of bacteria, protozoa, rotifera, crustacea,

nematoda, annolida and even larvae of insects. The species of predominant.

algae proliferating on sand bed as described in dotail by Ridley have been

described in section 3.2.
Huisman has described well the biological purification in the slow sand

filter in a recently published document (Huioman, 1974). He writes that

the purification of influent water begins when it o:ters the filter tank.

The slow movement of the influent water over the sand allows larger particles

to settle and the smaller ones coalesce and settle. The planktonic algae

which are so abundant in the filter tank consume carbon dioxide, nitrates,
phcsphates and other nutrients from the water to form cell material and
oxygen. Gelatinous schmtzdecke consisting mainly of filamentous algae,
diatoms and bacteria, entrapsparticles of mineral and organic matter,
living and dead algae, parasites, and a prbportion of other impurities, and
digests and breaks them down. After passing through the schmutzdecke the
water enters the sand bed and leaves it after a few hours. It is here that
Even though there is
some straining effect especially in the top layer, the very small particles
like colloids, bacteria and viruses are much smaller than the pore size,
but are transportcd, absorbed and held on the grain surface as explained

in detail in section 4.l. During the ripening period the sand grains

attain a sticky slimy coating, which in many respects is similar to the

schmitzdecke except for its larger particles and algae. This organic

coating on the sand graine is a tcoming mass of bacteria, bacteriophages,
predatory organisms such as rotifers and protozoa, all feeding upon the
retained impurities or upon each ofhor, breaking down the organic matter
converting it into cell material and inorganic inoffensive materials,

carried away in the now mineralised filtrate. This biological capability

of the filter diminishes with depth becausze of declining availability of
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organic impurities and the dissolved oxygen level.

In the beginning the schmutzdecke was considered to be a delicate layer
of organic matter and bacteria and the filtrate quality was understcod to be
dependant on it, thus avoiding higher filtration rates to kecep the schmtz-

decke intact. The recent understanding of the schmutzdecke portrays it as

mainly an algal layer, dominated by filamentous algue, sovmelime after its
ripening; which plays a limited role in the total purification process.
Generally the schmutzdecke plays an important role for the filter, but it
can be an undesirable layer by clogging the filter creating rapid headlosses,

-.and degrading the filtrate quality in taste and odour by leaching out

metabolic products.

9.2 Analogzy of Nitrification

The heterotrophic bacteria yhich are present in the depth of a slow
sand filter or are associated with the BOD test, obiuin their cnergy re-
quirements throuzh the biochemical absorption of oxygen and by using organic
matter both as an energy uource and as a source o7 carbon for growthe. The
nitrifyingz bacteria use aamonia énd nitrite mainly for energy and carbon
dioxide for growth. To oxidise 1 2z las N) of ammonia to nitrite, Nitrosomonaa
require about 3.22 g of molecular oxygen, and to further oxidise 1 g (as N)
of nitrite to nitrate, Nitrobacter need only 1l.11 g of oxygen.
Research Laboratéry (March 1971) has given the approximately net chemical

equations ag below.
+
9 002 + 55 Ng4+ 16 o2 ——rsy C5H7N02

(Nitrozomonas cells)

+ 54 NOZ + 52 H0 + 109 wt

+ 400 NO3

5 CO, + 400 N0, + 195 0, + NH, + 2 H,0 —————p CH_NO,
(Bitrobacter cells)

The rate of oxygen consumption is proportional to the concentration of

heterotrophic and/or nitrifying bacteria present. Heterotrophic bacteria

can quickly double in two hours time at 20°C. Tnerefore substantial bacterial
growth occurs if there is biodegradable organic matter. Nitrifying bacteria
multiply rather slowly, the doubling time being roughly one day even under

favourable conditions. For a given concentration of WNitrosomonas, the rate

of nitrification is mostly independent of the ammonia content till about mg/l.
The rate of nitrification slows down if the ammonia concentration is less
than 3 mg/l, and is about one half of the maximum with about 0.5.1 mg/l of

ammonia.

Water Pollution
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Tho autotrophic bacteria in the schmtzdecke derive their energy froa

the oxidation of inorganic compounds. Little is known about the energy

reactions of the heterotrophic bacteria, and even less is known about the

autotrophic bacteria. The exact energy system of the autotrophic bacteria

appears t0 be yet unknown {McKinney, 1962).

the ability of converting ammonia to nitrates do it in two phases.
In second

The nitrifying bacteria with
: In

phase 1 the Nitrosomonas bacteria convert ammonia to nitrite.
phase the Nitrobacter bacteria take the nitrites and oxidise them to

nitrates.

SO ! —oH ¢
u-v:r-on—-»ﬂ-n..o-—-sﬂ-u-ou——-)n-n

[} E .

H H . 1+HOH
Ammonia

9 9 ; o

: 0

0 =N = OH e——H-HO-N-OH SOy one< N -on
Nltrate H Nitrite

In phuse I, the 3 DPN molecules reduced yield considerable energy to the

Nitroso= bacteria. In phase II as only one DPN molecule is produced and

then reduced, the energy yield is low and requires the Nitro—- Bacteria to
process three times as much substrate as the Nitroso to obtain the same
energy and this also explains the rapid conversion of nitrite to nitrate in

mixed populations. The demand for energy prevents a large nitrite buildup.

The DPN is regenerated by dissolved oxygen in the same way as heterotrophe

. bacteria in the depth of the filter. The above reaction is also incidentally

a very good example of microorganisms in oxidation systeas not oxidizing

organic matter by the direct addition of oxygen, but by the indirect scheme

of hydrogen removal and addition of water. = '
Like all other microbes, nitrogen oxidising bacteria are also very

sensitive to temperature and the temperature below 4°C retards metabolism
Chlorine reacts with

and thus ammoniacal nitrogen appears in the filtrate.
ammonia or the prevalent ammorium ion to form chloramines as monochloramine
or dichlommine or trichlora aine,

NH3 + HOCl queeewaseoewed NH201 + 529

Ammonia monochloramine

NH2CI + HOC1 M NHCIQ + H20

or
NH3 + 2H0cl > NH012 + 2H20
dichleramine
Cl prmressmmmreey
NHCl2 + HOCL (e NCl3 + H20
NH} + 3HOCL r——emem— NC1 + 3HO
Lrich%oramine -
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Nitrogen trichloramine is a principal eye irritan! in chlorinated bathing

waters., Also the disinfection power of chloramines, measured in terms of

contact time is 1less than chlorine.

53 Virus Removal in Slow Sand Filters

Since early sixties a consciousness arose that treated water supplies
to consumers should not only be free from objectionable bacteria, but also
from viruses, and the time honoured practice of considering the bacterial

safety of water based on coliform removal, is beginning to be considered

not wholly satiusfactory. This awareneuas brings slow sand filters into

sharper focus, as some big claims have bzen made, at times, for its capacity

to deal with virus.
Tt 18 now agreed that surface sources in populated areas are mostly

polluted by enterovirus, as also shown by Poynter (1968) that the sewage

effluents contain enterovirus when tested the year round. Other reports also

confirm the presence of enterovirus in varying degrees in river Seine (France),

rivers Flow and Vauchere (Switzerland), river Ruhr (Germany), and rivers

Thames and Lee in England (Poynter, 1968).
Robeck et al {1962) found that complete virus removal was achieved when
the water was filtered at ground water movement rate (.05 m/h) through a

0.6 m column of sand of 0.18 mm, de. The percentage of virus removal decreased

with increase in flow rate, until at the rapid filtration rates used in

primary filters, most of the virus passed through. Use of demineralised

water instead of any natural river or stored water was questioned by Poynter

(1967) and considered responsible for not very satisfactory virus removal

vhen filtered at the normal slow sand filter rates.
Some very interesting tests were cunducted at Kempton Park by the
virology unit of the Metropolitan Water Board in the middle of 1970 on the

removal of virus through slow sand filtration. A tank containing up to

1.5 cu m of the Staines Aqueduct water was inoculated with 100 to 1,000
plague forming units per millilitre (PFU/ul) of attenuated poliovirus 1.
This suspension was pumped to the top of the experimental filters consisting

of 2 identical miniature cylindrical perspex columns 88 mm diameter (Area
approximately .09 m2) with sand shaded from the light. By returning the
overflow to the tank a constant inoculum was available above the lilters
Two filters were run in

thus improving the maintenance of steady state.
The main

parallel containing sand depths of 600 mm and 300 mm respectively.
flow rate was 0.2m/h, but O.lm/h and O.4m/h were also used. Filters were
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cleaned as necessary. The samples were taken from the storage tank and from
the influent and effluent of the filter columns.
The results showed that throughout tho course of thonoe experiments there
was a marked decline in the numbers of viruses present in the inoculated
water of the storage tank, which was most noticeable at highor temperatures

but also during ~old weather. During mid-May when a markod increase in

temperature of the aqueduct water occurred, from 7°C to ljoc and eventually
to 21°C, the rate of loss was such that no viruses were dotectable after
24 hours. During June and July inactivation rﬁtea ranged from 69 per cent

to 99 per cent. The decrease in virus mumber can he attributed: to biological

activity in water.
virus loss in the water on top of the filter as opposed to the water in

the supply tank, which suggests that most of the effect of the filters occurs

No marked diffeoronces wore recorded in the rate of

in the sand phase.
The results were of preliminary nature and filters woro operated under

particular experimental conditions, but it was claimed that using stored river
water as normally supplied to Thames Valley filtration stutions and with the
addition of virus at the rate of about 100 PFU/hl, operating under as normal
standard conditions as possible with a filtration rate of 0,2 m/h, and a

600 mm depth of =and, a virus removal rate of approximately 99.9 per cent

or mors was continuously c~hieved at virious temperatures bolow 20°C, which
happened on the very first day and was mainiained at a more or less constant
rate thereafter,

The temperature of the filters varied from 5 to ?500. The better virus
removal at higher tomperature may be explained due to the onormous increase
in the number of protozoa wha acted as predators to the virus. For mesophilic
organisms the optimum temperature is 35° C, and the rate of microbial growth
doubles with every 10°C increase in temperature upto the limiting temperature
(McKinney, 1962).

Regarding depth of sand, a comparison of these {ilters running in parallel,
both using the same supply, showed that for every virus particle passing
through 600 mm of sand four passed through 300 mm of sands Thds however
still represents 99,6 per cent removal or more. From the ubove findings it
is clear that depth of sand in uslow sand filters plays a very important role
in removing the virus. ‘

Preliminary trials for the effect of flow rate showed only 75 per cent
removal with a 50 per cent increase in tho rate of filtration. As a
conjecture, the name degree of virus removal may bo possiblo at enhanced rate

of filtration by proportionally increasing the .sand depth.
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There is evidence of a lag in the virus appearance in the filter

effluent. Some were obtained even 48 hours aftoer virus inoculation ceased.

A tentative figure of an impressive 1,000 fold reduction in virus
rumbers at a flow rate of O.?m/h is thus obtainod for filter efficiency.
According to McKinney (1962) over 99.99 per cent of the bacgeria in

the raw water zre removed by a well operating slow sand filter, which

amounts to a 10,000 fold reduction.
Sterile sand filtration exporiments showed that absorption cannot

account for most of the virus removal by slow sand filters,

o
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CHAPTERVI

PREVIOUS STUDIES ON UPRATING

PR

6.1 Switzerland

L Schalenkamp (1971)

Schalenkamp conductec a useful investigation on the possibility of

operating slow sand filters rapidly and studying the physical and biological
In Zurich, slow sand filters are covered

results at St. Gallen and Zurxich,
to rationalize land use by installing them under tennis and football areas.

It was reported that for a waterworks of 250,000 m3/day capacity in Zuricu,
land costs not important, a treatment process consisting of primary rapid
filters (max. vel. 6m/h) active carbon (max. vel. 20 m/h) and secondary
slow filter (vel. C.625 m/h) cost practically the same as cna with a

nrimary rapid filter (max., vel. 6 m/h) and secondary rapid filter with

active carbon layer (max. vel. 5 m/h). At roth the places, the removal of

phytoplankton { >and <20um) without the application of flocculants and

active carbon was better with primary rapid and secondary slow filtration

than with double rapid filtration. Bacteriological purification wise it

wags shown that the results in a rapidly operated (0.625 - 0.875 m/h) slow
filter were outstanding, though they did not meet Swiss standards; that of
rapld filters were considerably far off those figures. 1t was claimed that
normal slow filters (Normal Langsam Filter, NLF) with a velocity up to
0.312 m/h could be always operated successfully, bﬁc that they could also

be operatcd rapidly with a velocity of 0.625m - 0.875 m/hr (Schnell Langsam

Filter, SLF).

Experimental Results in St. Gallen Works

The experiments were conducted from July 1965 to Januvary 1967. The
NLP was operated continuously with a velocity of 0.312 m/hr, and SLF at

0.334 nfir for first B hours, at 0,625 m/hr for the next 8 hours and at

0.875 ni/Hr for the rest of 8 hours. The samples were always taken at the

end of 24 hour period, at a velocity of 0.875 m/h.
In NLF by dosing flocculants and aids in the raw water and conversion

"of the rapid filter to a two layer filter with mand and anthracite, the run
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time was extended from minimum 2 - 6 to maximum 6 - 9 months and the
Headloss rose from an

initial 50 cm to the final 100 c¢m in a year. 1In the case of SLF the first

three runs lasted for 3, 2 and 2% months respectively, and the cleaning was
effected by scraping off a 1 to 1.5 cm sand layer. During the first run,
the headloss rose from initial 115 cm to 195 cm before cleaning, and the
initial headloss for the 2nd and 3rd runs was 125 and 135 cm respectively.
During the fourth run a deeper scraping of 2.5 cm thick brought the initial
headloss to 120 cm resulting in a longer iength of the run for over 4 months.
For the fifth run, a still thicker top layer (4 cm) removal lengthened the .
run to 5% months and the still lower initial headloss of 110 cm reaching a
maximum of 185 cm. A fear was expressed that the biological puriéication
aspect would be completely lost if the filtration rate exceeded 0.875 m/h
in sLF. '

The clarification by both the filters in respect of zooplankton,

paytoplankton, and the suspended mattexr is reproduced below,

Phytoplankton (cells) 20 um)
Average 7,500 cells/1 in rapid filters

43/1 NLF
101/1 SLF

Phytoplankcton ( <20/um)
60,000 cells/1 rapid
' 2,988/1 NLF
4,311/1 SLF

Zooplankton
580 cells/1 rapid

3/1 NLF
4/1 SLF

Suspended matter ‘ .
0.33 mg/1 rapid

0.11 mg/1 NLF
0,14 mg/1 SLF

Expectedly, the physical clarification acticorn cf NLF is somewhat better

than that of SLF.
For biological purification, numbers of bacteria and coliforms, 02, CO2,

.- BOD_ and the permanganate value were determined as follows,

S
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Bacteria on PC - Agar at

Average 5,100/ml
46/ml
107,/ml

Bacteria cn PC - Agar at

600/ml
36/ml
62/ml

Coliforms Endo - Agar 37

64

20 °c, s aays,

rapid filter
NLF
SLF

30 % s days
rapid filter
NLF
SLF

©
(o

100/100 ml rapid
0/100 ml NLF
0/100 ml SLF

Coliforms Tergital ~ 7 Agar 44 °c
§5/100 ml rapid

0/100 ml NLF
0/100 ml SLF

Dissolved Oxygen

Because of the differing sampling techniques, the results

were not reliable and were abandoned. The loss of D.O.

in NLF and SLF was reported to be 0.46 mg/1 and 0.42 mg/l.

Free CO

Average 0.26 m3z/1 NLF

0.27 mg/1 SLF

0.32 mg/l NLF
0.26 mg/l SLF

0.44 mg/1 NLF
O.lllmgll SLF

Added

Reduction

Considering the trials as a whole it may be concluded that the SLF with

.
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‘a velocity of 0.875 m/hr was certainly still very satisfactory hut
,hevortheless.filtered somewhat less well than the NLF at 0.30 m/hr.
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Erverimental Results from Zurich Waterworks

Since 1868, Zurich waterworks has been treating Zurich lake water by
The trials lasted for one year. The NLF operated

slow sand filters.
The SLF was operated at a mean filtration rate

continuously at 0.312 m/h.
m/h, filtering daily at 0.633 m/n for 9 hours, at 0.475 m/h for

10 hours, and at 0.175 m/h for the final 5 hours, the initial

In NLF the headloss during

of ©.461
the next
headloss of 54 cm rising to 236 cm in 9 months.
period rose from initial 28 to 110 cm.
physical clarification by the .two filtexrs with respect to

the same

The
phytopiankton and detrilus is reproduced below,

Phytoplankton (cells > 204 m)
4190 or 2780 cells/l rapid filters
0 and O cells/l1 NLF and SLP

Phytoplankton (cells <20/Jm)
68,660 or 101,710 cells/l rapid filters

14,380 cells/1 NLP
10,260 cells/1 SLF

Detritus (Particles) 20 wm)
17,970 and 16,300 particles/ml
16,600 particles/ml NLP

rapid filter before NLF and SLF
15,600 particles/ml SLP

Detritus (Particles <20 Mm)
27,700 and 25,640 particles/ml
26,580 particles/ml NL¥F

rapid filter before NLF and SLP

24,300 particles/ml SLP

. Batter removal of small phytoplankton for SLP is in contrast to the
“reoults at St. Gallen, but the almost zero efficiency of either filter for
gerovnl of detritus particles is disturbing and casts some doubt on the )

ooczation of these experiments.
The results of the biological purification of the two sets of filters

in znvect of Bacteria coliforms, oxygen content, PV, COD, TOC and COD/TOC

ratio had been reported as follows,
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Bacteria on PC - Agar 20° S days
223 and 157/ml rapid filter

56/ml NLF
41/ml SLF

Coliforms on Endo -~ Agar 37°
8 and 9/100 ml rapid filters of NLF and SLF

0.6/100 ml NLF
1.0/100 ml SLF

Total bacteria on Ando - Agar 37°
23/100 ml rapid filters

5/100 ml NLF
5/100 ml SLF

Oxygen
0.3 mg/1 taken up in NLF and SLF, but results reported unreliable

because of differing sampling techniques,

PV NLF 0.4 mg/1 Reduction in both. cases
SLF 0.7 mg/l

cob NLF ©0.28 mg/1 Reduction in both cases
SLF 0.26 mg/l

TOC NLF 0.07 mg/l Reduction in both cases
SLF 0.04 mg/l

COD/TOC NLF 0.1 mg/l
SLF 0.16 mg/l

Interestingly the puriflcatlonvin SLF is marginally bettor than in NLF.
It was concluded from bacteria and plankton removal point of view,

that the slow sand filter 18 not a surface but a depth filter,
Schalenkamp has not tried to throw light on the cxpected cumulative

At St. Gallen, the rapidly rising initial headloss could
The modified NLF

effect of clogging.
bn xomedied by scraping 4 cm of layer instead of 1.5 cm.
ablo to withstand 2.5 m headloss 1s a welcome feature to double the length

of the run, but its cumulative effect on the depth of silt penctration needs

. to be investigated. The same effect needs investigation in the case of

Zurich, where it was possible to see only one full run.

-
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Coxtechinasr (1869)

As a result of new interest in the slow sand filter, an old work by

Bertschinger was discussed in Zurich in the late sixties (quoted in
Bertschinger carried out tests on five filtration

Schalenkamp, 1971).
and 20 m/day, in remspect of the

tates, 1.0, 2.8-5, 6.8-2.6, 9.8-13.4

chemical and bacterioclegical cleaning
"Filtration velocity is (at least

action and concluded that,
over the range 3 and 13.4 m/day)

without effect on these results, i.e. the filtered water gives the same

chemical results and the same bacterial counts whether the filtration

proceeds at higher or lower velocities".
It is difficult to say how relevant his bacterial counts would be,

as the water microbiology was not much advanced by 1889. But there

cuertainly appears room for improving filtration rate, by conditioning the
influent water, over the conventional figure 0.1 m/h (2 gals/stt/h}. In
this respect Vlced (1955) was positive and generalised that velocities over

0.2 m/h were impracticable. But in view of the modifications to slow
filters, as at Zurich to enable it to withstand a headloss of 2.5 m; and

advances of conditioning the influent water by prefilters, this opinion of

impracticability seoms untenable.

6.2 Germany

Schmidt (1972)
It has buen reported in a general meeting of the Institution of Gas

and Water Works in Geneva, that capacities could be raised from 400 to 1100 ~

~12c0 ma/m2 of filtered water per filtering cycle by the use of an

intormittent filtraticn technique. The technique was applied for several

years on the slow sand filters in Dortmund, for preventing algal blooms.
Once in 24 houre tha filter 1s put out of operation and drained, and theﬁ
rootarted again. This on-~off technique successiully checked excessive

- aizgal growthe in the filter tanks thus lengthening the filter run three-fold.
o Alco it raizod the level of oxygen saturation in the filtrate from 20—60‘

in the normal fllter, to almost 100% aa;ﬁrgtion in the intermittently

oporated prefilter-slow filter system.

Rachonbexg {1965)

At Dortmund Watarworks a study on the possibility of uprating slow
oond ¢iltors, showed that by doubling the rate of flltration, the
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£ imnncanate consumption of filtrate increased by 12%. This showed that

¢ven though there was less oxidation of {mpurities on uprating, yet in

proportional terms there is scope for higher filtration rates.

6.3 Netherlands
Huisman et al (1974)

Huisman while describing the effect of filtration on the d2livered
water quality, has mentioned the research carried out at Amsterdam Water-

works. Three covered slow sand filters were operated for a full year at

the constant filtration rates of 0.1, 0,25, and 0.45 m/h. The results

indicated no marked difference in the effluent quality. It has been

sumned up that the effluent quality depended largely on the grain size

of tho filtering medium but not on filtration rate. So according to

tiudcman, constant filtrate quality could be obtained at enhanced filtration
The limitations of

o s

¥ .:1, by the change in design of media characteristics.
... Jia characteristics in terms of magnitude, for the optimum filtration

roga woxre not descsoibed.
l’or turbid waters it was opined that pretreatment could be financially

astractive if it allowed a slow sand filtration rate of 0.1 m/h to be

incroaned by about 20%, or a rate of 0.2 m/h by roughly 60%.
In connection with the study at Amsterdam, it is felt that, the
recoults on uprating may not be generalised, unless the detailed biological

offoct was studied.

6.4 Bolgiun

Xomna (1900)

The favourite prospective improvement of intermittent slow sand
£iltrntion, sesems to have been exporimented at Antwerp waterwbrks, long

ago without actually calling it 80. Kemna experimented this technique not

for lengthening the filter run but for doing away with filter cleaning.
Thr top layer of the slow sand filter was allowed to dry after running
The aim was to xestore a high efficiency of purification
with the drying

down tho water,
by utiliring the residual spores and remaining kacteria.
And ecnnonrquent breaking of the top layer the permeability was thought to be

17nugsd, but on two occasions the headloss increased to 100 cm in four days,
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even though the filtration rate was 1/3rd and 1/5th of the normal. The

bacterial purification was unsatisfactory (120 colonies/ml, after 3 days)

and there was no saving in time. The experiments were considered a decided

failure and therefore abandoned.
It seems the experiments were unsuccessful because these were tried

4as a substitute to surface scraping. There appears to be promise in the

technique for lengthening of the run, (see Schmidt in Section 6.2), 1if

ultimately cleaned by scraping; especially in circumstances of high algal

blooms.
6.5 1India

Kardile (1970)

Some interesting observations were made on slow sand filtefs and semi-
rapid filters, in the state of Maharashtra; where about 5000 villages were
reported having a potable water source farther than a mile (defined as the

difficult area). The Central Public Health Engineering Organisation of

tho Government of India, favours slow sand filtaers for the rural areas

whare surface water source is available. Some gemi~rapid filters were also

constructed during the sixties, The prevailing design norms have been

reproduced in Table 6.5.1 including those for the rapid filters for easy

comparisons.
The semi-rapid filters for treating the surface water are a compromise

botween a rapid and a slow sand filter, whare pretreatment is included aw
for a rapid filter, but the washing and controls are similar to a slow sand

filter. It was intended to filter at 1 m/h, with partial backQash and

7.5 cw to 15 cm surface scraping. It was observed that only one out of the

seven semi-rapid fllters was able to provide partial backwash, others

resorting to surface scraping only. Due to the reported deficlency in

protroatment, settleable floc formation was unsatisfactory, resulting in

tha microfloc going to the filters. The only backweshed somi-rapid filter,

wao backwarhed at a moagre velocity of 1.5 m/h. The whole bed was choked

“with 0ilt and floc with 5 cm of mud on the top, reducing the actual

filtration rate to 0.5 m/h. In the other gsemi-rapid filters with no

backwosh arrangement the condition of the bed was even worse and 7.5 cm to

15 cm scraping was not enough to prepare the bed, Most of the sand was

x2movad, washed and relaid every time, which in effect made a smaller depth

of 23'cm to 45 cm moro convenient to work with. With a rather coarse sand

of ‘Ge' batwaern 0.5 and 0.7 sm, and 'U' between 2 snd 3, the highnr allowabln

e
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loss of head of 1.2 m caused clogging of the bed right to the bottom.

The three slow sand filters constructed prior to 1900, used a

Storage reservoir as the raw vater source, Subsequently, because of high

turbidity of between 500 to 200 mg/l during rainy and sunmer seasons, two

of the three works were provided with pretreatment. The alur was mixed before

the settling tanks but there was no flocculation arrangement, which resulted

in the microflocs passing to the filter beds. The bed depths were as low

as 10 cm to 30 cm with sand 'de' of 0.4 to 0.5 mm and ‘'U' between 2.5 and

4.5, which resulted in below acceptable levels of turbidity and bacteria.
The silt content in the beds was about 258, causing clogging to the bottom

and making normal scraping ineffective, which needed opening up of the beds

for effecting the required filtrate. At the 3rd slow sand filter with no

pretreatment the beds became anaerobic causing undesirable taste and odour

in the €iltrate. It was concluded that there was no hidden constructional

defect. The speed of mineralisation process was con<idered primarily
responsible for making the slow sand filter to flow.

Kardile expressed no clear opinion as to the admissibility of

coagulation as a pretreatment for the slow sand Ililter. The claim that the

tzmud of mineralisation is a primary factor in causing the slow sand filter
It could only be true for the breakdown of suspended
In fact dissolved organics

to flow 1is obscure.
organic impurities when deposited in the pores.
contribute largely to growth of bacteria and biological activity within

the filter affecting mineralisation but resulting primarxily in clogging
the filter. ]

The principal reasons for the poor performance were located in the
high lovel of turbidity in the raw wator and ths lnadejquate pretreatment.
Doubt was expressed on the large scale adoption of slow sand filters for
- the rural areas. \

It is felt that the report, though an extensive and useful document,

has not quoted any figures on the turbidity andﬁbacteria in the effluent

or even the influent. A deeper search into the design aspect of the slow

sand filters could have been useful.. The low performance appears to be
the high influent turbidity, the coarse sized sand,
Definitely, the 'de' as big as 2.3, 0.4 and

due to three reasons:
‘and the rate of filtration,
0.5 um with 'U' almost 4 is too coarse to be used for a slow sand filter.

Adoption of a filtration rate of 0.13 m/h for the slow sand filters seems

Fallure to provide a
settling tank

to be over ambijtious under these circumstances.
storage reservoir on the works, which would also serve as a

i3 another reason in keeping the turbidity level too high. Use of finer

sand, filltering at lower rates, using low turbidity settled influent ~hould

oe <ble to change the doubt into surety fox the adoption of slow filters.

’
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) *
6.6 Metropolitan Water Board , London

Glimpses of some inspiring fundamental research, for improving the
rate of filtration, either in the existing filtration works or by the
structural modifications, or by incorporating the changes in design; can
be seen at the Board's filtration stations at Walton, Hampton and Kempton
Park, and thp]JLbofatories at the headquarters, The more important
operational parameters studied recently are increased filtration rates,

sand characteristics, covering and prefiltration ozonation.

Windle Tavlor (1971 - 73)

A pair of experimental slow sand filters, receiving rapid sand
filtrate, with in situ washing and ozone dosing arrangements, constructed

two decades ago on the Walton works premiseé, was used extensively for

" the increased filtration rates studies. Chemical, bacteriological and

microbiological investigations showed that filters could be operated till
0.5 m/h without any deterioration in the effluent quality. However,

when filtered at 0.625 m/h, there was deterioration only in one parameter
of some increase in ammoniacal nitrogen, The sand depth was at its

minimum of 0.3 m, and it was suggested tc reconsider the minimum bed depth
for such fast filtration rates. The filters were started at lm/day on the
1lst day and increased to Sm/day by day 5. The results proved satisfactory
not only during summer but also during winter when the stored water quality
was poorer, With respect to the distribution of silt and organic debris in
tha sand columns there was no noticeable difference between the slow and
the fast rates. A more precise silt test is under development. One
important finding was that there was cumulative initial headloss for the

fast run filter which reduced the run length and necessitated deeper

vcleaning.

Following the success with these experimental filters, full sized
slow sand filters at Hampton Works (bed 45) showed equally encouraging
results when operated at 0.5 m/h, Coliform counts were higher for the
test bed 45 but still lower than the controlled. Ammonia and alluminised

nitrogens were slightly higher. To be able to save time, bed 45 was started

at 1—3m/day on the 1lst day and 6-12m/day on the second day. This

* From 1 April 1974 Metropolitan Water Division, Thames Water Authority
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" water Board, Ridley reported that the problem cf flow restriction in slow

'l wag questioned by West (1967), there is no doubt that the introduction of

.‘uyracing thie slow sand filters, It incldentally also could solve the
i

. fllters is even these days based on the concept of ﬁtilising a conditioned

.influent. ]
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modification caused no apparent deterloration in the physical, chemical,

biological or bacteriological parameters of the effluent. It was suggested

that newly cleaned beds could be returned to service in summer at higher

rates than originally thought. At Hampton the special hydraulic sitvation

allows the headloss to rise up to 3 m, which can allow filtration up to

0.5 m/h, which is not practicable at most of the other slow sand water- '
works in the Thames Valley.
For long term high rate filtration, slow filters must be modified to

take a headloss of about 3 m. It was concluded that for short periods

higher filtration rates up to 0.5 m/h appeared acceptable, even though

long term implications were obscure. Other directions for research were

proposed especially the penetration of silt, organics and invertebrates

into the sand cepths. Alternative methods for cleaning in terms of back-

washing and i{n situ mechanical skimming were being considered,

Regarding the proposed structural modification to increase the
headloss capability to 3 m, it is felt that to achieve the higher
filtration, even though the increased rate of flow and length of run due
to the greater pressure will increase the filter clogging, yet the rate
of flow will not be so damaging to the bed permeability as the lengthening
of the run. To lengthen the filter run under a head of 3 m or so should
oncourage the fine silt to penetrate the depth of the bed resulting in

cumulative initial headloss, thus causing surface scraping to be ineffective.

Ridley (1967)

¥hile explaining the important advances achieved by the Metfbﬁolitaﬁ

sand filtration due to algal clogging was 1nAeffect solved in 1923, by the
introduction of first rapid gravity sand filter as a primary filter. The
use of primary rapid filters, doubled the rate of secondary slow sand filters

at one stroke.
Even though the precise figure for the improvement of filtrate output

couble filtration can be considered, the major break through so far, for

problem of high turbidity and algal blooms in raw water, which are so

often encountered. Most of the research for uprating the slow sand
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McDonald (1973)

At an Institute of Water Engineers meeting, while delivering an
enthusiastic lecture, McDonald spoke of imrroving renults with the use of
polyelectrlytes as filter and, at the filtration rate of 0.5 m/h, and went

to the extent of championing 0.25 m/h filtration rate to be established

officially for design purposes. He saw enormous economic advantages in

using mechanical skimmers and cleaning machines and claimed 25% more

output by making inexpensive alterations. He also proposed backwashing of

slow sand filters, but he did not specify the technique to be used.

Turnexr (1974)

At another Institute of Water Engineers meeting, Turner described the

difiiculties to optimise the 26 hectare Coppermills yite for converting

into a modern 490 mld slow sand filtration works. IHe described them as

full scale experiments lasting over twelve months, filtering successfully

at 0.2 m/h. He was confident of the possibility of stopping up the

filtration rate to 0.25 m/h.

6.7 Implication of Covering
Metropolitan Water Board, London

Recently (Windle Taylor 1971 ~73, 69 - 70) bed shading investigations

were carried out on the Walton experimental filters, end on the full-sized

beds by covering with black polythene sheeting. Covering had checked algal

growths resulting in saving labour for the disposal of large masses of
filamentous algae, but it did not help in lengthening runé in any v
significant measure. Thin polythene sheeting was not suitable for permanent
covering, and the high‘cost of suitably covering large areas of filters

did not seem to justify advantages in terms of heat rotention and the
Greater possibility of pollution by birds putting nests
under the shading was envisaged.

Covering the piiot filters from run No. 4 onwards to run No,.ll did
not bring out any significant iuprovement with respect to the headloss or
the turbidity removal when studied along with other investigations.

The expected advantages by covering in terms of reduced algal blooms,
and avoidance of raw water quality deterioration by.windhorne contamination,
do not match the high cost of putting rermanent structura on the slow sand

filters. These advantages may prove decisive, only 1f the covering
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is considered to prevent deterioration of filtrate quality due to very

cold climate, or to prevent the expense of ice removal during heavy

frosting.
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CHAPTER VII

THE PROBLEM

The study reported in previous chapters has brought forth several out-
The slow gand filter is a very

standing features of the slow sand filter.
The p:ocess.has

uncomplicated and compact contrivance for purifying the water.
a good scientific basis and by making use of its biological purifying capability

it could produce the very best filtrate, and is seen to be capable of withstand-
ing the impruities encountered in well-controlled rivern and streams in modern

industrialised society. Incidentally, when considered on its own, it is hardly

any drain on resources, which may be of considerable sgignificance in some places.

Mso, with the added significance of virus in the water supply cycle, the slow
sand filter can be considered an extremely effective barrier for the enterovirus
to penetrate. Another important aspect that has emerged is that in spite of the
versatility of the slow sand filtration, there is very little fundamental research

~ carried out, for understanding its kinetics and for making mathematical models to

1mprove its utilisation.

This state of affairs has been explained by Hinsman that some people
consider slow sand filtration not sophisticated enough and too expensive., Ridley
and Schalenkamp have shown that if land cost were not siynificant, or if the land .
could be put to alternative uses as in Zurich, or if the works form a part of the {
green belt in the overall scheme of city and regional planning, then the cost of‘
Alow sand filtration is favourable or even economical. ‘the deterioration in the !
quality of surface waters, which may be dealt with by the blological purification i
of the slow sand filter, causes renewed interest in explering the complex mechan- ;
isms therein. In the rural communities of developing countries, the greatest need!
ie not of sophistication or the saving on land, but reliability and simplicity of |
To be able to assign a major role to these filters for the treatment j

operation.
ef public water supplies in the developing and the industrialised countries, it 19)

Jmperative that disadvantages associated with the slow sand filter be considered

mare seriously. ]

As already discussed, the high cost of construction and the largé require-
m nts of land areas, principally emanate from the adoption of low rates of
#4ltration. Therefore any study directed to upgrade the status of the slow sand
f£{1ter must be in that direction.

Thus the problem 1s, how much can a slow filter be uprated before meeting

prablems of -
1} Iasufficlent clarification-

11) Inefficlent <leaning due to silt panetration-
1i1) Insufficient biological oxidation, '

e
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ﬁhile substantial research data and infcrmation, on the variogs aspocts of
rapid filtration including the development of conceptual models for ramoval of
suspended matter and mathematical models for the headloss development and removecl
of suspended impurities is now available, very little investigations have been
carried out to contribute towards the understanding of biological kinetics in the
slow sand filter, or towards the building up of mathematical models for the blo-
degradation or headloss in slow sand filters. There is also nced of finding out the
extent of application of the existing concepts and models developed primarily for

the rapid filter, to slow sand filtratien.

The scope of the present research is outlined in section I.I.
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The experiment was daciyned to test the hiodaegr dahility
of a lou cuvucenirution of orypinie m.terinl in solution, and

the pateorn of hewslass ~nd turbiddity roemavad, within the

aspects vwith
ihle to

gl filter; and to Investizate these

rosnect to t'e Mossibility of vpratins it. To be
meect this recvirerment a sot of two adjhcent slow snnd

filter:, with inlet ind nutlat connections, on Wilton

‘fater ‘orks of Thames ater JntLovity (previously

Mptro olitan Vater Jo.pd ol LunJon) was chosen and nea
as pilnt "iltera, to o' sorve the processes thronsh hoth

bed« simult neously. TFurtilirr, these were coasideraed

crsentiol:
(l) Rerroducible organic mnttor concentration and medin
cr-dation, (2) conditions fo produce a controllerd Tlow

rate, (1) an nccursrte method nf sample withdr-wal and

he«loxa mae:surerment within (he Jenth of the filters,

'(h) renroducibles filter runo, (5) approved methiods and

instruments to determine lov: turbidity and concentration

of org.nic subst: nce.

untntion wons pimnad thrangh a

into the inlet pipe of the

Canrantrated nlannd
onoe te r

micrometer pump and injecutiod
test (cnst) filter which recnived raw water from tho primary

filters of the main works,
with 0.13 m/h used by the M.W.N, normally) resulted in nro-
portionnl reduction of detontion time over and vithin the

filter bed, Manometer tapplnyg points cum henol sampling

points. had been locatod on the filter wall, 1in tho cuntrol

s~oom to allow the observation of headloss and .phenol concen-
Tests wore

A

tration at difrferent filtor doepths and run times,
gonducted with a uniform [iltration velocity of 0.2m/h.

wmore deotailed description of the apparatus, the equl ment, the
thn schedule ond procedure for the

axnerimant and the observationa and difficwlties ecacorvntered

Tfollows 1In subsequant sectionn,
83
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3.1 Annaratus and Dnud-ment
The flow Jdingram of the experizentnl filters 1s
shown in fiz. R.1.3. The pilot filter laveout wnd details

are shown in figs, R,1.4 and 7.1.5, and tte geueral position

0f pilot filters with rosHrct to resi of the works in tTig.

8.1.5, photo 2.1.1. ind R.1.2., The conitrol roonm arr njement

o
in photo 3.1.,2 and the det ils of inlet und oitlet pipes and

8 7 T.1,10, Thoto 8.1.9 shows

t*he smnle vilves in Tlg. S.1.7 and

detnils of the snmple tups and the -“henol solution dosing

device. In the analvticrl worlk =rinly tuo instruments, a

Unic:m Sectraphotonmeter and o Hach Turbidimeter {n-oLo 8,1.17)

were used. The investicsrtions for rel-ting the Yl ch

Turhidimeter with ENL !faxometer were ¢ rr-ied out at the -

ater Cxoavinatien Lohoratory of the Thrmes T'ater ~uthority,

Raw wunter Tor tle pilor filters was brouthi from the

Cilter house of the riain water -iorits, and :umped

Nrliravy

Gxough a low Xift pump (riz. 8.1.5).

R,1,1 The Filters

A set of two filters, ut "alton “mter “Jorks used by

the Thaies Yater .-Authority for research purposcs, wis

chasan, to modify and use for the purpose. The two filters

are adjacent te e~ch other, one wias usec as the pilot and

the other o;erated as control. Each measuring 10' 6" (3.20m)
long, 6' O” (1.82m) wide, ana 7' 11" (2.%1m) mean deep. The
walls on three sides are of mass concrete, 2° 6"-(0.76m)

thick, with a 1' 0" (0.3m) thick concrete dividing wall.

Bach Tilter has two observation glass panels 2' 0" (0.61m) wide,
in the side and back walls, To minimise disturbance due to

incoming water, an 8 gallon (36 litre) tank has been made 1in

the wall below the ball valves.

. A common inlet pipe (2" G.I.) rises throuch the coantrol

room to tha top of the filters and distrihultes the water

faroush A tee and ball vialves into the tvo Tilters. The
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‘the Tilter.,

nalerdrainase chonnel (11 0" x O 3") termin: tes into the

nutlet pipe (2" G.T.) fitted wit" orifice
regulate tha flow of filtrate

nlytes and the

control vilve, to be able to
and the rec'~rm~e wiater. The total hendloss pl-es are fitted
3' & (1,06m) helow the top,
chonnel. The filter floor has 0
Stagzerod sample cum pressure ripes are

and in the filteres wnter drainace

slo.e of 1:32 touiards the

drainse channel,

led through the norih wall into the control reco-, spaced 6"

(1= em) vertic 1lly, spread over Mill “dlilec width, 1In the

lover H' 6" (1.37m) of tha Tilter. The pilot filters are

coungstructad hialf€ duys in ground in the vicinity of primary

theyv ~ccelve raw water. All these

f1ltersa, from where
Telafi, 3¢1.7 und 3.1.10,

cetaila are shown in Tigs. 1.1.4,

In view of the importuince of wall el fect (305e. 19&5)

the pllot filter size was conaidered sutisfrctory enough vith

saanect o the media therein ovr the wectnal size of slou sond

The irec bourd of 4" (13 em) -4zs only just

Sluctinarlons in water leveol.

filters in use.

affteclient to tuake care of

Ne142 Flow Mensurcment and Conirol l.anirment

’

Filtrote from ench filter unilt poased throu:h the

orifice plates to the flow control equimment -ad then to

casts in the wash water chinnel or alternutively 1into slow

cond filter no. 1 of the main witer works.

The flow was measured wit' orifice plate type capable

of mexanring from almost zero to 22 ins/hr (0.56 m/h) of

flow rate {of filtration), as depicted by the calibration

¢urve in pgraph 8.1,8,

A2 in tho full séale filter; the use of a rate con-
trollior assisted the maintennnce of a constant flow through
It was only once or twice a week that thse

manunl adjustment of the rate ~~utroller was necessary to

B R
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8.1.4 Dosing Pump - L

raintain constant flow regardleass of the hendloss in the

filter. The position of rate controllecv has been shown

in fig. 8.1.10,
valve bnsed on the throttling sction, which depended on

The inlet water was controlled by a ball

the level of water in the filter.

The aprparatus worked satisTnctorily, except that the

raie controller on the west control filter sometimes nave

trovhle in fine adjustment, as it was ulso sensitive to

heavy vibrations and mnnual control.

8.1.3 Jlendloss nul:ment

The arran—enent of heudloss ecuiyment was made by

v2sisning and Cabricating A separate mo.nometer bhoard 700

{175 ew) hiszh for eanch filter. aAfler initisl dicficulties

'as enclosed in a metrl frome covored with perspex sheet
nenetration

Z s€nled with black tare to minimise moisture

i Tunrus growth whieh occurved carlier., The nmanometer

was installed risht ahove the samplin: taps, with
i'‘olythene tubes to connect

jod)

-~

W

g

[N

2

~ht transparent 1/4%" (£ mm) dia,

six samplina ind two hendloss probes. In the samnple tap

connectors tee junctions were made and connected to the

mnnometer. Thus the complete profile of the headloss

throurhout the vertical section of the filter was visible.

ID the nrofile looked erratic at any stnge, especially at

the start of the run, the respective manometer tubhe was operated
to cle~r airlocks by unclamping and flowing water throuch 1t

for a few minutes. A close up view of connections is shown

in photo 8.1.9 and.thé he::dloss equipment in photo 8.1.2

Cand fig. 8.1.7.°

' A Micrometering Pump Series IT (Metering Pumps Limited, ..’
81 New Broadway, Paling, London, .5, Eﬁgland) with cemposite

a2

C e
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L Sl

inAd tn the dnlet of tha micrometring mumn n=

motor w.s used tor dosing the phanol solutieon o the

inrluent of the engt filter (phatn 1.1.9). 'a alimin-te

nriming, and to help pump work efticiently, ~ “londard and

shovrt line suction, (nd to ensure positive seonting of volves,

# dellvary wpressure of Cive feet hnd hean peovidest, Fince

the volure 0?2 solurion dnsaz~e 13 ml per hour 213 arnll, an

additional mec rniam, YWno.n as Ile capirc'e veduntioa unit

1ty 1o 0 snd the

™y

was used, which reducod tle e ?.., fron
prmp enpaeclty from 230 to 43 ml per hour. Untnr approsrinte
conditions, u ealibration curve wig presared wirh tive belp

of o hurotte, and vus ”ouné to be within 2ﬂ V»rih1ion,

Thoupht was given ta the highly corrosive n-turas of concentrated
staol solution an the pump head, bt ¢gnuasiapgiag the contict

e
materd L oof stuialess steel (137873 grode) et cocomie, in thle

atand rd head, its repl-cement with nichiel nr mouasl motal ‘or

sh drneity nolvthene wis considered not nwenssarys

Concentrated S0 phenol solution wis atsred in tio 10

litre ¢ivwed 'y glass asrirat 'r bottles connagtw! through a

174" (6 rm) dia. polyt ene tuhe crosse. The wtlinr two hands

a 1/2" bhore slass burette fop calibrition,
shawn 4n phatn

boins Jointed to

pumped through

2,1.9. -Tho concentrated phenol solution wns
a0 6G,I, inlet

tne miecrometring pump, and injected into the
plpe carrving water from the primary tilters, it 2 point just

hofore the ball valve for the east *ilter, as shnun in

figo 3-’-3.

3.1.,6 Samplin: Device

Hondloss cum sampling nrobes mnde of 1/3" a0,I. pipe

naving holas of 1/8" (3 mm) dia. throuchout the length pro- .

deoted 6 £t (1.85 m) into the bed (fizs. 8.1.10 and 8,1.6).

s
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By this means the aroea of withdrawnal was kept sufficiently

hirh yieldins enourh water in the aamnldnes tap. To hoe able

to provide notural cenditieong, withut any undesirnble bio-

logical growth zcraund tie probes, the holes ere not covered

with a wire pghauze aa is aowmeties done,

In the control room (be:ide the norih filter wall)

snarle pives were conmected with hrass taps of 3/1: (U.Smm)

internal dia. fitred into a manlftold, which eould allow

withderawal dindo rendently and at n designed slow rate as

shown in figx, &,1,.7 and photo S,1.9.

The sampling eni mant included 250 cec polysirene wide
mounth t.:1) hottles of water ti-ht screwton, =2nd 500 cc

wlnss hot:les with dust proo!” panlytkhenos covers. PVC covered

biar racks were used for trinsporting tho bottlas.

3e1.7 Specirophotometer (Phanol c"”CQUtEiLiQﬁil

Tho s»ectrophotometer used wans a 'Pye Unicam SI500 Series

2t (Pye Unic.m Limited, C

o!" residunal phenol in som:lea of Tillered witer, drawn from

dif“crent depths of the pllot filter. The Instrument has heen

to carry out single heam smbaorptiadmetric measuraments

- designed
Gloss cells

vithin the wrvelength ron<e ot 1R - 1000 nm,
(BS Type 3) were consijdered gitisfactory for use vwith the
c.sumzlez. 22 thess are anitsble for 211 wavelensths above
340 nm, Normal precautions o7 warminy and desicecating were
ensuring the stabillty und relinbility of the

takoen in
The instrument is shown

operation of the spectrophotometer,
in wnoto (8.1.11). fach time concentrotion meLsurements were

tnkon, the instrument was gt .ndardlsed by the Following_

wrocaduras -

The mains and tungston lamp switches were turned on,

and Tilter slide position 1 (no riltor) solected. Theso

boins apprarrizte for a wav-length of 480 nm or 510 nm. for

r Rt R ST T KPR A L S e % Vs g

mhedid,ro, '.'1‘.n':].:md), for the measuraement

e ——— e .
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' --" Spe¢trophotometer Calidbration Curvo of Fhenol Concentration

i 6 s 4 P MR R 1 AP T, 0
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chloroeform solutions, wavelangth control was set at 460 nm.,

sand for anueous solutions at 3510 vm., giving maximum deflection

with the cnlour developed by phenol (T .ras et 1. od, 1971) in

the respective solutionsz. Cells of apsropriate size were used

with blank and sample gnlutions, taking care in maint: ining

them clean rnd locating vroierly in the instrument. The mode

was switched to 'direct resd out', and zero control adjusted

to Oﬁ tranamittance, o¢ ¢#hsorhance, with the bhluank in the

1iht path and thoe zZero shutfer »ulled out, the slitwidth

!
control w.s »rdinsted to 1000 trinsmittonce (:ero abqorhnnce).

Tl'ane two end positions were cliecked once or twice, nnd then

the samnle s moved into the light pathy and absorbance re-:d,

Thus one hy one all the s,rmples vere moved into the li:ht path

and iitelr ahsorbances recorded. The tuo end positicns were

cihecked yain before closing. Using the cealtration curve

dr wn al:rendy, the nbsorbunces were translated to phenol

concentrations. The calibration curve had been drawn by

determinin.; the absorption caused by solutions of known

saumeoantrationse. I"lve typical calibration curves are
Lustrated ia pgeaphs £,1,12 - 8.1.16, de;icting differont

#an a3 and diSferont media, in which eacihh point is the

averace of six re.dings,

8,1.8 Turhidimetry

, A 'lfweh Laboratory Turhidimeter! working on the
naphelometrie vrincipnle, model 21004 (anh Chemic:l Company,
?.0, Box 907, .mes, Towa, U.S.A.), of high sensitivity was
ugoed, which could me: sure turbidity down to 0.01 JTU was used
for the water samples dr. wn from different depths of the pilot

filtero. To be able to take turdbidity rearings immediately after
srnpling, the instrument was kept on gite, .As the instrumant v

s allocted by even finger printa on the crlls whlle using its
?inént‘fange, due care vas taken in keerdingz the ceils clean,

The inatrurent is shown in photo 8.1.11,

Calibration and Operation:~ The calibrrtion of the Turhidimeter -

ia made in J-ckaon Turhidity Unilts (JTU), based an a forpazin

‘anlution, now rezarderd a=zs the baest known turbidity standavd.
b N A

[
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The precision of ealibration s chiecked in the lahoratory

5,000 crim af reacent grade

by thie following prucedure -
hydrazine sul:ticte, (317)), M 5 j v Wis dissolved in ahout

500 ml of cdouble dintilled imtar, and in another volumet sle

flosk 50,000 grae. of -ura foxame'hvlenctetramine, (CUQ)ﬁTh,

The “las%s

.

di .oelution o7 the veangnnts,

wng dissolved in 400 ml of double distilled Watcr;
vere tarme” con a flame Tor rood
Then te con*e-':s of one vtere ™ured inro the other and (he
solution made u:» to one litre vk with the distilled woter, and

allowee t- stad for %8 hours ot about ’.‘OOC', to allou the
susrensinn to develoo. 1Me resultin - stock sus;.ension had a
cencentration o 4,000 JTU, Solutlons of 1000, 500, 100, 50,
10, 5, 1, 0.5, 0.1 and 0.01

s o

.
1208, 2.5, 1.2%,

JUT coneentr tions were preovorol
12 £25, 0,108, 0,025

5, 25

by cdiluting 250, N
and 0.9025 1 o7 Jagquatoly mlsed sioe' suspension to o Yitre
with Cistillo? watoer. This covron;cala with 1the proecedure

11 Standard ! ethinds (T-rns et l. od, 1971) exceot thai thne

ration of tha stocs aaxlullon L' exrs hos heen ot ot

(o]
<o
o
G
v
-
~

400 JITU. Thesa aeoduee one Foacoomin Puebinlty Tnitd (0M107)

atual to oae JTU. Tha ditute? aamples thus hrap-arod vesao

renc In the instruvent and noo. 1lhro 1on corve drown bhoovadd

on averinge of four reacdinTs, he rosultin: calihration curve

shown in graprh 3,1,17 fitted! weoll uwith the thaoreticitl aneo.

oS
The JTU mavhings on the instrument nanel vere thus depeadable
and accurate an? na correectiat wan ennsidered nece-sary an that

The only cnrrection op 1ied was to readings in the
striav Jisht, and a correction

Aaccount,
itest rrne of 0-Q,2, duc tn
JUU was oppliet to ull readings in that

"

svhtraction of 0.0%

ima the instrument w.s used, it was stancdnedlaser

TANZC. very

<

a8 follows:- .

allowing for’
70 JTUC, uuing'u
It

» After turning the powar awitel nn and
Fafming, the instrumecnt wag standnardised at

glass encasec standord rod arovided wlith the instrument,
was also stand-xrdilded hefore i neu+ set of samples, or avery
half honr to elirdeate drift evrors, Afler wmixing the s-m lea

adejuataly, YHhy econtly dnvertin- ths sanmnle~containiae hottle

R ] J
 thrler, 1t was tronsCarres to the rample ceil and roncd on the

Aci“SLI”m""?'fOF turhidity, alter eoverins the cell with Licht

‘ . v -

b G Pttt it et T s o U
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auzcpended matter ia remole.
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shiat, wnd o kingr Jue eare in sodntadning the coll surfoce

ciercn ol Fry. If the samnle shoued rive alr Dudbhlos vhen

held in frent o7 o i vt beam, iben 1t wnig alloved Lo stand

to rlue past the

ihilst

-~

for sbout five minutes Tor the silr bubhles

praotomultiplier {(ube, before noting the reding.
waiting for the next bateh of smples, the inatrvment was

st11l liept on, but i~ cell holenr 1id woa clonod without

the cell,
Cognarisnns with L 'azometer: -

La male te eat. . hiiny a relatlona’'ip hetween

An effort

the "l.e¢h Turhidimcter nnd the ZUL Hnzometer use! hy the Water
Cxomination Reprriuent of the Thames Vater ‘uthorlty (rreﬁiously

Metronolit.n rter Noard of London). A wide flvetnation of

! hetwern the tuwo Instruamenta, uand no 'inenr

rayntings w-s noticn
nos ihle betwnen the tovo,

relatiovastin, over a long roiese, wi
",1,2%, Yt .8 tlevefore

- ©

by s~ranhs 8,1,18 and
for ro:diass 1In the Tiner

13 alss evide ced
decided to ignore :my relations' iy,

raage of holow 0.2 JTU., Cver the major purt of tho coarser

multislvin: factor of 1.6 could be antablised based

Tanga, &
on tho statistical and raphical menns of a larppo amount of data

collactod by readinss on hoth instruments from the sume samples.

The =mraphlenl me 0 has been obtidned by ~eansg of visual line
to the

hest fit. The disparity of re:dings was tricoed

of
Silien Senle Unit< (in mg/1) bused on Mullers irth Standard

in tho case of VL Marzometer. According to Germun Strndards
Method, ¥dleselmur Units or Silie» tinita (L g %10, per iitre
distilled water = 1 ppm) are similar to Jockson Turbidity Units.

Also, aeccordin,; to Standard Methods Pormi:zin Turbidity Units

"are similar to JTU, Iovever, Knight (1950) hax found

different. turbidities, when testinyg difrerent sanples of

earth. Difficulty has also been oxiressed (Bdcn, 1965) in

compnring turbleity messurements o"talned with diffaorent

instruments. Considerinsz the importinece of size nhape and -

mofrnetive index of a susnension, the possibility of correcctly

'aorrolntin; turbidity with the wrlght concentriation of

It 1s therefore aceepted that
owing to differineg ontlilcal systems, the results obhtained with

difverent types of sncond 'ry inatruments will frequently not
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210k closely, even thourh they are rrechlihroted osgoinst

e eandle turbbtidimeter (Taras et ~l. od. 1971).

As the comparisen bhetween llach Turbicimeter and rendingms

on &Ll lazometer had not heen carried out belore, it was

thouxzht approprinte to carry out the studv dver a wide rauge

of turhidity and samnies. At the conclusion of the study

i1 wns clear, thnt results must be studied in blocks to be
meaningful, -and therefore several catogories of water were
#nalyaed and intocpreted in suitable turbidity ranges covering

fliterecd vater, primary filtrate, stored reservoir water and

the river water,

Turbidity data on filtered water (tables 8.1.1, 8,1.2

and ?.1.&) revaals th-t 22ﬁ of all “iltered witer samples
road a2 0 turbidity and 73ﬁ re:.cd 0.1 rurvbidity on the Ilnzometer.
9uly 75 read a turbidity of 0.2 and =till less had a turbidity
w30 0.3 or more. On tlhe llach Turbicdimeter, there was not a
~Lasle gsample rerding mero turbidity. The average reading
2 whe stach was 0,13 and 0.16 a~ainst the above turbiditles
The ALff:rence hetweon these tvo rnﬁgos on

r.sancetively,
LEL

Hach 48 so little that it shows the limitation of

Vazometer in its abllity to di "Terentiate hotween 0O and 0.1.

Lookin:« to the great dilscrepasncy Letvecen 0 on liazometer and

0.13 on ilnch on tho one hand, and the gross inability of the

iiazomoter to diililereatlate betiisen 0 and 0.1 on the othex,

it was decided to 1ignore all rendings Helow 0.2 on the liazomater.

Tt ean also be concluded that every O reading on Hazometer is

actually 0.08, or that only 20% of 211 zero readings are in

.Tact approaching zeroa,

Primary Tiltrate aszm»les as indicated in tables 8.1.6,

‘8.1.7, and graph 8.1.22, gave a multiplication factor of 2.9

dadicating a larpger variation. DBut stored water and river

wator samples apnin glive a multi lication Cactor of 1.6 as’

indic:ted In tubles 8.1.8, 8,1,9, 8.1.,10, 8.1.11 and ¢raphs

8.1.27 and 8.1.24, Interestingly, the sprcial water samples

“(toble 8.1.,12, granh 7.1.25) whose turbidity is in the range

of primary [lltrate, also has a multiplication factor nearer

—

1o that range.

e aeh oo T g
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‘ The whole compurison has heen summed up in table 8.1.13
wnG graohs 8,1.18 and 8.1.26. The curve in graph 8.1.26 has
divided the whole study into four ranges or zones. It is
cencluged that readings on ¥REL liazometer should he idgnored
below 0.1; miltiplied by 1,4, hetween 0.1 and 0.2 in serond
zone and beyond 1.0 in fourth zone; and multinlied Yty 3

between 0.2 and 1.0 in the third zone; to get the corresponding

.

Hach readings.

1
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On*Hach Instrument

R
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GRAPH 8.4.17

',.@alibration of Hach Instrument on Pormazin solution,
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100
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Statistical Mean =173
Graphical Mean =1-65

Lol L1 |
12 3 4 5

. Ratio= Hach
L Hazometer

- Re}dtionship between Hach and Hazometer readings
- Filtered Water Samples 9/2/72

, GRAPH 8,1,20
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Sfiltered YVater Turbidity,

TABLE 3.1.1

E£XL Vazoncter.

as re:wd on Ileh Turbidimoter and

TR e Ry e

S A e R 2y o e AT A b

Dite {7 9.2.72 11.2,72 15.2.,77 146.2,72 22.2.72 23.2.72
- fach Yach llach lach Hach Hach
source Iiazo "aro Hazo azo Ya o Havo
1 Ashford 1| 0.12 0 0.18 ©
Commons 3 ; 0.21 O 0.20 o,71
U 0.41 0.1 0.10 0.1
2 Surbiton ' 0.19 0.1 0.19 0.1 0.20 O 0.20 0.1 0,28 0 0,14 0.1
3 YWalton '0.12 0.1 0.26 0.4 0.09 0.1 0.20 0,1 0.15 O 0.08 0.1
4 Kempton . 0.20 0,1 0.2% 0.1 0,11 O 0.14 0.1 0.13 0.1 0.1 0.1
: |
> g?;: ;0.10 0.1 0.24 0.1 0,21 0.1 0.09 0.1 0.55 0,4 0,12 0.1
6 Yampton : 0.28 0.1 0.48 0,3 0.13 O 1.06 0.1 0.13 O 0.06 0.1
7 Manworth ; 0.11 0.1 0.16 0.1 0,20 O O,1l% 0,1 0,23 0.1 0.10 0,1
8 Lno '0.11 5.156.33 0.1 0431 Cul 0.29 Q.1 0.27 0.1 0.12 0.1
nridce . . Vedl)HU, )y 0 ) . .~ ‘e ey e o L~ .
9 Hornsey :0.07 0.1 0.1 0.1 O.2% O 0,20 0.1 0.13 0.1 0,07 0.1
1
10 Stolke ‘0.10 0.1 0,09 C.1 0,06 O 0,11 0.1 0,20 O 0.10 0.1
Newington |
PULODRRT G hs 01 0,51 0.2 0.27 0.1 0445 0.1 5.0 8.1 ©.1% 0.1
?‘ills » ! st . .2 .~ ®—~¢ . o't . .= Ved Vedor U
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CTABLE R.1.2

110

- ltered YVater Tnrhidity, as rend on lHaclhh Turbidimeter and

SL0L llasometer.
Mate T3.2.72  20.2.72 1.7.77 7.3.72  8.3.72  10.3.72
. ach Tach lach Tach iiach it.ch
nourco lazo Yazo ilazn Hazo ‘a0 ITazo
1 ‘shford 1
Commmons 3{0.09 0.1
4 0.10 O 0.13 0.1 0,08 0 0.97 9,1 7,17 2.1
2 Suvrhiton TS AL CLIN 0L, ALY 0 6,1 00 0 Y N e o
“1ton 10.15 0.1 N.11 O ©0.13 O 0.11 0,1 0.15 0,1 0,09 0.1
M omption 0,11 0.1 0.10 O 0.14 0,1 0,07 O 0,08 0,1 0,11 O
L3 e 0.13 0.1 0.1% O 0.0% © 0.12 0,1 0.1? 0,1 0,10 0.1
: S hmpton 0.11 0.1 0,10 0.1 0.08 O 0,11 0,1 0.26 0,2 0,07 0,1
| % Manvorth {0,13 0.1 0.10 0.1 0.09 N.1 0,13 0,1 0.15 0,2 0,03 0,1
l ,
¢ Lec 0.1% 0.1 0.1i 0.1 0.09 0.1 0,11 0.1 0.14 N.1 5.13 0,1
Sridr-e »
9 llornsey 0.15 0.1 €.C% 0.1 0.07 0.1 0.0 O 0,07 0,1 0,09 0.1
12 stole 0.12 0.1 0.G7 0.1 0.06 0.1 0,06 O 0.06 0,1 0,08 0
Nominnton
Ll Coepper 21 0,2 0.2% 0.1 €.22 0.1 0.1% G 0.11 0,1 C.1% 0.1

rills
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TN R,1,

Piltered ‘ater Turbidity, Helationshi;» hotween readings

on liach Turbidimeter »nd "L Ilazometer.

Ave rending

Q. i o ‘v ratio Av. rerdins Ave reading v, resdiagz
Claeh/ on l:ch on li~ch on lineh on lisch
' Dite Cazo when Yoo whan 2o wvlien 'nzo when aso
=0 = 0.1 = 0,2 = 0.3(or Q.
v 9.2,72 1.8 0.21 0.17 - -
11.2,72 1.7 - w22 0.41 1.1 x llazo
1'-)020 2 I‘os 0016 0.22 - ~ -
16.72.72 1.9 - 0.28 - -
22,2.72 . 2.0 0,19 .22 - 1., x HUazo
1
23.2.,72 1.0 - 0.10 - . -
25;207? .2 - 0013 0.21 . id
29,2,72 1.5 0,10 0,11 - -
1.3.72 1.9 0.13 0.11 - -

7.3.72 1.8 0.08 0.12 - -
0.10 0.21 -

10,.3,72 1.4 0.09 0.11 - -
i
Statistical
Xean 1.7 0.1 0.16 0.28 1.2 x Haze

1
!
'Note: Statistical denn is based on total number of samples

and not on (nnmpling) days.
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TOP DoygHadHaz

2-7}-
1 |2-4]07
2 [1:7]08!
2-4
3 |15 |02
&1 FILT| 1 |04 |02
2 03 |02
3 |15 |02

o>
@

-
104

=== Top Water on Hach

To.ich/ Turbidity in JTUISI

N
|

===z Top Water on Hazo
—— Filtate on Hach

---= Filtrate on Hazo

- 2 3
No of Test Days

Days Total Turbidity Curves
Top and Filtrate Waters (2 Samples)

Walton Experimental Filters
~ GRAPH 81,21

o

o e rperere—y RA it nbess cor s ialiore 2003 afhia ki s ik boygh ita A £t ol



13

9 o [ 0z eIuXITiJ'uvey 1UOTIST398
e Hed 1°€ 3° m dojen dojtuvay Tedflsylress
1 § 1°1 €1 o'z ©3eI3T1IY ‘359, &
9°1 £°1 1 0°¢ 83va1T1y ‘3vey
°h LeL Lez gz z0%em doj *3sep
1649 oL G g x83en Jdoy ‘jgeq T
HLvABAY ve o) e e oo ! .
o>«*r~:E=o gLy ZLrge elrete !
Vg 8danoyg
oze;[ /o1y Acc SouTpPLoa) = oygey w .
*IDj om0y gq puv a910WIPTqany, yoL)| uo.

giduyproa Ueamjroq dyysuogyniog .A+a:w3uﬁa

EI03 1Tl Tvauawyaedxy uoje;y

g:- — N
T°0 110 1°0 £€1°0 T°0 02°0.93Ca3TTS*I03T Ty i1sey 4
: i
T°v €10 10 €10 T°0 020 ©P3vIdT13 x03 1Ty 38ay €
T°0  LL*O 0€*0 zg*0 S0 2°'1 _ I83 e
| do3 ‘10311 3so; 2
1°0 L*0 T Lg*o €z'0 2T aa3ea
. i . do3‘ae3Tyyg 3svy 1
ozeyy goue:y oz yomyg ozwejy yoe 87duvg Jo @danog
TLLy 2lz gz Tl 1z ajeg
] .uoaoFoam& 135 pue
TEIOMTPIQIANT, YO -1 110 p- - gy o 0

an [RIGaay, sy ~.

P TH3ueWT IOl Tar v

3
RS

o ol haiiia RS

o A

o

i ey s e

=N




114

DaygHadHaze

2.0

15/

1-€

15

1:2)

~~~~~
-

—~— Hich Instrurent |

~-~&---Hazo Instrument

! 1 ] !

2 4 .5
No of Test Days A

Days Total Turbidity Curves
on Primary Filtrate Waters (5 Samples)

GRAPH 81,22
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Turbidity
0
I

N
T

Total
(%)
l

| l

—s— Hach
~-o--Hazo

|

DaysHachiHaze

1 12850199

23311221

22:913:0

o N

156/9-8

e

Instrument
Instrument
]

T2 3
No of Test ODays
" Days Total Turbidity Curves
cn Stored Waters (12 Samples)
| GRAPH 81.23
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TADLYE 831,2

Sinores Water Turbidity, rolotions!.ip between reidings on

Hnch Turbidimeter and T0L Mazometere.

Source f Ratio = (re~dings on) ‘Yach/Ilazo

8272 15.2.72 22.2.72 20,2,72 7.3.72 Cumulative

’ , - Averagoe
1 “unan Hli=abeth II(inlef.j 2.1 1.8 2.1 1,7 1.8
2 Ualton K & B, inlet 1.5 2.9 2.1 2,3 2.1 2.1
3 Loo Oridme,aquaduct o 1.4 1.2 1.2 0.9 1.3
L Stoke Newington, A
inlat 1.8 2.0 2,0 1.6 1.1 1.7
5 Kcmniion P.r¥k, inlet 1.4 2.1 1.3 1.5 1.4 1.6
6 Zirn Sims, tap 2.1 2.% 1.0 1.6 1.4 1.9
T Wan orth, St.aqua 1. 2.1 1.9 1.8 1.0 1.8
S ilomnton, inlat 1.6 1.8 1.7 1.7 1.5 1.7
O AshiTorad Cornmons 1.1 1.7 2.0 1.8 1.5 1.7
'S ldag Georse VI outlet | 1.3 1.2 1.3 1.3 l.0 1.7
3 Coppor (1111, culvert 1.7 1.6 1.4 1.1 0.7 1.3
(12 Yroysbury, reservoir 1.1 1.7 1.0 1.0 0,9 1.1
{11 Copnar M411, inlet 1.3 - - - 0.5 0.9
Statistical Mean 1.5 1.9 1.7 1.6 1.3 1.6

e s e iy -




2001

150+

Turbidity in JT.Us o~
=N WS~ O;m
O O O O

" Total

()

119

DaysHachiHazo
1 174 128

38 125

2

3 {3825
.4 1317
5

211]87

——— Hach Inst.

-—t-- Hazo Inst.

——dd

2
No. of Test Days

Days Total Turbidity Curves
on Raw River Waters (4 Samples)
~ GRAPH 81,24
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8 — 1]

7k )
1
B51 0
o]
a0 | o
:3" ° Statistical Mean =3-2
Z2r o Graphical Mean=31
. 1 — ()] .

1 2 3 4 5

Ratio = Reading on Hach
Reading on Hazometer

o 'Relationship between Hach dnd

Hazometer readings |
Special ~ Water Samples 9/2/72

GRAPH 81,25
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TyrE 8,1.132

2451 Szmmples Turbidity, data os red and relutionship,

o3 Tuchidineter and UL illacometer.

Date 10.2,72 Natio = (re~dings on)
Source 'ach Ilazo Mnch fitazo
: 1 Troxbdourne, uell 1 5.0 1.6 3.1
2 Jroxbonrne, uell 2 3.5 .8 4.4
3 Kemﬁton, exnerinmantal,inlet |20 2 2.0
L Yomiton, exrerimontal,ontlet]0.% a. 4.0
8 Xempton, exreririental 2,
outlet nJh 0.1 k.o
6 Richkmond, contnct, iulet 0.2 0.1 ' 2.
7 dcehmond, contaet, outlet 0.23 0.1 T
8 M. enth. lvs. South i0.71 0.25 2.8
Statistical Mean 0.5 3.2

TAPLY R.1.17

=1z Turbidity data condonsed in batehesa, and the relationshin

::Lwaen Mach Turbhicdimeter and 2L lazometer.

Stored Niver “pecial
Tilterod “x-eri Primar o v
Yy .

YWater - -meontal Filtrate

i
!
i

“mmomozor | O 0.1 0.2 0.3 0.24 0,1 0.48 1.2 14.9 0.5

v Turbidity Too
H few
. Tach/Zazo (1.3 1.6 1.k 1,2 4.8 1.6 2.9 1.6 1.6 3.2
o s » .
;F tio J Co
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 Curve of proposéd 'reldtionéhip between
~Hach Turbidimeter and EEL Hazometer -
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Hach Turbidimeter
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~ Curve of proposed relationship between

Hach Turbidimeter and EEL Hazometer

. [readings in batches)




birolomionl activity of secondary trerfment procnases.

AN
S

Tropny Teanta nd Daccad hi it

)

(RN
o

In previonn chapters the aoucept hns hean develoned

€t o «low aumt “iiter i3 hiole leonl, and that 113 exact

hehaviowr townrds dogrcdineg some orgonic chede- 1y Jike

dolorments, inuecticides rnd . onola viy neededt to be
known, qand th-+ ¢there was neo’ Lo u,r:te it. In order
to give a Tair trial tn thove ldeon, 1t wasg neconsury to

uce a ftracer svhatance huvin,; sractiesl sisml®eonce as

far as poasible.

The popul.rily of the use of ayn*lctice dJdo'or rents

(con‘uining surfact.nis) " eonernl elarnine cnsnsaas,
o Udlte commuunptlion ot

anjonie surToctnnte incraensoed Sronm l'];f)ﬁ" foma 1o 1949 ’
in 171 oels.0,,

cttroeted the nuihor's nttention.

(:‘Y.:'.S.C‘., Seo? arher J.9~'~S) to 0,000 rous

I oreh 1973).
Fizuves thiat U very amall but

anciive materin) was present owven

(H rnrerton, 1956), witict is std4l) eontinuing (uﬂ much as

s

G ooarly as 1954-94, 1t had beonr a'awn by
dectindlo cmount ol surTice

i fha filtored waicer

0.02 mn/l) as 1s evident by #e "l 'a rmalysienl resuits
(Vind)e T ylor, 1”71-73) ancd aluo renorted by M M,5,0,

(zth 3 rch, 1971)., It is extiwm fed thot one -uarter of
tha population of “npgland mned "mlog unaed river water as
a source, which alre.- <y contauine n certain proportion of

sou .mn eifluent, Tt is thereTorn ovident that o

proportion of tho population mnat he inzestine trnces of

synthetic deferrbnts.
2¢tive muterials, nermely anionie,
1an benn_estimntod tha:t somo 9hﬁ of synthetic deferrent

produntéinre anionic (Gnrdnor, 1055). Tn the 50's and early

$50'a, sewage treatment plants oxpericnced diffieulties with

nonionic and entionie, it

foaming and the sy=nthetic detorgenta also retarded tha
In
the mid-sixties, tha gynthetdc doterrsent induatry almost
cnmletaly switched over from hnrd ADS (Alkyl Donzene

Sulnlhonate) to the more blodegradable {(soft) Linear Alkylate

Sul-honate (LAS) (anns, ot al. ad, 1071). “Tho chrnreover
agems to have bron~shit sbout im: rovement in the othecewise
dotogrdocating situation, as fimiros prova that in United

Tinndam, bedueoen 104A 40 1071, sanscantr tlan of nnionice
to 15.72 mg/1

0

incranand from 15,0

.

szurfactants in sewnre

el e s s

considerabhle

Cut of the three main type~ of surTace-
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rone of the simplest ~roup ui cumpounds appeared to be
_and a supply was obtained (surplied by May and DBnker,

in relation to slouw sand [iltration.

00

(az I"ane 0R0T), but in souase works final offTuent

Gecreased from 2.0 to 1.0 mx/1 (1:.11.S.0., 5¢th March, 1971).

Amon~ the Manqul comnpounds (supplied by !ardman nand I'olden,

Manox louse, Coleshill Street, Manchester, ﬁntlﬂnd)' Manoxnl OT

was chosen to be used as an indicator. ANS re a mixture of

very many chentical cempounds, conm-uwired with the nown sincle
4

cliemical entity in Manegol OT (Sodium dioctyl - inrhoguccingte)

which couid be obtained in 2 wvirtunlly pure state.

The riethod used £orv detarminin: Mannakol OT concentrations

wns aame as used by Jetar ol lution Research Laboratory
(1965), (irocedure Ye. 11, Yevised 1945), Tortz, Snglend.
The method is bused ou Lon-well nnd Maniece (1955) and
modiried by Slick {1959), which uses methylene blue solution

extrarcted in chloureTorm, rendins on sractronphotometer at

650 nm wave lencsth., & ty fcul ciilibration curve is s':own

in praph T.2,1.0 .alter some vork, the limivations of coa=

centyritions determination . were apuarente. So many substnnces,

org:nic and inorganic, normally found in wnters, interferod

with the doterminntic o7 the surfoctant componont of synthetie

doterments that it was very diifTicult to obtain an pncecirate
ve

the mathod gave an estimnte of the
The use of Manoxol

value. At hest, concentration
of anionic zur’:ctant in the w:ter suamule.

OT ns & tracer wn»s therefore abandoned in faveour of Yhenol.

.

Nonohydric “‘henol, OqﬂrOH, an arom:tle compound and
. suitable

Dnreaham,

Dru- fousen, Poole, anland). It was

'ngland and DBritish
similar

considered most suit:ble, as 1t was raprescntitive of

organic chemic :1s, ond whg mora reactive than the benzene

hydrocarb:ns, biodegradable in usual sewasge treatment
proreases, and capable of fine concentration determlinationns,
It da important in drinking water becauso of taste and does

not appear to have benn invaestignted previously in this way
Morgoover, there is a

~¢continuing interest in phenol 1in drinkins water, whercas

Cotargenta hove lost their intecrest due to thelr bio-

densradahildty snd apparant non toglelty (usad for dish-

weatdiag and eating utensi®s), Also Y.H.D, st-ndards
J Lomas .
78-fer 3PV E U BBAE 40X sh B3orrlan (9997), 0ng .

.
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vory low limit 0.001 ne/l for phenol. Consenuently these

are imort nt reasons to carrv out axperirents with plienol

rather than deter~ents. .lso M.W.B. (Vindle Taylor, 1971-73)

were cxperimonting on laboratory sciale with blolosgical

desraiativn of phenels, so there wos eurront interest in

on-site Menol sxreriments.

3.2.1 Prap -ratien of Tracer Soiution

Tecruse of the low censentratinn of trocer recuired

0f tre convenienee 1 dosines, shenol

to e dosed 1l hoe-uvse
S8 the 100, or SO0

in amueous solurion wos utilisod,
of phenol coulsd not He oh+t.incd ffrum the m ret,

sosurions
it .8 decid? 1o annke

bDreawr 0 0 tho vorld de 0il crisis,

T nhenol in Lhe Y Yoo

t he acuvcous solutinn of oy Tor dosing

T the e rly st <er of the ox evimeatal “or’,

DUTLOBIS .
tho prewair-tion o a humo -eneous suscol:slon hecime bishl
i N
. = 4 °ve
109, 207, 4095 ~nd 60> V/V uolutions weore

neohloatie.
phare and

irioed, only to he met wwith frilure. Aquenusg
oily phase portions o€ the solutions heeome senarated by

w1 emulsion layer in Between, after 2% bovra of solution

nreparation., Yirsorous agitation by mecebhunie. 1 ro‘ors

belned only lititle. So the coveeniration vas carried to
the oint where only onao of the phases was formed. TIn
this cose a solution of 5§ U/V concentration produced a clear

aqueous npliase solution, and an S0 K/V solntion pracduced

oily »hase solution, which was ultimately adopted for

exporiment:l purnoaes.

800 pram of monohydrie phenol (86HP0H. moleculaxr
. 2
wvelsht = 93.11) vere weighed in a 1 litre graducted cylinder.

‘To this 200ml (about 25% by weight) of f{r-ouhly boiled and

conled double distilled vater was added. The cylindor was

* then nlaced In a bucket of hot water, and the phenol erystals
v ’ M y

waore bro%an and agitated with a thick pflass (or stainless

stool) rod, to make a homopcneous solution, The contents were

a 1000 ml mark by adding more distillied

titen Drovgt to
total of J?ﬁ of the welght

water, wrich was 67 ml (making o



http://vimo.Jt.il%20%22or'%20,tho%20pro%20i;ir-tion%20of%20a%20homo%20-ei'.eous%20sus.'iMi.'iou%20became%20highlyn.rol'Joa.tic.%20%2010%5e,%2020%20',%20%20%20h0%5e%20%20%20,-nd%2060
http://vimo.Jt.il%20%22or'%20,tho%20pro%20i;ir-tion%20of%20a%20homo%20-ei'.eous%20sus.'iMi.'iou%20became%20highlyn.rol'Joa.tic.%20%2010%5e,%2020%20',%20%20%20h0%5e%20%20%20,-nd%2060
http://vimo.Jt.il%20%22or'%20,tho%20pro%20i;ir-tion%20of%20a%20homo%20-ei'.eous%20sus.'iMi.'iou%20became%20highlyn.rol'Joa.tic.%20%2010%5e,%2020%20',%20%20%20h0%5e%20%20%20,-nd%2060

I ohenol crystals). This produced 2 nhenol solution of

.

o
290 /1 concentrAEioq, which wns transfered to the dosing

1.a3s aosnirutors
at times as given in Stancdard ilethonqls

for dosing nurnoses. The solution was

€3

standardisoed
(anas et 2l. ed. 1971).

8.2.2 ogin~ of Tracer Lusnension

Dosiny Tank Capacity

B

1,82 m(A)w

i

Area of one Tilior 3.20 = (10X')1
2

= 5.82 m~

ate of Jiltertion = 0O, m(S")/h

Volum.: o vater f1ltered in 24 hrs = 3.82 m'? x 0.2w/h
= 2% hrs = 27.97 m3
Concentr.tion of phonal in ton watecr = 10 m 1
Tladsht of siunol erystals needed in o Jday = 27.93 x 10
= 279.3 mun

Tlenol needed in a 2 weel nerlod = 279.3 x 1% = 3.91 I
1. = 3.°1

"sing BOY, W/V snolution of phonol, Vo
“.8R 11ivras

0,50
Use two =z=splrator hottles of 10 litre ennncits, to
usa nlternntely, to renleonish solutions evesry t o wen'n,

Nnate of Cosing

¥oleculrr ¥t. af rhannl, ot 11
Intended concentration of phenol in inlet water = 10 mz/1
ecl w/v

Concentration of phenol aqueous solution

Rate of filtration = 0,2 m/h

Vol. of feed w. tor per hour = 5.82 xQ.2 1.16 ml3
' ’ or 1190 1it/h

14,88 ml/h

Dosge of phenol solution paer hour = 1190 x 10
' B 0.8

Setting on pump thimble = 14,88
. L5

= 33,067

~

Similarly at inlet concentration of 5 meg/1 (phenol),
4

) quantity of 80% ¥/V phenol sol. = 1190 x 5§

= 7.0 g
0.8 7 ] ml/h

P T




Petention time in filter tank

Averan e denth of inlet water over sand hed = 5! (1.52 m)

Tetention time = 1.52
0.2

8.2.3 Yedia, Inflvent Source ond Filtration Rate

Onilders roede sand idce!lr s ery mucli cheaper than

the closely speciied graded =zand, was used, Pifteen months

mature sand uas retained and used for the rshenol bhiodezradation
piact of the experiment. It nad an effective size of 0.25 mm
and a wnifornity ceefticient of 3.4 (compiured with 2.4 used

hy the Thames iater Authority for normal slow sand filtration).
\

P
The porosity of sand was 405, On average 18" {0.%5 m) bhed

of sund over & to 6 inches (0.1 to 0.15 m) layoy of gravel

rested on 6 inches (0.15 m) of under drainagze system.

Primary filtrate ;s produced by the riznid sand primary
Filters at the moin vworks was used as the influent source
throu-hout the len;sth of the ex;eriment (fin. 8.1.5).

Nate of filtration used was 0,2 m/h, which is about
50 more than the usual rate of slow sand filters of the
Thrnmes Yater Authority, and 100% more than the trnditional

cmlaw esnd Cilremtdan ’,‘l'i"_"’h{‘.l‘c-' . . - B

8.2.4 Isokinetle Sampling

Calculations:~ Velocity of filtration, Vf = Q
A

= 0.2 nJh

Velocity through ,poies. VYp =_VIC . “ .
: ' ' =2:2 .9 ‘h
- pornsity o4 = 5

_Volocity of sampling, Vs = Velocity through peres, Vp

\'2 = .
Y8 =4t or q=Vs xaxN a = sampling rate cmj/h
N :
) ax 2 a = area ol hole in somple
q = 50 x (22 0.3 < 66 pipe (aia, = 3:mﬂ
7 X N x. . ..
L N » no, of holes = 066
= 50 x 0.9 . "3
-f2 x 66 = 233 em”/h
T . . )

"= 3,88 cal/min (# 6 droms to 1 ml)

= 23,3 frons/min = 10 dro /25.8 sees am~. 10 dro/R2f recs

e s i o ST ¢ b T it




ac s
PPN

Sampla 566 cm3 (in 500 ml glass bottlos) in
2 hra 7 10 drops/ 26 secs.

Timn reauired to waste run the Sampline Tans

Tot:1 Length of s:mple pipe = 5' (1.82 m)
vi-meter = §% = 12.7 mm '

2]
Yol, of pipe = Xd_ ' _ 5n 4 (1.27)7 x 182 = 231 ml
* ]

—_—

7 +
Y rord ain =2 P
Time needed to drain the pipe “1{ = 59.57 ~ 60 min.
Je 68
8.3 Scivdii’e of Fxoeriments
B -~

It vas re:; ired to record the variastion of he:. loss,

tuchicdity and biodepgrodation with orginic tracer solution

at an increused velocity of filtration, The usual apvroach

rotacity, snd tlez one prevalent in British slow sand

f4ltzntion proctice is 3.8" (0.09 m)/h ana 5" (0,13 m)/h
reapectivaly., It wes thereforc declded to gtudy the vaorintion

of varions zoniameters at unr~ted velocity of 0.2 m (3")/h. Ths

tr-cer asolution used wns the 3im-ler form of or:;. nic couround

monohydric ph=enol, CGHrOH, beings representntive of orgrnic
5 .

comounds, vwhnse doterminntion at low concentrntlons was

nossible (nlthough exacting and 1engthy). ILxperiemonts

susw (deTiemnd itk oan inled connentration of 10 mp/1 of

nhenol, As the filters were in the open, no control of

tempersture was exercised. The maximum d-y water temperature

o
ranged from 17°C to 24 C. The complete experimental schedule

43 shown 1in table 3.3.1.

'ABLE 8.3.1 —-.Schedule of Experimonts

7 o

|

i
{
1
1

!

2m {Fioy wnto Inlet Cono. 3ad (sand)thickness ins., Lenzth ff
No, i m[ﬁ me/1 Test (east) Control {(west) run in dnys
1 0,2 2,0-10,0 19.5 21.5 18

2 |62 1000 19.0 21.0 7

3 Q.2 ' 10.0 18.5 20.5 16

I 0,2 0.0 18.0 20,0 LY

"5 0,2 - 5.,0-10,0 17.5 19.5 25

6 9.2 , 0.V 17.0 19,0 23
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The whole sche—a of sxperitents was divided into
five vhnses, Phrse 1 was to ncelimatize the "ilter
wit eorsaniec troacerscolution. The secmd phase

orsanisus
The third

vas to dose at nredetermiaes”’ conecentiration,

nhase wes to investiszate the desorntion effect of i oged

bed. The fTourth nhase dJdealt with the cumulative eflect

of doasin~: and Cifth phase wag again to determine the

desorntivn o fect in a cumul:-tive scnse.

8.4 Nxogrimratcl Pracadure

L5 discuszed in section 8,3, the exprerinants were
carriad out under difcran fviti 1 ernmditions o

Jllter or v alsms.,  Throuvsiiout tha

acelinmctdzntion to
off ~Nheuol o 10 /1

ex:erirment, only one concenvrntlon

was tried te he maidntainod.,  The Tiltaor wd Irecedy bDean
tasted in earlier runs for hendloss snd turhidity,
the dosing ~roparatus uns testod whilo

without »henol, and
acclimatizoiion run at the same tine.

cuarrying oul the
Th~ previousn

«prronch velocity in all cases vas 0,2 m/h.
rovuction capsule gear (spccirl att chmiont used wit the
pump) of lon,; strolie type with pumnig canncity 0-1250

=l/h was found to be zather too hi: for the sm~11l dousing

flous. It was redlaced by o short stroXe réednction ~esr

of 0-U5 ml/h capacity after the acclimatization (cum teot)

run. Samnles of daiel to Illlcr und iha rMitar donth wnrne

collected. Also the temmerature of the dilute solution in

tha Fil2er tank and inlet wore noted. Samnles werns sinalyaaed

for phenol conceniration and pll, The samnle anslyais  and
temperature and PH readings pove satisfactory renulta in-
“dicnting tha apperatus in perfeect condition for further

sxperimonta, DBoth filters snmple tubes were marked for’
the varlous wmedia positions, . .

.8.4.1 Acelim tization ot the Filter

Eve= though the filter sand had heen wmoturnd “oxr




Ay

oL . v o

fi7tuyon months, it nover hard nreviously experienced a

plieznol dose of 10 mz/l., Thorefore to allow the Tiltor

brztorin to acclinatize and srow, the phenol dose in the

inlet water was only gr:dually and progressively increuased

Trom 2 to 5 to £ fto 10 nmg/l. In fact, this process toolt

14 . -
muel loarer (18 days) thoan antici~ ted, in conirrst to
M.7.3. (Vindle Taylor, 1971-73)

E..7 Loy tine froacedura for o Dilter Tun

'iscussed in four v rta:d

strrting and losding the filter, sam-linT, analysiag ihe
gicanlen, and cle-ning the filner zt tln ond o7 the rinn.

1,73 ATter nscertaianineg the uroser romoval of
o

Stort

getmntudecka, levelline o tho bed surfice and emhe - dbar
o7 the tnp amw.ie pipe ( 1 em bolow the surluace), the

roin valve uas closed wnd the prassura oaln valve o roned
Tor rechnrging. The reciinrging Tiltered water was allowd
throvth the control vnlve, 2o the undersrainagze chanuel, and

to rise turoush the gravel and sand gr-duatlly, to
““han the reoch:ur-o

alloved
dlsnniner the ir in the pipling and bod,

wates apuaared on the surf-ce, the raw wnter inlet volve

(£iz. 2.1.10) wne onened and the lou 1ift pump in »rirsry

filter house started, ith the control valve and rechirye

viilve closed, the dr.in valve was opened and the control

valve re~ulated at a very low flow {less than 1" (0.0253 m)/h)

LTt Tha rizdee Af v 1w watar to tha dasired

BRI R
. M- .

level in the filter tank tonlk about four hours. The
filtr~tion rate w s kept at half (O.l m/h) for one doy and

tien continued at full (0.2 m/h) after that. Phennl dousin:
firat

rost

of raw wi:ter cormenced at half rate (5 mg/l) for the
day and then at full designed rate (10 ng/1l) for the

of tho run. The control filter operated without any phenol

gose. The rate of filtration was kept constunt at 0.2 m/h,

by making small wanusl adjustments in the control valve

“every few days or so. The headlosz in the manomecter tubes

was noted after rectifying any suspected a2dirlock. Thoe

temonrature of the inlet watdlugsvnoted and s»minles

collacted. The start of filtar run was taken to he nftar
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Atanlacenent timo.
Thble 8.3.1 indicates thrt tracer solution

Somnlinge
~lso inciecntes

was dosed in Nos, 1, 2, 3 and 5 runs. It

the bed depth in each run. Samples were collected on

dlternitie days or twice in a wee': derendinr ursn e ro-

qQquirement. ‘ach time, the initial headloss was notad 1in
the manomoter tubes and then samnle taps synchronised ot

10 drops/ 26 soconds, Sam.le taps vere nllowed to run for

one hour fkr dr.ining, and then sam§les were qollectod'Por
turbidity and thonol concentration deterwinuti&h.

Measurement of turbidity wns made icmedintely
which could alter Lhe

rest of the

Annlvaia:
arter gom, lins: to avoid coagulation,

"i;nfo considervably (Holdcn‘ed. 1970); Thao

aomnhlos vere broutht to thae.laboratory, :nid were distilled,

extroacted in ehloroform (if necess~ry) and the resultine

gaintions ren! on spectrovholometer. Tre unalyticnl pro-

codura adoniod for phenol Jetermination wos u modifilced form

of mothod U & W of the Standard @

whiah vos used, nlter consulting the Uater IUxaminantion Do-

poxtment o Thames YWater A uthority, based on the expocinnce

o< that Dapnrimont.
The Tilter bed was clcaned for ench exreriment

Clannines:

or 2 em of sind menully to

by seroping the top 1 cm

offactively remove the schmutzdecke. The nssessment th:t

the filter was clean was based on visual observation, Any
disturbed surface was levelled and biological growths from
‘6106 walls was removed and cisposec. iie ruiévnu;>;vy'v )

sample tubo wnyg embedded in sand 1 cm helow the sand surface.

8.5 Observations, Difficultieos Incountered

- 8050 1 F‘il'tr‘-':f‘lnn

o

The visual observation throush the glass penels gavo
biological deposita

somo 1dnformntion about the ;occumulated

in the bad., - Thenol determinations made Trom approprinte

aanples indieatod an instantaneous value of concentration

ol substance 1ln the flow. Althourh the tracér solutlon

mado “rom phonol was often difficult to control, con<tant

B e oy

Yethods (Turns et al. od. 1971)




monitering af phenol concenfrntions of the 1influent kept
varicstdonas tn a minim:m. The ultimate effect of the

biodegre. it ton of phenol vhether intense or morginal,

should npen-wely manifest itself in bioliogical behaviour

achieveand hv the Filters.

ITn the ilter tank, sometimes the colour of the

water turne! osreen, which wrs more manifcst in the dosed

filtor and daring runs In sunny periods. The walls of

the fil ern anemmulated relutinous biolozical ;rowths
needins maapapin . and disposal at the time ol cloaning.
Sutietimaz Mo ting deris like surface algae wes noticaed

in tl:o tant filter. Sirounine of sand in the form of

nntchog were noilced iw both filters indicizting the

presance n' 00 plimkteon,

S.¢562 3 et 0 (Obaervutions)

At Lt satert of the run some discrepancy in the

valinviour of the minometers was noticed. It was found

in hendd hetoesn two consecutive mano-

thoet Cir o¢ge v

meter tnhep Jdecrecsed iustend of incrense with passane

al stozme of the run (c.g. encircled

of timo 1n tw initial
readinss 4n tahles ©9.3.6, 9.3.8 and. 9.3.9). The
c

initial hizstwer erratic hoesdloss was trzced to leaky

1

s T st el T s murad b kaonineg dhe o cnmnlac

valves ti~1tly elosed ana shaking out the locked air

fro the relavint mandmeter tube. The changing herdloss

pattern in tlhe several suecces-ive tTuans can he attributed

to tho biorepridation in filter, in contrast to thuat by
the npging f the media, as repnrted by Mohanka (69),
Di.por (1961), 'laines ot al (1265) and Rimor {1968) for

}npid rfiltova, Dnring summor months turbidities of many

samplean from wWithin the annd-bed were notdceably high due
to aprerratine of olly mattexr in the sample. It is thought

to be due tn potzbolism of microfungl and klgae, appenring

in the s~m: lad 035 oend jroducts,

S s b e mme ey e lnt o etma AR e e T e rans M S e g

e et ey s e
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8.5.3 Annlysin (obsevvetions) Ry - g
) - N
At times th.e reod celour duc to rlionol extraction
in chloro©orm f.ﬂ@d'nway guickly after formm tion. 3o
the re ding i-mmeci-tely after extr..ction would in auch
cases bHe hipgher thrn 17 alloued to vait For half an iliour o

or sn, Thiz 1s indicative of quinone "nd other netnbolic

rroducts repisterins as : henols,

co o trouble s .o ganernlly encountearerd in cla.nin: the
Tilter,. and theore wias no covicdenece of signl~lcant occurrence

o shoxrt eircuiting during tha whoele. length ol exrerimenta?

pertiods.  An interesting obscerviatioen is the decrceasing initial

almos! contiuuwously. The dnerecse’ hucterial

hive reosulted in ruvricying

“We.wdlosas
activily +lthiln the Cilter muy
the 1120r ormoanically, cansing the 1aitd.l headloss to
deerense wizh paenol use. This point has heen explaineéd

cusrihee In section 9.2,

3.6 Tir7icnltins Zneountered } i

The irotlem T cet In sreparing the thenol solution

o two separs-te phioses has been amply described in

Once 805 /V phenol solvtion had been

s -
A ACO
saction 8,2.1.

proparod, there was no difficulty in maintaining the

salution in single (oil) phase at the intendad con-

gentration,

For overnight preservation of the aamples, copper
sulphate solution was ndded in somn cnses, after szm:ling.
Mowaver, while anslysing such samples, in asome cases, a cloudy

formation was encountered after the addition of a- -
alues of conceu- "

‘.minoantipyrona, resulting in very high v
Alternatively the sample was kept overnighnt

’ ‘trn{;io‘ns.
' 'wlthput e aduition of corper sulp
in loﬁoring the phenol concentrntioh (by 15% on an average)
This

apprrently dun to overnlght desradation of phenol,

waa remedied by analysing the samplos thes same cvoning, al-

thourh thero were difflcultles due to the long distance from

o tha site o the Lnboratory. .- ..

T T i e e e R SRS

e mate e
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The micromoetoriny dosing pump did not always pump
‘at the set rite. Vhenever discreuancies occurred, the
pump »lusys erred towards a reduced rate of pumping.
‘ihis wng dus to the airlock nnd wis remedied by working
the pump at o much hicher rate for some time, which
disﬁlnced the air bubbles out of the pump hend.
On one occ sajon, the pilot filters contro; room'gﬁte
wan3 olened anly to (ind -« poel of . ist-deep whter in it,
with most of the tiguily closcd empty sormnle botules floating

The leak wvas traced to an erdinuary polythene

in the wator,

tuhe connected to the inlet pressure mi:in. lReinforced

nolythene tubes vare suhsecquently instulled and warked

satisf..ctorily .zainst inlet and dosing pressures.
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CEADTER I

EXPERINCHTAL RESULTS ON CLARIFICATICON, KEADLOSS

AND TURBIDITY PENETRATION (M.W.B. WALTON)

The experiments described in Chapter VIII were conductod in
ordar to test the validity of the concept proposed earlier, that in a
slow sand filter notable purification was achieved by biodegradation,

énd that it is necessary to study theApattern of headloss developuent
and turbidity removal within it to be able to investigate the possibility

of uprating it., The total experimehtal results have been divided into

three parts, nanmely, headloss, turbidity, and phenol degradation, oach

part having three aspacts investigated: behaviour, in depth, with time

end in cach layer of the bed. In cddition cspacts of initial hcadloss

and ccuposite effect of dopth with time en tho headloss and turbidity

oo oowvel have boon proconted and analyscd. Aloo nroduction of phonol

Vel

la olow sand $1ltozs has been preconted.

In this choptor, the oxpexlpcntal data on hocdloss and turbidity

zonctration are presented in graphical form. Of the total 21 runs

dicd, run nos. 1, 2, 3 and 5 were dogsed with phedol in the test
Run nos. 4 and 6 were for the desorption of phenol in filter,
Run nos. 1/71-73 to 15/71-73 were for

o~
fotiad

{llter.

~afdotoly after a dosed run.

=

ho normal slow sand filtration.

9.1 Cxnzrimental Results

The experimaental rosults at the required filtration volocity

ard the inlet end othor concentrations for tho tuxbidity and phonol are

e dn tobular forn dn Choptors IX ond X. Altesothor thero arxo thizty-
iz tohlen giving ¢ypical rosulto of tho control (wost) and pllot tont

‘{ongt) £4ltors cbserved Guring this work.

All headloss readings wore corrected to a standard temperaturxo of

20°C, using Eazen's formula, i.e.

vy e e T




<1 v
LS L (9.1.1)

vhere BT is the observed headloss, 820 corrected headloss at 20°C, VT

and vzo are kinematic viscosities at T and 20°C respectively (tables
9.3.1 to 9.3.12).

9.2 1Initial Headloss

Graph 9.2.1 illustrates the initial headloss developiment in both

test and control pilot filters at a constant f£iltration velocity of 0.2 m/h

for the six runs. The curve for each run and filter.can be identified
The curves clearly demonstrate a contlnuous trend of
The trend is better pronounced and covers

from the legend.
falling initial headloss.
wicer range in the case of test filter.

The decreecing initiel heacloss in soiow sand filter can bo con-
ifered freoa tvo aenglos. Flrstly £rxca the point of viecw of dosing the
oucinic tracer subctconns, ond cecondly Lrca the seasonal point of viow,
nenol solution incrocsed the biolegical activity within the filter,
causing better degradation of organic impurities either already present

in the filter or in the water during filtration, resulting in a cleaner

£ilter for every subsequent run. Secondly, the six runs were conducted

during warmer pericd of the year, starting from the end of February to
Spring season and warm air contributed to the same

that of August.
Obviously, in the absence of

‘Phenczenon in the case of control filter.
phenol in control filter, the effect is less dramatic and less clearly

defined.

" The thizrd aspoct of the decreacing thickness of scandbed cannct be

caid ¢o ba contributing oubntantially to this tzend, as the rasults on
Grozh 9.2.1 aro nornuliced with respoct to distonce Lroa tho inlot sand

ourface.

" In the case of %ost £ilter, Roge's cquation (Rose, 1945) and Kozony's

equation do not metch the initial hesdloss behaviour. As the dosing and

the f£iltration procnsd, the internal condition of the bed changes, in

increagad blologlcal activity and decreagrd retention of organic impurities
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in the bed, po tho intorstitial volocity increases causing a groator
hydraulic ragsigtenes rogulting In shorter filter runs, and a reduction

in initial headloss. T~e recent intensive contribution to the undor-
standing of headloss by Sakthivadivel {et al, 1972) does not deal with

this aspect of headloss, though sophisticated as it is.

9.3 Headlogs within Filter with Time

A3 detailed below, a set of curves were prepared;by plotting the

headloss results obtained from experiments during phenol dosing, immediately -

following normal, gslow sand filtration,

{a) Pressure curves; headioss versus depth for varyind time intervals,

() rotal hoadloss versus time.
(c) Hydraulic grcdient varsus time for various layers in depth.

Czaohs (9.3.1-2.3.8) show the hecdloss developmont within tho dopth

of filtor at difforont tim2 intervals es the run proceceds. The bulk of

hocdloss dn a £iltor occurs in the top layer of the filter and tho build-~

up of headlocs in cubcoguent layers is not significant. As the top

layer of the £iltor becomes clogged, there does not appear to be a
notable shift in hecadlogs development in the lower reaches. The

rlienomenon is evident from the rather parallel nature of pressure curves

in the subsequent longth of run. It can be seen that in a slow sand

£ilter the top 5 cm of bed effectively removes the bulk of impurity
flowing into the filter, resulting in a very high headloss in the top

layer as ghown in Crephs {(9.3.1-9.3.8). As the run proceeds the headloss:

build-up in bottom layers of the filter is in fact negative.

Grarh (9.3.9) shows that total headloss in the filter bed when
»lotted egaingt timo producas an ocxponential curve indicating that there
29 ruzface mat Pfomention, othorwice 1t would tond to be a straight line,

Thio brhaviour 4o in contmst ¢o that of a rapid filter, as obsaerved
by Cleasby ond Banmann (1962). All the headloss curves in this graph

for dosed rung (R7T1, BT2, RT3 and RT5) have explicitly a shorter run

than either the two desorption curves (RT4 and RT6) or the control filtox
cuzvas, suggesting that a high bilologlical growth has developad within

tho filter. Tha control filter curves are similar and grouped closoly.’
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Grophs (9.3.10-9.3.17) dlluotrato variatien of hydraulic gradiont

vith timo in difforent layors throughout tho filtor beds, for the tost
Thesa curves show {n a sionificant manner the

and control filters.
A scrutiny of these

work done by the various laycrs of filter bed.

curves makes it clear that in a slow sand filtoer the top layer is

ro-zonsible for almost the entiro load. The lowor layers behave in a

very intoresting manner, that tho headloss actually decreases in these
This phoncmenon is clearly

layors instead of increasing with time.
As headloss {s a function of

indicatod in the phenol degradation runa.
spieilic deposit, no significant chango. in hﬂndloasfpet unit length
indicatos insignificant removal from wacer and deposition of suspensien

in the bed. Therefore backwashing a slow sand filter would never be

worthwhile., Curves for the test filter, in phenol degradation ru@s. for

the bottom layers exhibiting decreasing hoecadloua build-up indicate a

poscible self-cleansing action in the bed. This ia in conformity with

©ha Geercasing trend of initial headloss ag dincussed in Section 9.2.

Puo o oliitlon of phenol, thore appecars to b a lot more bacterial

Coitvicy ia cchenutzdecke and tho top loyos of [Siltew, ccusoing conguuption

%, L2 not all, of tho inceoming enyrop NG vrual orxgendc fwpuricty,

071 3.0, L8
cosfzricting tho growrth of boctoria in louor layors, wihlch got

IR o BN
dicledocd roculting in recovory of hend in thoco layers of the bed.
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Osv tnroicity Rewoval An FLlear Depth

f e S LTI

Tho reoults of residual turbidity in the depth of the filter

chbtained from experiments wexo plotted and a set of curves were pre-

pared ags detailed beiow

(a) During runs of phonol degradation;
(b) During runs which follow immodiately; and
(c) During runs of gstandard filtration.

The above threo aspocts hhve been presented in graphs (9.4.1-

9.4.8) which show removal of turbidity during experiments in the test

feast) and control (west) filtors. The filter of depth is plotted in

inches along the base of each graph whereas the vertical ordinate
represonts C/Co, i.e. tho turbidity (Formazin Turbidity Units) at a

particular depth reprecsentocd as a fraction of the incoming turbidity

ot tho inlet hall valvo (28 und W8). Thic ~ay of noiualising the results

an
AN TR
adeants T

iTrrcture cogroction hoo not boon attzantoed ag the verlation ef

R oo en
(SRS BR A

comcarnturse of the semples was saall, not exceoding 3%.

Tho cata has been largely intcerpreted baned on the fact that clow
d f£iltration is also a dopth related phencmenon as well as time
dazondont,.  Typical graphs and those for the average turbidity, covering
chzut a third of the run arxo plotted for both test and control filters
oidn by cide to enable coaparicon of their performance, showing the

turbldily removal through the dopth during a filter run, with nommalioed

o
L2

‘Fluctuating turbidity at the filter inlet.

Tho following legend has beon used to identify curves in the graphs
{9.4.1-9.4,8) particulerly, and in other graphs generally.

v o1 o ot filter 4 dayo aftor the enwponeczmont of the run, otc.
&0 o Soatuol 2ltor 18 days aftar thoe eeracnecmont of tho xrun, otc.

Coreha {9.4.1-9.4,4) 1lluntrato the parformance of the test and

contwol J4ltoro at a filtration volocity of 0.2 m/h with an inlet ghanol

coneptration of 10 mg/l. Poth ¢iltero chow a rise of turbidity in the

£i12zax tonk, o graah impraveront in the top layer and then also a

subntontinl gradueal improvoment of Zlltrate in the roat of the Filter

¢iroct comparicon bolworn Chily fluctuating tuxbidity conecntrctions.
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Cuth. Tho vnole of tho £4ltor dopth Lo cetive in rcmoving tho turdidity.
“als dindaing is in controot to the behovieur of repid {ilter, in waica
the bottca layers are concidorcd ineffectiva for this purpese. There is
. alco an indication of bettor clarification in the test filter than in

the control filter. In the test filter thore is improvement in

clarification in the beginning of the run, but deterioration in the

effluent quality in the later pert of the run, This effect is not clear

in tha case of the control’filter. In graph 9.4.4 there 15 an increase
in turbidity in the bottom 6 inches of bed, especially in the later part
of the run. In phenol doced run3s this was the.longest run and the
Cocxeasing availability of oxygen and normal organic solids may have
caused dislodgeuentof bacteria in the bottom most layer of the bea
accentuating the situation near the very apd of the run. On the whole
the removal pattern in the two filters is the same except that the
tést filter gets clogged earlier due to increased biological activity

theredby shortening the filtor runs.

Cres (9.4.5 cad 9.4.6) clueddato tho pozformence of ¢ho toot and
= a Sllesotlien wolocity e 0.2 /o with recpaet ¢o

counzrol Jllcexs o a T
Cha cupnosince of phenol in filtor d3pth. Tho residval turbidity

curvag axe sinmilor ¢o thogce of the phenol concd rung alecnt Jor the
There is no indication of the expacted better

follewring details.
Actually the tect filtrate has deteriorated

clarification in test filter.

as 1is clear from yucaph 9.4.6. There also cppears to be constant

icprovemcnt in the quality of filtrate as tha run proceeds, vhich is
_noarcr to the behaviour of the contrnl filter during rhenol dosed ruma.
The root noticeable feature is the increase of turbidity at a point
six inches above the bottom of the bed (Valve E5/%95) which in contrast
i3 the depth of almost the best clarification for dosed runs. :

Graphs (9.4.7-9.4.8) describe the typical pexforwronce of the east

‘ond wost £ilters during runs of normal olow cand f£iltration at a £ider-
ation volocity as indicctod in tho timo-toblo om tho noant pogo. Tho

Cozooideal fuzbidity eurvns, xeorcrenting a froectlen of tho fmecning

‘zurbidity, within tha donth of the cast and ¢he wost £1l%aro are ¢z

the first third, the middla zhird ond tho lcot third duration of tho run.

These curves are generclly worembling thooo, ad for the control Liltnr in
Tha

ot fex

ohenol €oczd zumg, or thormo during the irmedintaly following runs.
sintire dopth of the bad i activa in xemoving tha turbidity of the
sngar, GCraoh (9.4.7) drevm for yun no.11/71-73 is Zor a run langth of

<ty Ty 2 9 o g b AT s
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7 €omra, whateh hozzano to ba one of tho lerzact reas, of a total of
warca frportant Coctors hava eatbimod

[$4)

1 zuus otediced for this purposae.
o 1ako this ruvn so long. With both filters covared, the filtration

ran through the coldest months (nid-Noverbor throuch to January) when

the west filter was resanded immediately baforehand and the east filter sand

was only one run old. In graph (9.4.8) a consistently better clarification
is depicted by the respective curves for wast filter, for all the three

durations of the run, vhich could be attributed to the ozonisation of

tho wout filter cduring that run

Tiratcble of Filtex Runs with Cperations

Control Filter (Wast)

Test Fllter (Bast)

i Filter Phenol Ozone Covered

Filter Pﬁenol Ozone Covered

Run - Run
1971
daw. 17 1/1971-73 1/1971-73
23
3o
oy 7
14
21 2/M-73 2/7i-713
E
11
18 3/71-73 ‘ c 3/n-713
as ' e . .
M. 2 D c
o 3 : C
16 T e
a3 , c
30 , o : c
Aug.e 6 ~' of
13 o c
30 4/71-73 c. 4/71-73 . ¢




 pileor Rua Tinottdlo contd.

Test Filter (Bast)

Control PFilter (iTaot)

Come I ST s

DU Pilter Phenol Ozone Covered Filter Phenol Ozone Covorcd
Run ~ Pun
wg. 27 c c
sep. 3 c c
10 Cc c
17 c c
24 o C
oct. 1 5/71-73 c 5/71-73 c
8 (o c
L5 6/71-73 c 6/71-73 c
22 ¢ c
29 c c
A S o] c
| 1272 7/71-73 7/71-73
Ja 1 c c
) c c
' 14 C c
' :21 C c
28 c c
 Tob.. 4 c c
u. K ¢
s c c
as c (o
g, 3 . c c
‘10 C C
17 c _ -C
c




Dilenz Do Toaeodle contd,
Tost Filter (Zact) Control Filter llest
Tize Filter - Paenol Ozone Covered Filter Phenol Ozonz Covered
Run ' Run
'ar, 31
r3z. 7 8/71-73 c 8/71-73 ) c
14 (o4 C
21 c | c
28 c C
y S c C
22 c ‘C
19 c c
25 9/71-73 o B/7L-73 c
Jen.e 2 (o] C
Q c c
16 c C
23 c c
30 c (o
ool 7 c - o
14
21
23
“OeZe a i6/71-73 c 10/71-73 c
a c’ S c
23 c c
.25 c o C
’ Samp. 1 c 4 e
) 8 . c c
c c




fcot Fllcor (Zast)

Contxol Filtor West

Filter Phenol Ozone Covcrod

Filtor Phonol Ozone Covered

Run Run
Kawl 03 §
v, 7 8/71-73 c . 8/71-73 c
24 4 c o c
i3 c c
23 c c
Iny 5 c c
2 ¢ C
D ¢ o]
¢ Cr2l=Y3 ¢ 9/ 9%=93 Q
o O c c
Z c « C
16 c c
a3 c C
ke (o c
Chde 7 o c c
16 .
21
23
S Q4 anIe?3 DRI v 10/1-73 L e
19 ) ¢ ¢
c c
.?*wo ) c 4 . ¢
8 c c
13 . c o c

e — e .



LoElnz Dra 9 sechlo centd.

Tast Filter (East) Control Fillter West

Filter Phenol Ozone Covered

Tiza Pilezr Phenol Ozone Covered
Run Run
Szp. 22 (o] (o
29 C C
cot., 6 C o4
13 c C
20 | c c
27 c c
Nov., 3 11/71-73 ) c 11/71-723 c
1o c c
7 c e
24 c c
2. 1 c o
8 C o c
15 (o] (o] c
Lo c e«
_?_.3;”. D . . , .o. .
072 c o C
T2ae S c o c
| 12 c 0 c
‘3o c
36 22/71-73 12/1-73 | 4
Do 2 - I -
9 :
15 o
23, o
Jme. 2 c

STwem g sx s e wew se T Y



ST0n o Mea Thostoidlo eoned,
Test Filter (Bast) Contreol Filter (West)
Dima Filter Phenol Ozone Covercd Filter Phanol Ozone Covered
Run Run
fag, 9 - o)
16 (o]
23 13/71-73 13/71-73 o
20 o)
op.e 6 o
1y o
20
27
73 15/72-73 24/773-73
3
17
24
31
Sr2e 7 15/71-73 15/71-73
14
2974
2ro. 25 1 P 1
ST 4,4 P
-1 p._
a2 . p 2
25 “p
Jente 1‘ )
8 3 P. 3 |
15 P
S22 P

o ey —

————



Sl AT nole contd.
B - T'.: Fiieor (3aoct) Control Piltor {iost)
DA [ ltor Pacnol Ozono Cvvored Fi;t;or Phomnol Ozone Covered
Nun Run
oz, 29 4 4
'c?“y 6
13
bale)
27
Jua. 3
10
12 3 5
o R
wilae 2 P
S b
15
a2
25 6 6
lra. B
o 12
19
26
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Crizao (2.5.1-9.5.8) chow xeaodval of tho turhidley during £llter

- couls o the test and contrel pllot slow sand £ilters. %ao longth of

the run ic plotted in days along the bose of ozch gxeph, and the

vertical ordinate repracents € -& Co, i.e. the turbidity in filter
depth at o particular time of the run, repregented as a fraction of the
inconing curbicity of tho raw water as measured at t¢ho inlet ball valve.

Talo woy of cupronsing ¢ho weoults 45 ugeful for dircét comparisen of

“ {040y cuusval at cny tino of the run, Aalso tho 1V ratio C/Co i3

2T NG CSLuD

stnilez ¢o volght ratio ond volume ratio.

Intozrntation of tho data 19 bascd on the assuuption that slow

sond Zilecition is also a timo related phenciashon., Typical curves

oxe plotiecd for both test cnd control filtcrs, on the same sheet, to
Lo chlo Lo coipora ¢ho porferacnce chowing tho poreontaco of residual

Ay s oo sad Sunth Qurdng tho £3lcor . CGeogho (9.5.1-9.5.4)

ROty gorovald of bothy JALGTS Gqurlny uas of

Ignoing ¢ oh (9.5.1) whlch 45 conenZiclly Loz the

BN I

el e of i ned bactoria, exosho (2.5.2-2.5.4) clocrly Goion-—
clreln 00 Clen o U S0 £dlteor.  Plrcoely, tho foomoveioat of

A Cuohidity roaovel occurs in tho fizxct ond the last quarters
of tho vun, cnd the middle half of the run on the contrary causes a rise
Tho rise of turbidity could be attributcd to the dying

IV lreniate y A
RN

[ U

of tuzbidity.

o owd aiclel~ing of bactoria in the sand bed dque to inmuliicient supoly

of orygcn (w4 [ocd, this view thus supporting the finding as exproassced

" in Sccticn 9.3. Sccondly, the above curves also clearly exhibit a

. clearay wator ia bottom layers than the top layors, tostifying to the findiry

of Scction 9.4, thus strengthening the view that tho whole of the bed

4o cngegod dn ¢he clarification process. On ono hand, clarification

imorovos in ho lower reoeches of the bed, and on t¢ho othor, head is

zacovorcd 4 eho cemo xogion of the bed (Soctien 9.3). Tho two con=

Llazeing €10AG5 could be ovplained in tho celf-elcanding acturo or tho

Dier ~azadlng swdficetion in a oleow ocond £iltor.

"o (2.5.5 ond 2.3.8) chow tho turbhidizy zoraval of tho toot

Elaiey
oo She osnoml filteys dvewdng tho dmmedintoly follotina undnnnd rvno.
S s mperrod 07 grapha Lllu-treto o txendsin a muted vey. Thozas 48

seoneinl LEvrormant dn elaxif€ication an the zwn procoads, oxcapt the

P

e ——— e
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63 3¢ o olfoel f CAtly Tilmg Liew el (oo

S G 9d o TV
2. N fes - ~l /a e r:r‘-. ars o ~
Lo e L praviond 2o seihl) has booa thiferd Suen niGlo 10378 o

Ly Lot Crorior ef ¢ho ovn, ia the aboonee oF cny phomol €ucing. Alco,

G0 ersvos for tau tesk Tiltur chow a hichor Curbidity than thoso fHr
tho exntwol filteor Stgcosting phenol appoeraned ogecurs aluny with

bactoria dislocgemant,

¢raghs (9.5.7-9.5.0) illuotrate the typical curves of turbidity

UYL ia pommal slow oond filtration.  Theo eurves genezally bohave

o0 aero for tho coadzol £iltor, shouing gredval improwveiont of

CLiuralo vith depth of the bud and time of the rzun.,

9.6 "mubidity RNeiloval in the laver

2eEns (9.6.1-9.6.6) Lllustrata ravoval of turbidity in cach layer

2O Craa Bog, Curleg £41eor teoses on thao Gl and control £4ltcrs.
Cr 02 caca erash A0 phlotéod dn €uys e €t ool of ¢he fUn and
voalel) emdlinate {adicnlon ehe porecni vzaaicat of tulbidiity

L La a layer, obtaincd by aGiwiding Cho mroernt tundidiey gousval
Sho 3avoi are ceadddonnd

i Lofor by the d@epth of tac loyor
i tho bod, cuG Crungelly

~on 208 to the position of coipling Probuu
C.uth of the layer i3 6 inches excopt thoe tep layor which is 4" or

Card the turbidity {removal) gradicpnt for the bottoa layer of

ran
le

T

Sy e Silter is calculated as

100(Cyg + Cpg) = (G5 + Cog)

Pl = Pips

2 eaes €., ovo tho turbidities at probo dopths BS .... BB and Digs i

w2y of preba 356 (dn inches) ete.

N B R B 2 Ogd G0 9.5,

.
-

o aereeo oo Cratm Jor ¢ho tent and acatrel J24Meemo o4

soocty Sew eanyy goomzdcen, Gropho (9.6.1-0.3.0) chow tho evsyon of
Aot fox tho tuwo diltorg 7 tha shonol Celod Xung.

R 2%
w50 @loozly ooon Jray tho cvvwroas thad Uhaey Ima Jowor Jnn

ivem Twhldiay

A1 hlabhos arcdlont tHan chet of ho Dowten lawowa, ovgen~iing

w3 varid

swerdanipdagly hloh elaxdgleation dn the Top laynz.

- Tha resoulto have bacn noxmaliced -

Thin Zinding supportn

— .
——



e recortod SmoCoetieas 9.4 wed 9.5, Conmaxing tho beutsd wad

GO0 Royar cusblaley nomovel, 4¢ eca ko ccan that 4a ¢ho majeuity of
cuuLd, tho curva foxr tho midéle laycy is lowurizost with minimua curbidity
grodicnt. It suggosts that eithor thore is little turbidity rcroval in
the middle layer, or tucbidity removal is mitigated by tho dislodgemant
of bacteria in that layor. This explanation agrees with the finding

of Scceticns 9.3 and 9.5, By scrutinising the curves clogely, it may

D0 obscrved that thoro is a faint trend of bettor clarification in the
top lovor and inlirior clarification in tho bottom layer as the xun

mueredn. Gragho (0.5.5-9.6.6) show the curves of layers turbidity

Cwerlong for the tent and control filters for the immediately following
veilnd zund. It may be seen tnat the brhoviour of the curvos 4o cbout

a as that for the phonol degrocaticen runs, except that the ncgative
Canbicity »ouoval grodiont for Eho middle layer is more accuntuated in these
zung suvyeosting hoavy dislodgemant of bacteria.
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Boedlooa in inch, cast filter
R oo n2 E3 B4 ES B6
' o 0.5" 3.5" 9.5"  15.5"  21.5*  27.5"
)
1 0.15 1.40 2.40 3.40 3.90 3.9
3 - - - - - -
5 0.45 | 3.00 3.c0 5.60 5.10 S$.30
13 | o.60 4.¢0 5.00 5.70 6.20  G.40
Y 4.00 7.0 8.20° 9,50  10.50 10.C0
) 17.60 21,90  23.40 24,40 23,00 2%.20
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6 . 28 1 36 | 23 [oPhenol
TABLE 9,21 ' :




L'OU UNYy-2AIN) SSO|PDAH awly £amo
'E6 HAdVY9

SADP Ul aum Y  ssojpoay
M

skop ) ew W sso DAY -
9 @l P teun W 1PRa )

8l

Ym 6.z = wd | eppos

[AC)

49)114 ( isp3) 3s3L

J8jig 1013095



Z'ou uny -

SADp Ul auwy yym SSO|pDay

S3AINg mwo%cm: awiy fawo
'€6 Hdvy9

sADp ur awy yym SEOIpDEH -

<3
YUL §°Z = wd| apog

4 (1503) ysa) VB

e i a2 L . e e e



£°0U uny- saAing SSojppaH dwiy ydeg
E€6 HdVY9

sAop ur awiy ypm SSO|ppay - m%mm U 2wy ypm  ssopoayy
M I\
~y 7 4}

YT &2 =wi| a)pog a4 (1s93) 12 B4 (159M) 10nU)

e

B ST



skop

07 8y

S'0U uny - saaing SSoIppey  awyy ydaqg

7°€'6 Hdvy9

auny  ypm SSojppay sfop u

789 61

3WIL yim  ssoippay

71

U §-Z =way apag

13} (¥sp3 )80

S4eh14 Jonwy

e A g g i

v ey -

o g e men iy



‘ 70U uny -S2An] cung yjdeg
‘ ot SES Hdvrg - . | ST
=Aep Uy cwy yum SS0}poAY skop ur' swiy yum SsO|pDay
. . . . , T
L eg L - &t
9.8l 7z 1t e¢

N\

YUl §-Z=upy ajoag

J2illd  ysay



.@.oc Uny - seAsn] ssoipoey  awiy yydag

9°€'6 HAVY9
sfop Ul awil yum SSO1pDaH

o €96 9l €2z

SAPP Ul awy) ypym ssojppey |

o €96 9 x4 .

mw s

e o e ey S e

S+ At e ot . 5

USNEG-Z=wdL apog J23113 (so3) pes

y

L3 STE I LA

bl



b

T e e e

L9l ELE'6 seiqp) uo) o

€L-1L/20U uny - ssAINg Ssofppap awl] . yidaq

o L'€'6 HdVYo - L
SAop ur sun ypn ssaipusy o fep i eu g ssopogy

I 9 € L oz 19

£

DD I A e gy |

€l Ll ot

e

,_H

I
!
{

T e e <z mi i .

e oy — e . S - - \.‘VIH\IU»IH'JNMMJPI!IAI'I,’. : ) - *\am}:\/ R «,\.\h\..u.”i. i - -, .
i9g=wr) Bjog | o ARt

e



. T n 8 9t

3

{

b=SLE's seigoy uo)

CL=LlLl7Lou U szaing SSOIPDRH awl] ydzg
| CE6 HdYY9 | |

shop w awy) yym $501poapy shop w

PWIL Yum ssoypoey
O0_% 18§t

N

s




162

7% 0y 9 z€ . 8z

————————

.Og MO\ﬁJQ mmO_DUQN HU,X,J
6€G5 HAdY Y9 . :

sApq ut uny  jJo suly

72 02 gl Zl

7%

und o ‘oN=g-|
Jeyly jo1u0g=9

TR /
uny =y | J
PUTTE /
/

\
24ipQZ =wdy oW - - /
THIRE s un] 1a 2P J

I S I

T e S, e e 9o e

¥

(RS



]
: Lomend S
[T TS 0= NS e -9/ L
=3-FE4 1575 oy s —
=4 —E5 75 g |
-

WL=W5

- -
h 2, WA,
. P 4
- 4y =
: 7~
- - R——"
”~
- —

.u L 1 L1 l -'1 | S _L‘ L LA" L
6 3 10 [ 16
Time in days ‘ '

CRAPH 9,3,10(Run noil)

layer Hydraulic . Gradient with Time Curves

R, y .‘ - .
Ny o e e o et e s e e 5 o e



I C(mu )
g

E2-F705-1,0 -

.
[
DBOEE

JE4 25
. E5-£643-1G

-

Wi-w2 = 0-0. 5

W2-w30,5- 3 —
W3-Wif= 3-9
W4 H=G-15

Ws-1s=/15-21

—d

wiiv2 :J

on—
a—
——— ——

&Ej NG

l!!i‘

L3t

~{JWAWG

£1- E:ZOO.Q_-




10

-~
2

9
PR

‘e

sz

- &
B ; ___Legsid 22 N
E2E3 0=0'5inch wmmecaclror
E3=E4 05-65 — A n _

EA--E565-125 —— s
E5~ E£6125-185 ——%—

W1+~ W20- 05 inch -
Ww2-W3 05-25 ——-0O=—~—
W3- W4 26-85 —— b ——

Wh= W5 85145 == 3= — —
W5 ~W614.5-208 — — 93— — - / :f

I

-

+

‘E,'.‘v2 3T 5 5 7 8 5 10 1 TR ‘77‘1

Time in Days
GRAPH 9,312 {Runnn3)

lLayer Hydraulic CGradient with Time



Legend .
E3-EL 0-55 ————O——— W2=~W3 0=15 =~ «C== == =2
E4~ES 55115l W3— W, 15=75 = = =i = =

ES-E6 11-5-176————— W,— WS 7-5-135— —~{F—=
W5— W6 135-19-5 = —= =36 = ===

10 |
= t
_F /<)E3El. W2W3 5
| e |
22 : - .‘
= s A
5L
e ik
|
- i
- E !
=
|
i
i 5
P
= |
‘.' ‘~" .-_ ) - ) . oo 4.
SEMINS B B . s L1 A T T L0 4 a
01234656789 9 10111213 14 1516 17 18 19202122 23 24 zfa'

Time in days

GRAPH 9,3,13 (Run no.5)

... Laver ’-fvdraultc Gmdzcm With T%me o



R iy
. FoT6 15«0 u-;;:gj‘jm o .
- &4 -E56-12 ¥4 -

| ES=E6112-18 |——~
ZQ;D'O @l

ol | Wi-w2 p-05——o—1 S S g
WR-W30~2 |- —&1— .7 T

WA-W4 [2-8 [—--O7=- 1

| Wii-W5 814 [= = % == /

10 WS WE 1420 e b -

S S

ydicute U, 0.

i _l\“?%‘ — N2 % o, ST S 2 > AN .
TN E \::._ -Q.’- A \ \\’/ ’ \./
\ F\ ‘ ~ /7 "\ /l
A \>' / \ - |
A \ \q X \ ELZ S| |
- \,_{‘\ d \
o'ﬁ l“ o \ 7 \ ‘\ ! \

é
W

T
,(f
[\
\

‘.
\
3 I ’ 1.
\\ \\/m& / WAL WS [
\

Ao

1

i

|

7 .

“‘u.s Lllllll'// \" \ A ‘:
R I I S O N A R A Lt
7112345678910 12 14 16 18 20 22 26 26 B 30 32 34 36 38 L0 42 L ;
: . . Ny

I e ;
!

. . FAS
.Time in Days A E2E3 {
GRAPH 9,314 (Run no.4) |

. Layer Hydraulic  Grodient with Time




LLenond
¥

i23~24 0—5 inch

c4-ES 5-11
ES~E6 11-17
W2-W3 0-1-0
W3~WiL 1—-7

W4 ~WS 7-13
S -W613--19

(93]
T 1T

™1

E3E4 7]

-y

ST

A/

v emw 83 ..
e o S XD € g T T

g
o
e —————ce
s
- lomd

~OW2W

3

AN

wl

y —eay !
-  AWTAN
== “\JJW YR
TE4 ES

—

HESES

S T TN I 5 S

R o S VSN,
4

T 2 3

A

f

e

o
-

2

Time in Days

6 7 8 9 101 12 1314 1516 17 18192021 223

- GRAPH 9,315 (Runno6)

e h e — Y LT

R YR T T Y

~Layer Hydraulic .:4‘_G'radiént with  Time

-



g 21520 0530
T C2E3 3555 viaws o
e = ]
! E3E4  |05-15.5W3 W4 GEE

N

LSWLWS
~275W5W6

N-A
- U 3
U,ln

L1y

T
RO ¢

1

. 2
e |

1 ~
— ' ~S - /::.—' NAT DA
I [ ~ . . - Cd f. __...-—,,AZN.)'
;: [ aw%ﬁy‘“"mﬂ}‘ — i '3IESL f
: = S
ro(‘ .-q S — R )’:/ %/ \\ ELES !
;: - \ “|
o T // N :)!
- ’ NWEIG-
~ =l o iz
o v - - LA A X270 aull
b - 71
-a "z/v\fé;m- - wn wmn eun e oo e // . \185E6—|
- s e - Vs :
S - S Uy -
L t
1
! ! { | H | | l ] .1 1 ] { 1 !

PR
] e

b \ 7 H - ~
’:::i b H ng& Lx‘
- - - g e e

- {Run no 2 /71-'773

5 7 8 9 90 N
Time in cays

GOAPH 9.315

Trer e g

12 13 14 15 16 17 18 19 20

ADTENT WITH TIME

Wm«g% SRR e AL




P T B |
2 3 4 5 6

Tim2 in days
GRAPH 8.3]¢

‘70'17\

Y no 2471
jl\ ‘\“’3,\,‘:3

[ 3

ot 4G

o CO

DEENT,

wr m T

=v'\

u\

o Lol ) -
- R ‘:69 .
T RN R
- S0z r( 5 VP23 — g —
E3E4  |05-15.5W3 WA e
s ‘ELES 155 215 WAWS -
ESES 21.5-2725W5W6
OW W1
el J
1 - v +
.. .O — 7/ -1
. // =
: 6]—- / -
o i /
Cg ral !
4-“ - /o, =1
-
S _- -~ ;
2 - :
T /
2 7
. / //‘;
9! 74 .
g 7 '\:;;M PR, W=
;— LSt ‘;/ -
L
b~ :
Ly e -
L | E
- ]
J,\ /J.J.,ICZF:'? :
-~ S
IS5 ~ _ _,.,_{\/2_{\!3.
e WP T
"h\\ S
N A |
Sel |— : 5.
fe & =
f~ . s
- . WEWG-
Y ‘3’ — WAMS )
L - 7177
: - ' .
. —— - . . / e :
R ! ’d‘r‘nm—a-——-——-‘,\ . / L;JE6 ,
. L e . ‘ - 4 2
L b ~e -
s~
07.:1.‘,.... NS N T S N N W N A L1 Lt

7 8 9 1 1 12 13 141516 17 18 19 20 ’

e o BB b



'*'Xﬂ\.-{\@i,

C-25

25-65

‘1'{0
Wi=\W2
W23

| oeie

- l=uza o0-03
iIT-Ed 05-6

£3-cb  65-12-5 'WB—Wu, I5-15

14-5-20-5
20-5-26'5

WL-W5

E4-ES 125185
W5-W5

ES-E6 185-245

C

. B
24

&

LR Y

—
-

— —
—— — S—

Time

GRAPH 9,3,17(R

2Un no14/71 73)

Lavor H/drauuc Gaadloni with Time

B et o . e R L VR R e I SRR Sy P,

[.
[ 7 ‘ A ) A _;
- P L/_; AE2€3 o
7—'_: il ;)2//‘ - ’ 7
-’ T ' . ’ | _f
- 1 T 0 E3EL -
PR e %t“i\ﬁhﬁ -~ ‘[.' Jp— _,‘.;_}_\‘.. ES
BN imSs, T”" T I == .?‘\;v WL~
I \ “j i — -~ =
Y e —————
ST, R e XYWl |
- Y P =
A P Z
O / \ // _‘:
‘7’:'}_ l \‘,/ v“(
w 7 - :
=4 ~
o .
Fo -
B
ca L L‘AJ;I | TS B R ST R A BN
92 4 6 8 0 12 W 16 18 20 22 26 25 20
T in Days - o L



110

90

o
o

~
[=)

(o)]
Q

Turbidity F TU,%_ Percent

20 b—

~
o
l

30—~

90 b

7%

Scale horiz 1¢cms= 2'
vert 1cm=10%

T

I DN SO NN S IO R

0 2 & 6 8 10 1214 16 18 2022 24 262
Di Inch '

GRAPH 2.4

{ Table 0.2.9/2 . Run:4}

b R N

Tiiohidity Rarenl e Depth



Turbidity FTU C%Co Pércent

—
v “\)“-\e.\ D> - © oo .
) \ A\

40—

I S N N

T3

Scale horiz 1cm= 2°
vert 9cm=10%

]

-
e —— -

-

2 4 6 8 10 12 14 16 18 20 22 24 26 2f

Di Inch

GRAPH 9.4,2
{ Table 94314 Run no 21

!

- N T S S e . N )
furpidity Remeval in Depth Curves

L SIS Lot ST e Mg

R i T T i o T D i e Tl

S RN




fi—

N
w
{

N
w
l

Turbidity FTU C/ Co Percent
W
A .

l

54
f
1

s

: .
wriz jenss
iemzs5%

Seats

vert

[

2

r

4

& &8
Di Inch

GRAPH 94,3

{Table 9.4.5-6,Runno3)

P bt A Somy LT 2 ;
Turbidity Removal in Denth Cu

S mpegrr e TLIT RIS W m w eaes

e e e

t i AR

|

10 1214 6 18 20 22 24 252




174G

Scazle horiz lem=2
vert icn=10% :

o T19
A

Turbidity' FTU C/ €o Parcent

(8,4}
o

{0f—
. 30—

-
. . . : o e - ..—"""%t\»{/\; @Ig ,
N/ 3 ;

L I | | | g
0 2 4 6 8 10 12 14 156 18 20 2224 262

L _ Di Inch , ;
S BRAPH 2.4, 4 A '
R - "otle 0,4.8-10.8un no G )

DT Ry o bt e evnsenn
aur oty Kemaver an Deoinp Guorvas

R



110

FTU

- Vurbici

R [

Scale horiz 1em=2
vert 1em=5%

o 1 | N SN [P RNV NN | | |

!
11
b

L,J:!

8 © 10 12 1416 1% 20 22 24 26
Di Inch .
GOAPH 945
[Tab5le 0.67-9% Run no &)

- [ A, [ B . f -
urbidity Paomavsl in D¢

A

28 o

9.9, .
panth Qurver


file:///Scala

70

Geglohoriz 1€6m= 2'
vert 1em=5%

52APH 2.45

LIPS
[ Tabla 8411-1
b
Samov!

2.Pun no Bl

e ~ ] N . .
im Danih Gurvas. :

- &= a »
O Turhidity

e T Y - PR

s e



7

Di Inch

L7

'}

- A Tap12.9-4-13 294, 2un 91/ 71- 73

R i
BT RS ALLEL X3 S



«
=3
(+Y)

\]

€T

3
=]

10 days T

90 daysT
clk 5-134 y@ ]

daysT

" oy
q_[];ln__., \-'J“"‘-—["

2 24 8 & 10 12 14 B 1620 22 24 26 256 30
Di Inch

LJPAD'-? @ ﬂnk)
| Tabie §.15/15,Run ‘}2/71—-73

== £ -~ 4 e i
juriieh, 7 FRemoral 1 { ”9,-,‘2?% L UrvESs

B e i Rt T S e el I e b a el o et TR NeSrnr e o



e e e T M e et BTy - g e =t L ¥ R e

99

100 ¢ O W2
90
80

70

(2]
o

[

¥} \«3 %“ _'.‘-.‘,
&

&
o

Turtidity E7U: ¢
)
o

N
o

10

-0 2 4 6 8 10 12 14 16 1B 20
‘ ' Time in cays
GRAPH 951
{ Table 941/2,Run no1)
Turbidity Removal withTime -



979

Bl

100 = | oWz ‘
90
80
70

i

l

60 ‘

%"; .|‘~_4,
chH
(&

i3 avs7
2
Coo
[®
S5 H0
-
w
b
3 30
. a8
o
'—-
20

10

B e

0 2 4 & 8 10 12 14 168 1B 20
A . Time in doys

GRAPH 951
{ Table 941/2,Run no 1)
Turbidity Removal withTime



74

o

e
°

2Co.

. Turbidity FTU ©

110

100

20

10

- )

oE2
Wi

Time in cays

- GRAPH 9.5,2

{Run no 2 Tablee 9.4.3/4)
Iy

o 0 qea Da . = ) P -
- Turbidity Removal with Time Curves -
A

e Ry ok Y T (A 3P S s e e e, NIt YT g e P s e e



T e e ony

10C

100

80

o
(=)

Co %
S

o
-
-

FTU ¢
Gh
(@]

Turbidity
[91]
o

&~
o

30

20

10

4

6

5/

0 12 14 16 18 20
Time in days

GRAPH 95,3

. {Run"m’é_.3.’) ‘

222



A ¥4

v

Wity vy o

-t—'ﬁ
o

20

£

We

Tirae in cays

GRAPH 83,4
(Table 859/10 Run 5)

. --r.»~;—.—~Q~—e»_~w;‘-v‘g\.,‘,»m--.o,..-.‘ -

2 4 6 6 10 12 14 16 19 20 22 24 26 28

0



P4 .
J@ : 9l r4% -8 ¢ 9 T 0
Win ieaduel Appiaan 1
do1
;s
i
il
g€
1)
11
\-
!
1/
1
L
P
14 m\\\\\w; KR!
fW\S\\ N
4 : i =8¢
VAR } _M/ ’
\ te] /4 \
v/ v b
n,..‘ wu wﬂﬁo.@
) be
b
A
;m, By
. mmd 4
i A

o’

T A AoiGan)

I

7
33

\

(e

HEAD

e



484

110

100

90

70

Turbidity C/Co %
&~ [92]
O (=]

W
o

20}

30

0 2 & 6 8 1 12 16 B 13 20 22 26 25 2
: Time in days . !

r’)/\ IlQS/ﬁ

Trmpn 3 Tabie 8411 112

(1 *h . - . Q. =) T
r (' A ' LN Ty 2 nae) 3 - o~
NN ﬁ?\.mc\m VALY AR Dt



(9.4

U773 Tan

/
<
C
T3y

Lo
'
-
S
£,
&2
&

R

M
N .
/



e

A _— ittt il N4 WS
= =
e S~ S — Alj iﬁ/&,

2 4 5 3 10 12 14 16 18 20 22 24 26 28 30 22 34235
L Time in days
: Ctean " ,

| _ T i2171-72 Toblrs €,4.15/16)
NI UL RS X TN TR ¥ T SR -~ '



Ca

R - . -~
t . (L: JC7

m

—t

]

ll n

w\i -
3]

—O——E3-Eb
—A——FEL-ES
—{—E5-Eb=1

Test filter

et
[ e
k/_.:.nu—f
-
- mauEd
: gom=®
i B -
ot o —— o —
e i SN Loy -
P

a0 =T Py Aot
e i R £ L Lt 8
T P

Td

% S5 6 7 8 9 10 11 12 1314 15 56 47

- Layer Turbidi

GRAPH 9,6

*Dunno‘l)

cxz D

fR@rﬁo‘r”l;

Oradient Curvas



< 2

7
{,’J

ne

Turbisity {Removal) 6

- . - R Y it T
. Cw

Qe 5= E4 00T
—em E /= Esg‘;’m‘-@é
—— £5=g5=13~79

[ B0,

‘-x—-

S e ) TN

O Y DS
MLy OIS

2N
2%

yi

ey e ruld

<>

s nsape .ot
‘ e L/;H")

20
15;
10

[:ﬁ;”*%—"' —

%

~
~
e

—
—
" e/ e o

Tos

GRAPH 9:6.2
Punno 2
aver Turbidiy |

Removal) Gradient Curvas

et 2T R I RGN SR s T et & ¢ e



e

[T 1
ST ATIE TN
[HFESITNE:

T
v

’
Y

LU0

:
(e
WX

el
Sy

v {iwmavni}

)

Test filter
1-£4:0-G:
e e §6-£526:5-1 37

F-—G——ES-CB 13 52105
i.

Jom ' -
"// ),‘ \%&a-__: \v__;A { ? t‘ (3
B ".”’”-.~__‘-:~—(~“—’”'\T A u¢3:

. i — gl PRV Sy

4 - ‘ ki
b d 5 :

)
i
e Bl ol

-vﬂcv/}a-,. OJ" : -
\, m'v/,.\«,.,“a'w,/(-

i

(8N
3

N
€

ed

Ui

_\
.
-e

\J --‘ND“‘A. ol “ige
> A=W

ﬁn;’.‘i: 4 = ;\_ -~ .
. N g — S
- T'd'/” . e~ —— E \\\ l16

. o ——— ~ot ‘g \A\lgq \/A,)

“‘j( v

CRAFH 863
‘f"’*’" ro 3)

Layer Turbidity |Removal ) Bradient Curves



3Re

25 O E1-E4:0-58 |
E4E555115 |

s , . .__{/:_Es EGALS175 |

1) Gradicnt

~ -
Liv o

i‘ Y

1 (e

vy

T

_\
v/

/

/ I 4 l
fmmmCm = QU112
e A ‘-'-75-?3,5

- - W 5TWEH25-65

nt

) Gmad
)
~

~
P

@
—3
\
~N
~
~v
\ 7/
4 ’
rind
.
(f
'
L
v
\
\
s

E oll2 e — = > |
K 77 2 AT = ——— ~
& / ~ b : N

- // ) > ﬁ! 7 |
2
2 E !
:;:3; Of.‘v/]} . : @ :
:;_3 Tt L

.o, @p/\r;’{} QoFed,
@wuf'z no 5}

~ s [ TR S B ‘.",
Layer turhidity [ Remea 1) e tont Cipras
T T R T s T FEIm T TT T >



n

i:’nﬁ;

VOosiany (Reweval) Gy

S O

1
LI A
PRIRUS FRNF

N N

Pt A -

I P -\
b.omo

(o]

<D
3
PN

— o E1E4D-E
——z&-—-——E&-E‘S:S-??
—{—E5-£5=12-3

7

{Run no &)

B e aar s R U e

w3
W3-W,
BALWS
V5 ~WG

6 RAPH 285

' e tal AN g \ . :
Lavar J‘L?f’b?,d’i/ (Rermoval) Gradiant Curve

Ui




Turbid’«fy (Zewmoval ) Gracdscnl

p—~——
v

v D1ty (Removal) eradc

o

T,

oo cor in L
e : . (a" g .
Efeiih -

Eé’éﬁ:&joﬁ
E5-E611-17
20 .
|
15
10 9" -GE1-E4
—
5| A~
o —L /;g _ i - oa
X )/\ | 0ES £6
[l _
10 [
%
20 J |
% ~fEA—Es
28 |
< |
o I’ 9 i - 23
[ "] s T — -
Yol . - _ r\\ .
”~ g N
i " """Q’/ W1.W3=6_1’ ~Gw1i-W3
) 2 — W3y
» ’ W4-W5:743
W5-W6-13-13
AN ,
\\ }}-—»-—-——-—-— L&W‘w.s
N/ SE— -
PR
// o N?—'\—— e ren e =W D= WG !
p 4 \
i \ |
AN |
N
\

GRAPHA.6.6 CON

" 25 (Runno 61 S \oWEws
LayarTurbidity{Removal | Gradient Ciryas




- Coon . . S N 0 A
v 3 e Lo N, R L H
2 DLES T4 Sim b e e o N TR AT AT XY o

Filltration Rato o 0.2 w/h

Sua ol B

TosZ {onst) tilter, dosod at 10 we/ L (phonol)

¥ of the inlet saumple: 8.0

Prohe hL
violve) 1A £1 12 L3 L 13 26 =7
1 0 0 1.5Q 7.50| 13.50| 19.50 | Un-er
inch Rlef o ’ CroAneg o
P —
Time in . T .
d.ys O = 0 0 3.50| €.,90™[11.,10%]11.10* | 11,607
l{ = o 0 -’5.80 7‘10 8,2 S.SO 809’0 .
11 - 0 0 7.%0] 9.20 |10.20 [10.%0 |10.%0]
18 ey 0 0 'J0.0 ":Oo 20 ‘{00 5‘0 "{‘00\‘;0 ’30.")0

o

T.BLT 0,49,% (Mendloss, Nepth & Timo)
Filtration ‘tite = 0.2 m'h

Zun No, 1
Zantrol (wegﬁ) tilter, without dosing tracing agolution

N (sver;;ge) o the inlet vamnleo = 8.0

|

Noto 1: Menrdlorz vilues with an

¢ DPamonho | N Nl
TR A N BN G 7
tmea Re cowsed 1050 [ 30001 550§ 15438 21450 | Uader
Arainage
‘ Tinme in
s drys O < 0 1.10 {4 hex[s. ke | 5,00 [7.10% | 8.60%
: L - 0 1.50 12,79 {3.90 4,70 {5.50 | 5.50 !
o . !
{ 11| - 0 2,20 }3.30 [4.50 | 5,20 [5.90 [ 6.30% ;
- . - . b
ls - 0 9.:‘0} ~7020"'} 60"0* ’f‘.lo 0.00 8.00‘ ;

agterisk to b iznored

Begauno vf inconsistancey.

Tor ahreviations see appendix. . 7L Tt SOl
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Tast (cust) {fil¢ex,

pl" (,verage) of the
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> Taagdes 5 Y
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doscd at 10 mg/1l (phenol)
7.9

inlet srmple

Tiltration Wta = 0.2 m/h

.
l hl
g Trobe 8 o 5 5 S 5 =6 ] Ry
D1 Ref on 0.5 1,0" 7v 13 16 under
inch Lo
dr-inoge
Time in
days O - 0 1,90 2,30 5.30 6,60 7.00 | 7.10
3 - ) .30 8,50 10.80 11,80 12,50 |12.30
7 - 0 '38.50 132,50 39.10 19,40 39.(0-[19.60

T- LG 0,3,

‘e flase, Denth & Time)

Dun Ne, 2 Filtr.tion date = 0.2 wm’h
coatol (wcst) filter, vwithout dosing tracing solutian
i (2v3rago) of the inlet gsample: 7.9
) hL .
. Iroba W w1 w2 U3 : o w3 - WA w7
{ .
v
) a3 : :
’ ;ﬁrh Qe 0] " 3+ 9" 15" 21" under
. : drainngre
] Time in . : :
| days O - . 0 : - - HE _— - ;-
i 3 - 0 2,90 ., 4,70 ~6.30% - 5,00% ; 8,909 8.,30%
7 - . 0 3,60 : 5.7 7.30 18,80 | 9,50 9.5?
. i \ i B

~ Joto

“ota 2t

For nbbreviations see appendix.

1t MHoarloss values with an astarisk have been isnored.:
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(::iLI.']lQ.‘-‘.’-:n Denth & Timz)
Plltration Rote = 9.7 w/h

-~

0, 7,5

o~ ey ea
AR I

-".'3 £y 3
st (onst) filiew, dosed nt 10 mgz/1l (phenol)

'l (ﬂvernge) of the inlet samnle 7.9

hL
Probe E8 hodl 2 EDlg) o4 ES £6 7
N el o Portinlly P . ' ,4unﬁer
inch Exposed 0,5" 6.5":12,5" 18.5" drainage
Time in . :
dnys 2 | « 0 o] 0,20 3.00 4,20 5,00% 4,8
4 - 0 Q. 0,60 3.90 5.10 5.70 5.70
12 - 0 L.80* 9,70 12.30 13.%40 1%.00 14.00
16 | - 0 2,50 18.80 39.%0 39.60 38.70 ' 138.70
TATMLE 0,.1,6 (aarlloss, Derth & Time)
Sun Mol 3 Filtr.tion R.te & 0,2 m/h
tinnzrol (west) Tilter, without dosinz phenol solution
o (nveSng) of the inlet asmple: 7.9
. ) e PL )
jooweai 1:8 T w2 T3 Wl 75 6 i
M ) 0. en] o =uln =n 4y o=nm 5 w jvnder
inch lefl ‘ 0 0-0, el oo 1%4.5 0.5 (1!'-’.1i”.'1{:0
Time 1in :
days 2 - 0 2.,30% 13,70%1k,30% Lk,50% | 5,20% 6.50%
Ny - | C TLICM 7,70 12450 5 4010 ] k3o .20
12 - i (o] 2.00 - 14.60 {5.70 6.30 7.10 7.10
16 - ; 0 2.00 510 [|§.30 G.90 7.80 7.80

Note 1t Heardloss values with an asterisk h-ve been ignored..

2

Mota For nbhreviations sce appendix.
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A0S 0.9,7 (Siandloss, Tandl & Time)

un No. 4 Filtration Rate = 0.2 m/h

Test (onst) filter, withnut dosing phenol solution

pi! (~verage) of the inlet sample: 7.9

robe . L8 1 2 E3 ch o5 6 €7
vi Ref | O 0o |o-0.57 6" |12 {18" lu.d.
ins i Parti:lly
Sxposed ! !
Time in days i hL é. I f
1 - jo o 0.10 1.&03'2.80; 3.10 | 3.20
4 - f o ' o] 0 1.90; :.90} 3.30 3.30
6 - 0.10 ;| © 0.10! :.50; J.70; 4,20 | 4.20
9 - 1ol o 9,20, 2.70 | w.gog 4,40 1 hoko
12 - 0.10 ] o 0.10  3.10 ¢ hoh0l 4.0 | 4,90
16 - o | o , 0.3035.70! 3.00; 5.40 | 5.50
18 - 0,10 10,20 | 0,50 . 4,20 | 5.50! 6,00 | 6,00
24 - o (o} ? 1.00. 6.50{’ 7.80} §8.30 8.30
31 - ) 0 g 2,10 9.80 11.1011,60 |11.%0
3 - o o | 1'60.11'70213'“0113'90 12.90
37 - o} 0 , 0.90 11.90,1ﬁ.10;13.60 13.60
39 - o o) { 0.10 12.50 1?.50513.90 13.90
Lh - 0 o | o {17.20J13.1o£18.59 18.50
. : i

Note 1: ileadloss values with an asterisk have been 1ignored.,

Note 2: For abbreviations see 2ppendix.

‘
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FAMEY e Lot !

Tan Mo, 4 Filtration Rate = 0.2 m/h
Control (=:est) filter, without fosing phensl solution
o7 {~verage) of the inlet sample 7.9
. 1 | E ' '
Probe Pus ! on v2 | w3 | owh vy w6 Wy
] ]
1 ! ]
n S . P : ;
, Ref i 0 parsialiy .o gu 14 20" u.d.
s A l.xvosarl !
Vime in d.—?ys ! ' l hL
1
- i ! : ) .
1 - 101 1,500 4.%0% 0 6,107 7.30:. .60 ®.60]
i ' . . ¥
4 - -0 ? 1.0 3.10% ' 2,80+ 1.00 ), 50 3,80
‘ k]
6 - to 1.0 2.30  1.80 1.10 1.6/0 2,40
9 - ;0 1.50  3.80% 6.60%  7.607  7.50% 7,10
; 12 - i O 1.60  35.00 5.%0 6.20 PN 6,001
; 16 - o i 1.0 &.20 6.8 7.2 3,10 8.26)
] ) 1
: 18 - !0, 1,50 7.50 B.00 - &,10 9.,%0 0,504
; ) - 10 i 2.,00°1%.30 19,00 13.00 20,40 fo.hog
31 - 0 ! 0.70:%0.70 L0.70 540.90 %1,00  %1,50!
1 ! . .
s} - i 0 O F1.700 G1.450 0 1,600 1490 %1.00
37 - 1o .0 %1.70 31.20 0 k1.30 N1.60 M1L60
13 ! .
! 39 - Yo i 0 :%0.00 "1.20 41,50 21.70  141.70
g i g . N ¢
! Wt - - - - - - : - - -
% | | i , : f
B J ) ! ! ‘ :
Nota 1: llcadless values wzih on asterisl have been ignorod,.
Note 2: TFor abbreviations see apvendix.
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To3L72 9,9,9 (Pfeudlos,, Tvth & Time)

dur Mo, 5 PFllteztion te = 2.7 n/h
Taat (enst) filter, ronad nt 10 mx/l Lphcnol)
Mt (cvernze) of the inlet srmp'es 7,9
e
X Chl | _ \
Prahe 8 1 on O B St L5 Ie6 L7
T ' . T i
| ‘ Ref Nrno~ CXAPO- W g e e wn
Vit ; s nod Omtig 5 o5 11.5"i17.5 u.d.
"o 1n ll : }
Lys 0O 0 0 0 0 2.00 T30 W, 60" " 30"
y o 0 0 0 2,20 3.10 - 3.50 . 3.50
8 0 9 0 N N.70 5,90 6,%0 . 5,40
11 o o 0 . 0 k.50  6.20 6,30  6.80
1% | -0.10 =0,10 0 0 12,80 13.70 14,10 1%,70
10 ) 0 0 0 14,70 38.90 139.30 39,70
23 - - - o - - D - -
f - o L r
v tho 7 o
8.0 79 1 Te9 7.9 7.9 8.0 7.9 7.9
1l ilee smm-lo ! ’
[

1AL 0.1,10 (Mo dloss .

Deegrth 2 Time )

Hun No. 3

filtration Rate = 0.2 m/h

Control ('..'est) £4{1ter, uvithout doning traci:i(; solution

nil (nvera;e) of the inlet samplo 8 7.9

v

e ) 11 S - , ;

Irohe fvs T w2 g Wb us o ‘we g
y;q lRer! 0 ' 0 1,4" . 7.5" '13.5" . 19.5" ‘u.d,

Tilme in S P . . :
Kl""?/':l O - 0.30" -0.10"’ ."f.']()"'rj.sc*{’#.70*35.50* :5.60
P y | - 0 , O 1,10 {2.10 2,60 ;3.30 ,3.39

1 . ; . ‘ ; ; ;
P 8] - 0 ' 0 1,70 12,90 3.60 k0o %40

— : ; ) : .
1 | - 0o | o 200 |3.30 3.90 - 4,50 4.60

) i

14 - o} o0. ‘2,60 | 3,80 4.30 - 5,10 °5.10

| ! ) . !

19 - 0 | 0 5.0 1 6.50 '7.00 . 7.70 7,70
= 25 | - I P T -
Wowa 11 Headioas vorlues with an aatnrd:k hove héen irnoyrnsd,

21 For abhrevintions fsae nnpandixg ]

Mo
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TANLE 0,938 s iy,
g1 Joo, 6 Filtration Mnto o Ol
Tt {enst) Tilter: Mo shanol dosad '
pi (.1vora.ge) of the inlet momplet 7.9
. L. ‘ e e . ,_h,d , o —-
Prohe - 8 bo BRI 23 £ S B A
: ~
1521 Ref - O 0 0~0,51 5" o1 l 17" 1 uad,
! Paetd o lly
ins spo sed !
Time in . . i
days 3 - 0o 0 0 ' le20 2,450 2,80 : 2,60
6 | - 0 0 0,0 1.90 ; 3,20 3.70 1e70
9 | - o 0 0,20 2,90 .30 . 4,70 0 hL.70
] .
15 | - ) o - 0.0 j 5.70 1 7.00  7.40 1 7.h0
23 | - 0 0 0 14,200 15.40 15,20 17,90
TauLi 9.7012 (Vo dtg oo lpih & lma)
vy Ho. B Filivation Mmte = 0.2 m'M
oot (west) rilter, without donla: phienol solutions
ar :' '-”-"-"".'nf;'.') ol the inloet svunnla: 7.9
ML
Proia ws jwr Jwe Jwy T us VG iy
: T T 3 .' ]
e | 0 L o .oav v 130 fage uedte
inng ! i i ; ; :
Time in f . : f ; . .
drys 3 | - | 0O 0 '1.,%0 :3.30 ©3.30  3.60 3.60
6 | - o o ‘1,90 :3.30 h,10 4,70 L,70
9 |- 0 0 2,50 '3.90 k.50 [ 5.30 | s.30
. ,. . : ;
16 - E o 0 "5010 !()0(10“\ :’ .0 7.90 790
23 |- ] o o 18,30 ;9.70 119,70 f11.00 11,00
i : i ! : -

S 23

My 2s Ileadloss vraluos with an acteriock bave been 1ignoroed.

For abbreviatlong nee appondilx,

———————— e e .
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Thva Mol 2/71-73

[
¢

s
[

Zoblo 9,.3,24 (x nd2on)

Roadloss in inch, weot £iltor

valva Wl L w2 ' Wi | we | ws | we
o2 Jousr | a5t 1 w5t 155 | oalse | 27,0
1 [ o0 2.10 | 3,60  4.40 J 4.50 i 4.50
N -
6 0.%0 i 3.50 ' 4,20  5.10 ll 5.30 5.50
13 2.10 = 4.9 5,70 6.70,.E 6.90 7.20
17 5.40 ! 8.4V 9.40  10.60 ‘ 10.70 | 11.50
20 7.40 110,60 | 11,70 13.¢0 | 13.30 |.13.70
Wible 9.3.39 (016lons)
- Run no. 14/71-73
[‘oda of filtration: Rogulae
Zoth filters covered
Boodloss in inch, dant filter
varce | BL | B2 £3 ' E4 1 ES | E6
:,d 2 fo.s" 0.5" [ 6.5" [ 12,5" ! 18.5" 1 24.5°
o - - - - ! - i -

[ 4 |23 |23 |4 | 650 ! 7.30 | 8.50
11 | 300 | 3.0 | 7.30 9.60 f' 10.30 | 11.20
13 3,20 4.90 9.20 11.00 13'.10 ‘14.00
25 6.0 | 7,20 [12,00 [.14,20 | 15,40 | 16.20

U

o

- e e e =




2 Big 9,3,35 {(Loaller 3)

-
—

Dva no. 14/71-73

Beadloss in inch, west filter

valve 2 u3 w4 L WS I'ws
o | 25" 8.5" 14,57 20.5% 26.5"
o 1.3 1.4 1,9  3.50 4.0
4 1.4 © 3.0 | 4.40  4.70  5.80
1 3.70 ' 4.90 5,70 fs.So | 7.30
18 4.50 | 5.90 : 6.60 | 7.30 | 810
26 5,20 . 6.20 ' 7.40 i‘e.m ' 8,90

s \_' -
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1080 eZ £4ltration

200 8,603 (Ravor st dler)
L T e AR S —C— . S A WA~ T ———T L

s 0,2 w/h

cacnel €one in tect £4ltor = 1 10 mg/1

f Gundidicy (Remowval) Gradient Parcent
' prebe | B3l D6 DS 16 w2 w3 15
bi 1.5 1.5 13.5 19.5 1.5 3.5 21.5
oy .
4 13.60 ;| - (~)0,17 3.73 - - -
18 19.40 1.52 0.74 0.16 1.27 ' 10.20 5.20
R0 9:6,2 (huvor Tuebicdty)
frn uoe 2
Paea of CLltzovies o 0,2 /h
Bionol dose in tost (cast) filtor = 10 ng/l
% ) Turbidity (Removal) CGradient Percent
g T £a o] | g6 177 W3 w4 s 153
ST 7 13 19 7 3 9 15 21
Do)
l; o 7.64 [1.08 |0.35 15.40 | o 3.47  (-)2.18  2.57
!'ll 3 9.14 |0.33 |o0.33 5.00 | 17.5  0.67 0 2.33
T7 4.35 [1,03 [0.33 20.50 | ‘1.10  2.88 2.83 ' o0




[
v

2hla ©.6,3 (Lovor Furdicity)

2wy po., 3
Rate of filtration = 0.2 m/h

Fnonol G000 in toot (cont) filtor = 10 mg/l

FTurbidiey (Prizoval) Gradicnt Porcent

! Probo . l L4 IS L3 w3 W WS bW
F L |6.5 12.5 18.5 2.5 8.5 14.5 20.5
99
2 5.27 0.7 3.56 = 6.34 370 0.83
4 7.61 2.63 1.40 23.64  (=)6.46 3.76  3.95
12 3,95 0 2.86 ) 593 , - 0.45
o1s 2.85 175 0.9 25.40  (-)5.75 ' (=)7.85  12.25

B LTI R TR L PP AT u, Sete A ey ~5




La No.,

Rridlo 9,6,4 (2 Tuzbialen)

Rite of filtration = 0.2 m/h

o Phonol dosgced

g Terbidity (Romoval) Gradient Porcont —
'F L":uk;o 4 LS L5 w3 154 W5 TS __J !
& ?3'91 3 12 16 2 ) 14 2°4J_
L 7.30 .67 (-)0.47 (~113.50 3.67 4.30 1.82

3 9.17 3.88  (=)0.27 31.35 2.23  (-)3.98 4.97

& 9.13 0.28 3.22 38.80  (-)3.23 (-)12.20 = 16.43
i9 8.43 (-)4.10 7.0 25.00 4.02 4.02 )

2 0.83 {-)0.92 .17 19.85 0.2 {~)0.58 ; 2.¢0
s 0.22 . (-)35.33 2.20 28.90 . (-)2.60 5.73 f(-M.:ssi
; Yo s.92 {=)5.3: .42 28.00 : (-)0.67 4.45 | 0.67 |
24 7.02 | (-11.12 7.75 28.30 . - -)1.27 | 0.63

3 9.08 ; (-)1.20 6.05 14.15 (-)14.38 © 933 12.28

3 d.60 i 4.40. . 0.9% 27.80 .  0.78 ;(-)0.53 : 3.42

37 1345 ! o 1.07 26.70  (-)0.28 i 3.73 . 1.15

39 13.93 (-)5.72 5.25 42.05 ;(-10.78 . 0.78 | 0.53

4 4.45 13.88 0.55 - - -




Sun Mo,

5

Ty

SNy

Zcblo 9.6.5 (Lavexr Turbidity)

Rueo of filtration = 0.2 m/h

Tuerbidity Gradient Percent
RPN E4 ES ES w3 w4 W5 WS
D1 5.5 11.5  17.5 1.5 7.5 13.5 . 19.5
w3
o (-)1.27 4.50 - 12.95 | (-)1.50 5.78. (-)5.45 (-)8.33
4 4.0 . 815 0.37 20.14  (-)4.08 1257 (-)1.25
8 (-)15.45  1.00  3.67 39.00  (~)33.97  36.75  (=)0.72
11 (112,02} (-)2.33 2.57 25.0  (~)10.427  3.64 (-)5.53
14 (~)2.85 1.00 2.6 69.U7 6.3 062 o
19 {=)0.73 2.97  5.63 21.80 o 6.66 (-)1.60
25 - . - - 37.87 (-)9.47  (~)4.17 4.02
Table 9.6.6 (Léxer 'Iﬁrbidity)
i lle. 6
orlegaticn rate = 0.2 m/h B -
Tasnol éoce in test (east) filter: 10 mg/l1 |
s » g Turbidity Gradient Poxcent
; __-‘_T_.' o o8 Bs | ms | m w3 o owa s vy |
e “:;":: R 11 17 o 1 7 3O
R ) . : :
Pod | 1.3 1 a.12 ‘ 5.68 (~)7.10 1,11 ' 32.20 : 7.44. 1.42. 1.Q3 i'
i 50| 1.23 0 .00 1 3.45 1 (-)6.28 |1.33 5 83.30 "(.)7.3-5-' 12.69 (2260 |
P9 1.25 %13-00 (-13.94  1.81 |1.05 { 81.80 )o.25 14,53 '(—)15.15?
4 ;,.3‘ SRS : 14.48 .:..(lv.-)zl.eo _’ 20.03 {1.42 5119.36 ;;f~)57§6 © 7,23 f(-)o..sa;g
: °3_____;' 1.33. [14.15 " (-)21.57. ;.(42;.50 g:.d.sx 87.90 :"1-)4.31vl . 8.91 }7,\2.%95 "
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QNOTDRZTIANCAL RISULTS 0N PIISNCL DEGRADNATION

(M4.W.B. UALTON)

In t¢his choptor, the oxperimontal data on phenol degradation and
2aerol ferzcatien in a oclow sand {iltor, are analysqd and presentcd in
grephical fom. ‘Uno prescntation is divided into three parts:s phenol

Croradation in the filter dopth, phenol degradation in the filter with
The tests on these

Phenol was dosed

¢t:2, cnd the formation of phenol in the filter.
sacnescha wore the lagt phase of this research.
in mea nos.l, &, 3, and 5 and its foramation was studied in run nos.4

ond 6 vwica no phenol was dosad in the test £ilter. These tests wore

cazrried cuz to cscortain biodegredcbility in slow sand filters as
Gensaivaa comidor, A total of caven taklaez (20.1.1-20,1.7) have

cLonisa oad weod for Chio puTnoca.

S2:3 Tl Reovclition ia tho Piltor Banth

Grophs (10.1.1-10.1.4) illustrate curves for the degradation

of ghwrol in the dapth of the filter. Tho test (east) filter was choson
o 22 Coscd ct 10 mg/l of phcnol, when tost cnd contrel f£iltor rates.
vIEe 0.2 in/he Tae depth of the filter bed is plotted in inches along

tha abocicsa of each graph, and tho ordinate repregents P/Po, 1i.e.
the phonol concentxatiqn in filter depth on a particular day of tho run,

as a porcentege of the lhccming {applied) phenol concentration in tho raw

water ot the ball valve. Tho results are normalised to minimico the

egfcet, Gua to unavoldoble variation of phenol concentration at tho

’

M0 Antormnedng tho data, it 10 acowr»od that tho dormndniien 4n
~ley cond S31gax 40 gnlatod to the Copth-of tho bed, o3 ©2ll as to
In grephs” (10.1.1-10,1.4) typical curves azo

™y =0 of he mvm.
@xtwn}zér Tona X, 2, 3 and 5, for tho test f£iltar, illustrating tho

srnddual homed ot any valvo dopth, for o martlculax time of tha run.

‘Owrwaz in Chooo asnphn shovr a great f£all Zor the top layar, demonntznting

S e SN e, TR A e
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Crxpedntlien of y;::'nol in Cho top dover of cond
or to Lt of hezdloss

clo a lavoe dugmee o
el 8 e Chiek).  Fadg Rowavievy is oin
walopocat in cocticn 9.3, and turkléity reroval in occticns 9.4 and

€
.6. Tacro 4o oubcotontlal degrcdotion im the top 15 cm (6 inch) (B3-B4)
cnd scrze in the middle oix inches (B4-ES) of bed, A close inspection of
L0 cwrves xcoveals that in the majerity of the cases the lowest point

ca the curve is E5 and not 35, thus indicating a pheonol formation
chwnceonon in the bottona gix inchos of bed. Thoe upward trend of the
cuzve in the bottea siy dirchos Boceros rare intorosting in viev of the
Leauvory of pressuxo as reported in socticn 0.3, Incnoctien of the
G723 with respact to tho lcumth o2 the zuvn tovesls  that the best

C.recdation 18 achievad in tho middlo pariod of the rum.

20.2 Chonol Degradation with Time

2 enas for tho dnsradation of pharol

Trho {10.2.1-10.2.4) che
wiyedo Lo fop Che Gt colloctad

1z, ags the pun RUOLI ol

{

Toaoil=Cased xeno Y, 2, 3 and B, Lho o hna of ohe gzighs

/70, the phacnol conecatraticn fa tho Lilecey dxpth Joxr a

Ul Juy of tho run, ag a pozeln®hoy o7 tho daeening phonol.

Curves in greghs (10.2.1-10.2.4) shew an increasing degradation
2Z "wnol during threo fourths of the run, but in the last quarter
Tho rvn the trzond continuno ealy ia two of the four graphs, the
5o Lo greria indleato an ineraasing phonol concentration in tha
203t qenztor of the run, indicating arzesxance of pheonol, which

rne Bo boccuse of dislefgenint of bactoria &ea to inculficient supply

o8 eryrmra cnd food.

cmol Dheovwrwcag dn Slovw Somd PAlWvia Swzdn® qo Macael Dosing

20 A Bl A eok of eurvon wrma Ora by Mleottlny the regules

sargel tronnfnz ohtadesd Creny orzendonte Gurdng vndacod ryms, nos.d

0 3. @zehn (10.3,2-10.3.3) AXIrtEnaky (o curves on ranl~-logpapar Lfox

toot and centrel filters.

=hnae} Lxoaniar o the lowing vt dn o to

Juzvea in graghs (10.3.1-10.3.2) chot ennsantyation of phenol

R T o F AP PRV P

———————
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O - ee e

e 0 o fledng wiecrz fn tha Chpth of the f£iltows, ebreioca

g Zikeoy Jooth da fnchoed ond ordlslio sacudng C2corbod phenol
it x/L, Roowles in eobles 10.1.5 ard 10.1.6 ero baced on Chloxofoxn
Sreractlicn lixthed and Diroct Photamaztric Hathod for the determination

a0 curves in the above graphs (10.3.1-10.3.2) roveal a
It shows presence

e rhonol,
cudstantial quantity of phenol formed by the filter.
cf formad phicnol throughout the depth of the bed. In graph (10.3.2) the
thenol coesured in the control filter makes these results even more

czeieing. Clooce scrutiny of the curves for the test filter indicate

33 23 ¢ho (723th of noyimum phenol formation, which 1s also tho dcpth

T onnmfeery s hiohe) degradation, during phznol dosed xuns, as raported
Im cuetica 10.1. In curves for the coatrol filter (graph (10.3.2),

nouover, thv Jopth of maximum phenol for.action appears to ba Wée.

Curves (10.'3;3-10.3.4) illustrate concentration of such transferreAd

cTizel dn £ho €U0 bads as the rua proczzda. fbscissa indlicata T~

el U0 ey dn duys cnd erilucto cuprnoents P - the hicnol canconlnition
Covlooa Dl Cutie C€uiy 20.3.3 cheia svives fox che- oo
2ok coneriizzntian Crranninad by Chloreformn Wisiraction

il 1340w beling plottod fozazatoly Jor

Sone Gl L8.3.4 A2dwrErazl s cvrved Zox both thoe toot ond o

3 ¢n phonol cecncontrctions determined by the Caloro-
Curves in graph 10.3.3 exhibit a general

sl GLlitorxs koo

Jzima Brtraeticen Mothod oaly.
Srovend tvend a3 the run proce2ds, svggesting a highor rate of phenol

Jug in 20 Loglcning and a lowor rato of phenol tronofer in the
Tho o2 pottorn does not secd to be yxepoated

1r2tor o of tho run.
the curres o2 ¢xoch 10.3.4. In both thosa grarhs, the pocition of
is lovar nost goasrally, indicating hwicher phonol

- F
i cuxves Soxr ERAS
*ratlia at cey othozr Capth in the filter, thus svagosting sctrongly
It is ¢i82icult

STy
-l

" the presaco of Rhicaol transfor occurring in the filtor.

to ol ho ezvo zeoaces of this phoneonsa with ocny degreo of coztciaty,

e 42 do o
SAet ANy, cRd ant by Shy cuniner ed &nd m,zt_’.cloo.

nood @hat phonol 4o docoshed Ry the ecllo of bactozia

Cvrw:d 4An gzosh 10.3.% illuntrate tho pazformencoe ol tho iléox o

ol ogorwoeh $o Sha rchonol doforption Jor tha vndosed rvma, neo.d and G,

nsiona monooonzing the tir2 of ¢ho run dn days and omdinate xorrolonting
y~eal conernizatlion in /_.49/1. az tha inle~ ond outle: o the filtor.

Trerrag TN and '5YT0° 4Am greoh 10.3.5 exa fox ~he mixed £iltnved vataxr



http://co.fi
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_‘:-Wa ’ : -
QU oo, Sox 01l (Lo £AACoz B-C) 02 tho Unlten Uutor Ustiis, ot thae
Orn 0 L &g exparidmontal vadsoch zyms ¢ cnd 6. Coorves U3 end 6U3
ave Jor inlet water of cuporimentnl £ilter during wndosed zwns 4 end 6.
Curva 6177 1s for the outlet of (control) exparimontal £ilter Guring

vndosed ryn 6. Coamparing curves 4178 and 4I70 it is clear that Walton

watgk florks Outlet curve is generally always higher than the experi-
mantal filter inlet curve. Assvming that the concentration of phenoir
was the sama in the two inlet waters of the erperimental £ilter and the
Ualton Uorkks main olow sand filtexs (b2ing the scree source of primary
gllexate lor both) it igs guite clear that cere phenol 1s produced even
by the pain slow sand f£ileor beda of (falton borks. ocking at

curves 6497, 6V.8 and 610 for run no.6, the upper positicn of outlet
curves for cxpiri::ntal cnd the main works, further strengthens this
view. Tais lupsortant finding is supported by the description of

Fr2nol traensfer curves, earlier in this section.
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CliZeR 1%,

DISCUSSION OF RISULTS ANMD CLIAZLATION OF BICLIISRATATION

21,1 Plocuzaion en Initial Headloss

Tno downward movomont of wator in 0 olow sand filter 18 so small that it

CaZody Do eoncddored a laminar flew throughout the bed, For dotermining

indtial hecadloos when a filtor 4s clenn we can use the Kozeny Carman

s .elon.

5 2
g o 38VE (- f) (g_,.) D4 11.1.1
de

pg 93

T A tho aonglenn
. - . . an =3 an ©
seuhe viceaclhty, 10 tefan 0t 20 °C

SRR I I T TR
G mnn Crandty 08 ¢ HRAG, 103 e/

Y oasnorsi vuloelty of S4ltzotion, m/s

3 Lo the grevitatienal ecedslerntion, 9.81 m/s

£ ip tho porosity ratio of ¢loan £ilter bed

tho cffcetivo dlamator of gtain of filter cand, m

<2 4o th
D4 Ciotonee into 2iltor from inlet surface, m.

T3 i/ L2iltzation volocity, 40% porosity, 0.25w1 effactive size and 0,50m

L owd

. -3 ' . ‘ 2
5 5 10 n.2 .
T S 52 (0.6)° 6 ‘0.5

- . 8 J
N IJ o L e ' ¢ R TR M -— o pad

100 3599 2 9,00 (0.6)° \ 0.25 1 3073

T S 5,070 3 (1.8 AnTi

T A0 s ghio petal ond fhorrnelnal 1aizicd hoecdloon dor ¢ho rung

Tho Inoey Cormon oauction wied widely for

coat Ty s modovwont CGn,

T, B Lndded o peaduan ohally oolofontorsy zocultn An thios caco

et cican JAARex, Actral B AVncay 4 Alank JTheanely hlohax (~bout tvdeo

33 then e o baned en cegopdan 11,1,1,

e e ceyymor o ‘.'73‘\,’.1”"!?. A TUnin Al 1, ) cFow n Anerrcanieg 4adtlod hendlenn
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LU 00 AR 00 aacind J4xop. LoD GO0 csheeeked desiar G

CUoL UL Le e Reguot Chir @avCring epring ong ouhelk menthc, walieh

4 070 blologleal cetivity An tho £4ltogo ond enwting colf purificction

oF wler ocnd £iltors by écoruding vho clogged oxguonicc in tho porcs.
oo hica inttial heeélous €-n ho discuoged from two anglogi- If the
cozociley of ¢ho bod is considercd 318, due to somo rr3idual clogging material,

1antead of 603, thon tho hezélens by oguation 11.1,1 10 ralsed to thrice its
“aviows valuo.  So ocreping holf ineh layer for cleaning the bod has not
cooanesd tho Goodroed result, o thiehopr lavor 1.5em ox oven 2.5cim should be
e peducing the initial hoadloso cnd lengthening

Ple g procren a cleoanor bu@
The builders sand nsed in

S zva, Shezo may also be et cAlt punotratioh.
s £iieers o€ a high valforudty (g actually non uniformity) coefficient of

e85, and un offectdivo sice 0,25, Grigch 11.1.1 shows the offect on sand size

aaatsibution with 3.5 U

Graoph 11.1.1.
JEeostive Chou cud Bndforaicy Conffleiont

A2
(R e

:‘l{;l B R = - s e ’—;"”.;1-.‘. L _]
- ' ”’,fffﬂﬂf
Co D Uy wuTn SmeU @D Ammy VD PEh ks
o |
5 £0 |
. 3
@ 2
1
0 4l e JJ n 1 1 1 1
0.2 0.6 1 1.4 1.8 2.0

Grain gige, 4, mm

o ho gt ndeo dlossihutden taczn ondots o odaatflenat froetien of
wemon o geadng §22em), Ardientd Oy Cho Bdsh wallernley eacificiont (3.5) -
W33, Fho procanes of e gradea mbired date €hn donth of tho
Mnd thot o cley nnndd TLlsor doca ant ntentd™, 0% Goco

Shemg {scordas a
oy oromte ZAA007), enuton a Mobew oo hilday, with eonnomione neccibility of

CrnAalon g peercanion aonnaraziag w11 In%e Che dowth of tho oand, Thils

Lronlzot Zhn alonpliponn of thoe A )avaxs belor hn pshmuindnein.

)




Cooz L., 2 chtuling ouswa of tha ratlo 0 veraus uniformlcy ezolflzliunald

G s oo €ravn boold oa Jozcula (Huiowzn, 1974)

X T

11.1.2

= - 4a
Ds de (1 + 2 log U) v o

Graph 1l1.,l1.2.

Unifoymity v/s ¥ Curve

5> 5

&

§ .1

-l

N

g 3 |

u2 1

E |
|

s r [

4

7 |

«;"";OI ] ] L ;

(o] 5 l 1.5 2 2.5
¥

. *
vheze D is the specific diameter of sand grain in mm,
d_ is the effoctiva cize of the grain in mm,

s tho uniformity coefficient, and
Vis tge ratio between the specific diameter and the effective diamoter.

']

ce

2 Spocific dlameter is defined (Kuleman, 1974) as the size of an imaginery
azain from a uniform sand of which a certain weight has the same gross

curface area ¢s an equal welght of the filtering medium under considoration.

'In‘Graph 12.1,2, whon ¢he uniformity coefficient is raisocd Lrom 2.4 %o

3.3, T ¥ dnczoenon 2rom 1.75 o 2.0 ond tho value of (Dﬂ)2 Encrocoes Zream 3

RIYEY.
D 2> 4, tano effacidng i 4An Doroyla law,
H o vEDL co S - 11.1.3
k . . B
Thaza 5 A2 the heedloses
Y£ i~ the velochty of filtration, ' :
. ’ . )
DL v Aenth of £ilter, and

ckole @ memTMeintt of permmability



L = 18D (0.72 ¢+ 0.023 T) 23 92 Doa tv/h  (Bulswan, 1273) 3i.x.4

-

The favourable impact cxpocted theorotically did not happen in the
glow sand filter, because of the high permeability constant working out
to be 8.4 x/h. High permeability is good for tho rapid filter but bad for
the slow sand filter, as it allows fine particles to escape into the bed,
which deposit on the sand surface and remain there for as long as there is
no back washing.
. In Carman-Kozeny equation (11.1.1), the porosity function is invorted
conpared to the permeability constant equation (11.1.4), and thus positive
variation in ¥ has negative offoct on the initial headloss, similar to its
affect in Darcy's equation (11.1.3).
’ Initial headloss curves with depth as shown in Graph 9.2.1. are not
linear as expected by Carman Rozony or Darcy's cguations, but are
expoaential, more so for tho tcot filter, indicuting progressive clogging
o7 the Zilter from bottom to top, probebly a4 a recult of silt peaotrction
-2l o bocterdal growth, duo to hichoer v end phuxol desing zocpactively,
T ouzte cleaning by cuzxfaco oeresiag ealy.

S
T

.1.2. [Headloss Developmont in thg Pilecr

Pressure curves (Graphs 9.3.1 - 9,.3.8) clearly exhibit an over-
vhelming build up of headloss in the top 5c¢cm of the slow sand filter,
suogesting correspondingly almost entire suopension removal, plus

vitorous micro-organism growth, in the top layer. There is no indication

o7 a negative head developing at the end of any of these runs.
=0 attributed to ample dcnth (1.52 m) of water ovor the filter.
roaconeble depth of overlying water has helped in two ways:- firstly in

This can
Thus a

1ongthen1ng the filtcr run by increasing the total onergy, and secondly

in betior phenol drogrodation by increasing tho centcet time. It is

oc~wancd that the ozcanie poftor growing in €ho cond pores and the organic
ooz dn sunponsden dn gow wotor 40 hlghly corozconidle and duo to tho

} ineziinny An oodliov
a1 S 208, enmoclally thoe @n layorx.

Fho enrvna ia gmavh 9.3.9 o oimilar €0 on oxponential curvo, and
e iwrazamlle gzediont cuxvaa for tho ton loynr in arophs 9.3.10 -~ 9.3.17
Sas alront tho enzizae bosdloan La GhH ton lawor. It s also clecr from
L Easen gpooht Zhek Sha lonazh of sua Ony zha 3ont flitex was considerably
| irhoxast whan the pheasl Man darnd.  Phenaleindueocd bioiogical activiey in

Tha top Layer amdd within 4o Kilzor eaurcd Zrpect Doedloss davalopmont in

doonr 20 Salddn act eorprat T E envdlng reduced poznebility
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RIRASRS N Inoxofozo. it pay 2a concludcd ¢hot tho hoadlons Covnilesaont
aovsYy Lo layor of a slow sard £iltor 40 foro of o blologiecl phcngiyIion
~od Cuvring biological growth principlen. It is apparont that o totally
i @oazrolation for defining the headloss in a slow sand filter ig

2003 to be evolved. Iwasakis (1937) fundamontal formulation

de -xC ' 11.2.1

dpi

(vhore C =« concontration of guspended particles in volums per volume of
wator, Di = copth of filter layer, and A= f&ltei {or impediment)

coofficient).

and g—?—— @ - -1_ g.g- 11.2.2
dpi Vg :

Fo3034%, ané ¢ Ao tho filerntion timd), cvon though

aed on the nleow nond £iltex, ealy cccounts for the physical

o vohaodantaie cspocta of filtration.  Tha uidoly used Rogony Carman
{L:207) cvation
2

B = ssvf 0-p? 6
51 3 oe
rat

cad ¢he Rece's (1245) equation do not have a great deal to offer and suffer

Zrom Cad oom2 shortcomings, even though thece largely agree with rapid

.

241tcz hoadlosses. Even recent mathematical modela presented in the

0dutios, for example (Ives 1960)

o ’
a =5 O oa-zse?
ok e - n?

srenet Do qeplicd to tho blologically dovuléping headleoss in the top layer

ool 0o sond £ilter.

L srgsusdey of prestvre curves in grephs 9.3.1 - 9.3.8 indicaton on
Aanimilieant arovnt of headlons developwant in the rest (below the top
15aq) 3 ©hn bed,  In the hydraulic grediant curven, for layors bolow the
- won 1i3sm in greohe 2,3.10 ~ 2.3.17, hoxo 4 aeneally & cnndoncy torardn

ey afn heed An ke dddln of the run, A2 o rlew gangd 24lrax 1o not

P bodk worhed, the dntenzion 1a tha4 po sveoohndan ébagld nep~treota 1, and

PR

. - '1-,-;-,, RS i L A

e —— e



LAnn ronddoss dovclom

T to on around 0.2mm.

248

.

reloze, ro hoadloss in the deopor layoers, because of sucpconsion in the
And the depth of a slow

ineoming watcor chould theoretically duvelop.
send bed (below top 15cm) should always be free from clogging and the only

heedlogss occurring there should be the initial headloss. However, the

hydraulic gradient curves for lower layers indicate recovery of head in
the middle of the run. This phenomenon can be explained by considering

the remaining bed as a biological reacter, After scraping the top lcm

layer, when the slow sand filter is started, the schmutzdecke and top Scm
of bed arxe only partially capable of dealing with organic impurities of
watoer, and thus a part of those impurities penetrate into the bed. This
Supply- of food and oxygen in the beginning of the run activates bacterial
growth within the filter, so the slow sand filtef»becomes a biological

roacter witli new bacterial growth, The bed is at its peak biologically

' when these bacteria have adapted and‘are growing exponentially, usually
gbout 0.2 ~ 0.5 of the way through the run, and oxidises any organic
iupurity either coming through the water to be filtered or present in
the {llter as a racult of bacterial metabolism. Thais growth may proceed
boyoné the cirsaciilicl phase, iato the cndoginous growsth phase, lecading to
Cualueld bDuctowlial ow B2ys and at that tlue recovery of head {5 witnesscd.
o tha end of i v, nschmutzdecke itself takos care of wost of the
&nd tha bacteria within the filter are starved of

€2

Ane=adne Lioouriticg
agznl Zood and oxycon, thus Gying out and getting dislodged and maintaining

tae recovery of head. Thus, the kinetics of purification within a slow

sznd filter are quite dissmiilar to that of a rapid filter.

Thug, a slow rend £ilter can be divided into three regimes from the
headloss devololiiont point of view. The top 5cm, between top Scm and
15cm, and the rest of the bed. In the top 5cm, the rate of headloss
1.developnent is vexy fazt, exponential with time and is highly affected by

temperceture and organic contnet of incoming water, 1In the middle zone

. (dbelow S5cm but zbove 15cm of the bed), there 1s development of headloss

. at a much Slowar rate, it 1o necarly exponontial.: The third zone, that is

eho zoot of tho bod (bolow tho top 15cm) maintains more or less constant

;or@oity,'an'tho blolorical affcct 13 gelZ adjﬁsting, self clcansing,

~nt 1n the thixd cono io olgnificant only vwhen there

15 gront £luctuatian in thoiozgcnic coninot of the incoming water.

. _ Tollwan and Wachs (1979) e#peximentad on flltering Chlorella through -

_ 35 ¢oop dvna send at VE 0.04 to 0.25 m/h. Sand size was not given, but
breed on prrmashility rate of 27.3 to 37.5 m/day, tha dune sand ‘@€calculates

Th2 erp2rir nts approximatzad to slow sand filt#ation.

... thongh tharae-vera not identifisd as guch., Ropid filtor theory did not fix
“thaelr xesnlts-as such, but it adoquately dascrided the results whan '

Tt - . ' . - -
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L33i83¢d to allew for an onponenticl heodloss cico with time in tho
cexloce laycz, and may bo uieful in foraulcting a mathcmatical theory.
Vdoed has described the biological purification in terms of
autotrcphe zone and heterotrophe zone; Huisman in terms of upper layer
‘and lower layer, but this view has not been expressed by elther Huisman

(1974) or.vioced (1955), who have dwelt on using the existing mathematical

models appropriate for rapid filters. The nearest chord, in the form

of a protest is struck by Ridley (1967) who doubted 1f living algal cells
could be regarded as merely particles, and fitted into hyé@rodynamic

equations.

11.3. Turbidity Penetration

For measuring particle concentrations in water before, during and
agter the filtration, several tcchniques like radioactive tracers (Stanley
1355, Ives 1952), chemical comstituent mcasuremants (Hohcaka 1269, lilller
1271) and the organic particle ponotration (Folluman ct el 1970) have bocn
tzfed, but the mast natural ond rmrocticnl 4o Cho Gurbidity omeasuremant,
vrzaelally after the introduction of guick (90o ocattared ligat nephelo-~
w2tor) and £ine turbidity mcasuring (0.0l IMTU) Hach turbidimeter (Jeffery

1971), based on formazin standard (FTU) proved to be the most satisfactory

of the artificial standard (Ives et al 1968). Turbidity in a water

susply source must be considered from the poit of view of discharges of
incestrial wastes, and growths of microforganisms iu1 addition to the
noral clay and silt. ‘ '
The rise in turbidity of overlyihg watexr by 44% in the test filter
and by 39% in the control filter can be attributed to the crowth of algae
and other bioclogical growths, which is a normal phenomenon in the open
Scme of the turbidity may be
The growth of

Jilter tanks in the presence of sunlight,
dua to tho increused growth of phenol degrading bacteria.
aleno eontributes to the incrcase of turbidity, but the increcace of
Sudldity should choclh tho yaowth of algac by cutting tho ponetration of
orRlAicht in the ovaxiying wotor, Ono intorosting zoopult ¢hat may be
g>iced 13 chat thexe 49 no cignificant offcet. of %ho‘éhenol on the algao
groirth of the test filtei, oven though thore 1is 49§ phenol degradation thaxo. -
Gzrophs (9.6.1 - 9.6.6, 9.5.1 = 9.5.8., 9.4.1.- 9.4.8) show o
ovheronzlal turbidity removal (by cdout hal?) in the schmutzdecke and the
top Layosr. Also, in the sema mono greophs (10.1.1 - 10.1.4, 10,2.1 -
10.2.4) show a great deal of phomol removal (879 of the rxosidual incoming - -

ah nol).  Therefore, contack time batwren incoisdng anlide and this yital: -

“

B I T T T o e e i



(Celrutndeelia and the top S5cm of slow cand £ilgcr bog) 15 of ¢wcct

In toras of filtration wolocity, influcnio with hichor

Shonl8enneo.,

ol lve

totnl nolido (copaclally organic solids) can be treatoed cguolly well by
loirozing tho f£iltration velocity and increasing the correcponding contact
tima (or fhe voeidance time). In terms of sand characteristics, sand
vith highor 'do' (equivalent diameter) will provide a greater permecbility,
cacbling the doopor penetration of micto—orggnisms which form the
oehuutzdocke in the top layéx of the filter,.resulting in higher contact
timo, but this will cause permanent dapage to the cleanliness of the rest
of thoe f£iltor rooulting in hicher initicl headloss. The variatio§~b£"uﬂ
chould not oignificantly affect the porosity or headloss, as according to
the obscrvation of Allen Hazen (1892) (guoted in Pair et al, p.665, 1959),
tho zoolstanca to the passage of water offered by'a bed of sand within
which the grains axe distributed homogeneously remains almost the same,
ixrcopoctive of pize variation (up to a U' of about 5.0), provided that
tho 'do' rciains unchanged.

Fheot gripho clco suggest a continuval filtrate improvoucnt with
©Tay fmilielzing that the vhole bed s active for cuzbidicy oriovil.

coonpiong of the slow soand filter 1o Intezestiang ©ca e nuned with

rsnn postorn of the {ilters. thile there is AnsigniZicant
i cle L Covcloneont in the rest of the bed, there io diutinect turbidity
"rouovel within tho sam2 depth of bed, which can be attributed to the
biolegical purificaticn of a slow sand filter in degrading the turbidity-
couling porticle.

To chock tho distribution of removals and the varistion of filtrate

turbidity clong the depth of bed, curves for the test and control filters

aro drown in grophs (9.4.1 - 9.4.8). From these graphs it is observed

that tho cffluont contained little or insignificant turbidity almost frém'
the cotart of the filter run. The turbidity of .incoming Qator varied
. bottaon 1,4 FTU ond 0.44 FTU, and that of the effluent betwoon 0,8 FTU
ard 0.02 U7TU. So it msy be concluded that the turbidity of imncoming .
vatog 4o very low, and probebly consisting ¢f vary £imo particlos, boaring
in mind ¢hoe 4t hao paosed throush conrse primary Zilezation. It may be
ozemnd €hat ¢ho ound pico in tho slow cond £ilger chevld wet aozm:lly bo
€incz ehon noecaoary to avoid unduly ghort filter rung, and the mnzgin of
safoky ¢'veotucd by increasing the bed thickness rather than doezocoo 'de’,
" Thin moy ovoen oocom more logical for cleax incoring trotor €4 bo oblo to
£ilcoz font,  But in such clear raw watews, the greaxt wajnTity of tuzbid
parrtielan would bo collotds and very £in2 suspapded aaxtiels, which wonld

sonntrzotn donnm An%n tho bed causing clogging of the entien bdrd, And zeking

onzfacn nawnping innflective as a cleaning proceduxae, and throz~forao; tha

s e Bh s e g e I o e S Sy v



7 o2 uadng Lincy groincd modivam then 48 strictly accosuazy nuy
Howover, tho ovidence that a part of tha colloidol

P R
SURLLOL

rot be unéoruined,
impurity is removed in the clow sand filtor can be attributed not only
to the intorfacial forces which are present, but also the gelatinous
surfaces of the bacteria and bioioglcal growths within the filter,
phenomzna which are evident in coagulation and responsible for removing
dissolved colour and colloidal turbididty. '
Graphs (9.4.1 - 9.4.8) show botter clarificction in the test filter.
This can be attributed to the incrcased bactorial activity due to phenol
cosing, The enhanced biclogical activity within the filter was able to
degrade the suspended organics more extensively, and led to the removal
of inorxganic colloids and fine suspensions by the interfacial forces and

to minoralisation. Thus the chemical constituents of the incoming water

hava an important direct boaring on tha clarification, and the length of
the run due to the level of biological activity in the slow sand filter.
This 15 a strong reason for the inappropriatencss of mathematical modals
which do not teke into account tho conccnirction and proportion of organic
congtizucnt of tho dncouing watoxr, Jor tho cotoxmdnction of heodloos
Cavelopuont 4n tho slow sond £iltor, Coasicdoring the analogy of trickling
£iltoxzs, tha liguid thorxe ic only 20 = 20 sceends in contact with micro-
orgunioms to bring cbout biogradction of the dissolved, colloidal cnd the

suspenced organic impurities in the wasto water. In a slow sand filter,

the total number of organism3s are comparatively much smaller but the
contact time is much longer (about 100 times) for bringing about adsorption
end stebilisation, the maximum rate of stabilisation occurring at the
micro-organicm/liquid interface since diffusion of organics through the
‘b4ologica1 film is slow.
[lost of the curves in graphs (9.5.1 - 9.5.8) can be interpreted as

'V' cheped curves, more 50 in the case of tost filter, indicating botter
lclaxiflcacién in the first and the last cuarter of the run. The same

zrond of lower turbidity gradient during tho middle paeriod of tho run is
ovidenced in the layer turbidity groadiont curvoes of grannhs (8.6.1 = 9,6.6).
2% 40 moot intorooting to montion hoxo tho diccussion of soctlen 10.1 vhoro
3¢ wna coon that tho bost doarndntion of mhnol weg ochloved ia tho alddlo’
period of the rﬁn. Soction 10,2 dealing with phorol deorcéation with

tira alao outlinns a botter phenol dogradation during the £irct throe
Additionally, vhon sewmtinicing tha headlonn curves in

Zouxths of the run,

gravha {9.3.1 - 9.3.8, 92.3,10 ~ 9,3,17), it i5 of great interest to

2nd tho roenva2ry oL heod in tho bottom layera of tha £iltexr with the

. proarans of the run tima (Soction 9.3).

———— .
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C-.9ining thore £4adings togothcr frein thrco Gicuctlany of ¢ho
n.idlocs, tho turbiGity removal, and tho phonel dogrodntion, i€ cmorges
2108 the maximum phonel dogradation tahes placo in thu widdlo of the
zun, because thoro 45 moximum level of bacteria and biolegieal growth
within the filtor ot that time , and thore ia recovery of head with

srosponding detorieration of effluent turbidity due te dislodging of
bactoria and ito motoholic producta due to fhortage of oxygen and other
beceortial food. This viow 18 furthor strongthencd by the resﬁlts of
incroascd turbidity in tho bottom moost layor and by the shertening of
gho cdeocd runs in the tost filtor with corresponding incrense in the
eSfluont turbidity. Tho turbidity increono of effluent in a slow sand
giltor at timos 4o timiloxr to the effcet in a trickling fillter, wherein
Cairly high concontration of suspendud usolids in tho form of displaced
biological film apprars in the effluent, rrgulring sedimentation. 1In
the cnd it may be cumnod up that turbidity removal and phenel degradation

aro good cttributos of clow nand filtration,

2.4 Phemol Boguicitlion

Tho microflora and microfauna in a nlow nﬁnd_filt@?. hiodegrade
ohenol cnd othor orygcnic compouncio in twlution, inte aimple salts,

.
cihwe

wetexr ond caxrbon ¢4 oxido, while using the chomical compounds as nutrients

fLox ccl) growth or an rource of oncrey. 1t hia not been proved that

culturcs of members of the Pocudsaonia and Achromobacter and some

i Dise]
cihice groupno, utilico phonol as the sole earbon source (Tabak et al, 1964,

Zavey oad Turnor, 1061y Caekalowckl and Chargynski, 1948). Rome other

¢-nora puch as Baelllus, Micrococcus, Alcalioenos, Streptéuxous and

Flovoboctozivm who alco colonise clow cond £4iltexrs have been identified

3 racrolico-concuning (Shocts ot al 1954, Lynn, Powers, 1958), Recently

cr-Pollution roceocyeh Loborzotorion (Jenos and Carringten, 1972)

marl vho Detmoneldten Uhgor Dsoxd (MHAndlo Tnyzox.‘1971 - 73) have roportod
wrplea goseln on dhepcdntlion of pHORALS by mited eudiuron. v
Yhes "lioae) Copze€ntina ohoultn £9r Gao pronont wopk aro Chova in

e Ul

el

'f,"“"Ih_‘\ (1ieled = 10.1.4, lo.2.1 - 1002'4"
T coelimatinntion pcéiod of ton doyn woo lomenr thon onpoctad, for

oineiien romovel of 10 Al Yicnol. Absut 63N ef tho phoeael dored ot

2.5 0n/) o memovod oftor 4 days.  Phonel xmeamaval cenveod almont

Zwandine~ly AZzor cnolliention, end thoratnen alneivaly low eoneantrstionn
{ €1 o)) of Shennln ~vpreted An o nlow nand C4lenz 1heuld Do zamoved on

Uik f4zx-¢ cooldiention,  Hounwor, A modnl g nid. f4ltor ineeulazod with o

e
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AL Do) vo 3w/l e bolew, Srow fnfluvlcs eoaccnerctiomn lolcg/l

Covalios, 21009).  Tho poor porformance of ehiu filter in tho indticl

stoeod ean bo attrlbuted to the inedequata contact poriod at tho filtrotion

roco of 4.5 ulh (2 gal/ge? - min).
In an acclimntined run 968 of a phonol o0 of 10 mg/l wan rcmoved

(ot 20 %) ot a £iltration rate of 0.2 m/h. At 0.2 m/h of filtration rate
¢ was neot ponsiblo to dogrado phenol complotoly, so for offectivo

conrodation of puch high doccs of phenol in tho influcnt, a lewor rato of

Jiltratdion must bo ucods. In most of the runn, a atoto of inntability

ecourrod in tﬁo lateor halfl of the'run, and tho phenol concintration
20wl £oll bolow Llta provious lovel, proswacbly coither due to variations
o4 ol utilisding bacteria in the filter, or rosulting from difforences
da pruio of oxidation of phcnol Qua to tho lowor concontration of phenol.
walo bohoviour of minod culturc bacteria 18 in contrast to that of pure

culirse bdactordin, 400 yosules compare woll wich thooo of bhow Cheuical's
DLLot cacdo wetivatod nlwdgo crectmont plane (Lyon and Po,ors, 1955),
T centowed D04V ricand maaovel dn dnfluoae with 2.8 wug/d phenol (e

. Y - . LRI IR B
Jo YL L A0 e SRR A0,

P N vk, Tt
e W FOLDUl sl

T Jer waoll adoatod roceles of haetiria, tho

sArsoend ouynon conond 10 2 we/l for overy ) owy/l of pborol eotr uerction
ot oldilen ongd Goldain, 1951),  Baged on tho resultu of renddual phonol,

o eweneeo of 7 puretnt of phonol dose was going to the bod after the

cerwgedocke (and top Sca bed).
ef ewsroon by cbout 1.9 mo/l of oxygen, in tha bad.
wad hdchor concentration of phonol could ba trancferod to the bod at
Bi0ns fatormittontly coundng larger oxygon demand, rcoulting in ancrobic
Even -though the bilochomical

S& on an aveorage there was a demsnd load
It can alrd bo accwd

conditionn in tho bottem layor of the bed.
“empaca <owond of tho hrd wes not detarmined spocifically, thore was no
cvidrned of aneptie cona1exons‘1n the bed,

Loed of degrednt’on por hour, and the rocal progross of degradation
€120, dn tho pilet filtor, have boon ochewn in
ey 30,3420 0 2aL0 eoasteaksde, do and @b dn tho thyoo zoadnng of

2, o ovcdunecd 10507 4a Jcetdon 11.4 Zer tho dogrodation cquintion,

A endokivo eeatoas

Lty oo widilocd

Aansian of Doaudition

Thn Aohnmonk nunen of organic mattor An a olow gawd Jilnam ovotesm

Axn cho ety azgaple nubrionend that find chodz wny date 102laviag mrtox,

EISIIEAIPN argand A 'i’_hnmf‘.nlw}n, in thodx e tabolic cyeln, ¢hnt mek tho
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smemey murd fleation mathematicelly in torws of 1a% oxder imntics.
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T sl tho 2od itcelf tholr hobitot.  “he ergonicws utilioce ozgualc

sttor end Cholr mineral mortions a3 a courco of ortxgy through a cerics

of biochceuical reactions. Spacific enzymos, which cre large protein

molecules and produced by the living cells, oynthosise organic matter
into 1iving cells and eventually to a more steble mineral level. The
organisms convert the organic nitrogen, into ammonia nitrogen initially,
into nitrite nitrogen afterwerds and finally into ritrate nitrogen, and
this progression is capable of'chemlcal determination. Oxygen 3issolvel
ia watexr, or released byvaquatic plants during photosynthesis 1s used
by the organisms for respiration, during the procoo§ of decomposition;‘_
Zn the first stage of aerobic decouwposition, which is applicable‘to
sherol degradation, largely carbonaceous matter i8 oxidised, and the
ciount of BOD exerted in a unit of time rolative to the remaining to bé
cuerted, is substantially constant (Fair and Geyer, 1959) and appears to

bz sufficiently constant to be generalised in mathomatical terms.

2erolzclon of the Deoradatfion Ecuszion

Lo Do) Georxedation roeaction 4o o nlow preocons like aeratlon,
Sl molovel, disinfection and sludge digoction, and tho ronction kinotices
aza ¢iea depandont onnrzationa varmring with conditions. 1In the type
cuuution zde/dt = k¢ (R) for roaction kinctics, ¢ reprosents the concentration
of tho material of interest, g(R) i3 some function of the concentration
of tho substances concerned in the reaction, and k the specific reaction
rate constant, is independent cf the substancos covered by #(R), but way

<rsoad on temserature, time and other factors. Simple rate processes can

L2 classified according to the mathcmatical order of this differential
rote eguation., The phenol degradation reaction in a slow sand filter is
a coxplex consecutive reaction where the rate of reaction is largely
indepindent of the concentration of phenol, within the limits of usual
influcnt concontrations and therefore it can be considered that phenol

<r0s 12t perticipato in the rate dotormining step, thus the rate of phenol

- e mrtion 1o indanondont of tho eoncontration of phonol im wator. Tho

D oL Ergzadation zoaction can cloo b2 intozpreted as 2 £lrot oxdor

Jrradion, éomnadont on tha contoct tima, but indopondont of phonol
rmrzonzatisa {but pot moxa thon 10 =g/l uwoually), similor to the £first
ST EID cutve, or oimilar to tho banic law of Vals (1948) for biological

» Wo ozsumzd donth of madium as tho ¢imo functlon, and formulated
First

condae Ziaetice hava bean gvbasguently usnd guecenconZull: (3den, 1964),

"xmlakdng fraction 23 r~malning 20D to tha liquid zasid-rzy tleo,

T -
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Do phorol doszodatlon ds a e fcntaadiat clov rooecien, the

caEacs CL.0 40 of fundnioantal connidazatlion. ancavoer, rata ef
£ileraticn, cepth of overlying watez in tho filecr tank, and tho dopth of

filter bed could ali be irterpreted in turmy o contact time, Contact

tin2 irplies that there is no rate limiting sicpy cot up by phonol diffusion

at the bacterial-water interface. The degradation rates in wator,

schamutzdacke and the filter bed are different, prosumably becauso of the

bocterial population concentrations. Different rotes are also oxpected

bocouse some bacteria are fixed on sand surfaces
nanT, whioreds sand particles provide a good ourfaco to which tho bacteria

and somo aro free in the

€0 cittach ond grow,

In the formulation of the degradation equation it is desirable to

3272r the overlying water alsé, as suggestcd by the results, In the

GINC
mtion tok of an activated sludge treatment plant, 39% of the bacteria

toxd andwn to dagrade phenol (Lynn and Powers, 1955). In view of the

o3vlts on the phenol re-ovzl, and the headloss devolorment in the top

Liyor ef tho filtsr B2d, o of the bed up to Scem dopth has boon eonsiderad

ST iy ediretodachie for £in3ing out the contact wimd in achumtndocika.
L ooy atlon Lo oo sly sennertod by the veory hoovy eonconkragion {cbout
eo2T ) of tho Iuctorda dn ¢ top Scm of bod, ond thon cuickly Gccreasing

S bolow that level, as is clear from groh 11.4.1., based on

PXRARTCID § I 4.1.

TTAATICN VSRSUS DEPTY (bacteria por milligram of sand)

SLUL ML

o —

§ W e e i i e s 5 e

Lrath Bl Run No. 4' Run No, 5' . Run No, 6' Average
o7 - 1" 38,000 38,000 24,000 ‘ 33,500
A L 22,000 35,000 16,5C0 24,500
200 . 3,400 2,900 2,3c0 2,900
rae '_ 2,5¢0 1,300 ° 1,100 1,600
Coame Lozl . | eoo 0 1,200

AenD an Cavalier, 1969.‘ ( * his run nuv-bern)

T e Pt
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The fZollowing poccs are devoted in eotadliching quantitative

relaticnships between the principal varicbles anrd obscrved performances,

as experienced on the pilot experimentel filter. It is believed that the

probeble relationship, even though based on the performance of phenol,

could be advantageously used for the performance of normal organic impurities

coming across a slow sand filter.

Dagradation Equation

The Degradation Equation can be conside;ed a balance equation,

therafore,

Total removal = removal (tank) + removal (schmutzdecke) + removal (depth)

= removal (tank) + residuval x removal rate (schautz)
+ residual x removal rate (cdepth).
a input x rate (tank) + residual (schmutz) + residual

x rate (bed depth).

Gt ®t) + b Bb (1 -{at Bt + de Es (1l - Gt mYY)

3 -p = B [ de Ht + ds Hs (1

Q o]
11.4.1
oz p -P = P [x +YQ-X+2 Q- {x +yYy @ - x) })] 11.4.2
= p[x+va-x+z{1-x+y-xn}]
= P{X+Y(Q-X)+2Q-X-Y+ xy)}
= P (X+Y-XY+2Z-2ZX-YZ+XY2)
or Fo =P . + Y+ 2~ (XY +Y2 +'zx) + XYz T 11.4.3

e ™ S




or

or

or

or

- - '“;“690
P/P © ~(X+Y *rZ ~ X~ Y2~ 22X+ X¥Z ~ 1)
P/P o 1 -2 ~Y + Y2 - X + XZ + XY - XY2

PP = (1 -X)(1-2-Y+Y2)

P/P° = (1 -X)(l-Y) (1~ 2) 11.4.4

vhere P° = Phenol concentration at the inlet (EB)

(3]

o))
[£4

£
(X

Phenol concnetration at the effluent (E6)

dt Ht
ds Hs

db Hb

gradation rato congtant in the top wator, determined empirically,

0.635 n>

-~
w

Contact (or d:ztention) time in hour 16 the top water

Degradation rate in schmutzdecke and top .05m bed, constant determined

empirically = 8.66 h »

Contact time in hour in schmutzdecke and top 5 c¢m bed

Dzgradation rate constant in the (rest of) depth of sand bed, determined

empirically, 0.58 1'1-l

Contact time in hour in the depth of (rest of) filter bed

Using abovo dogxadatfon rate constants, equation 11,4.4 could also

. bo writtcn ag, -

MR O £%

/> & (1~ 0.065 Ht) (L - 8,66 Bs) (1 - 0,58 REb) . 11.4.5

-
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Solemloto b, 63 end & (Roforenco Tibloo 20.1.1 - 10.1.4)

at

Average rosidual phenol (9) at Ell(or E2)

= 759.C0 = 50,6%
15

Average degradation in filter tank
@ 100 - 50.6 = 49,4%

Ht = 7.6 hr (1,52 m @ 0.2 m/hr)

dt = 49.4 = 6.5% or 0,065 h >

7.6

Average residual phonol at £3(or E4)

= 67.88 = 6.,7¢¢
10

Averace Gegradation in top 5§ em bod (including schmutzdoeho) 50,6 - 6.79

= 43.81% (1£ P ) or 43,81 = 86,58%
° 0.6

Hs = 0.1 hr
ds = §8.58 = B865.00~ 8.66 h™t

.1

Avarage residual phenol at Eb6,

= 33,28 = 3,.69%
9

Avornge degredation in tha root of filter -
© 6,79 - 3.69 = 2,109 ’
or 3,10 = 468 -

C 6,79 ..

a 40 m,

b =2 0.4 = 0.8 hr : (bb = 0.45 - .05

@ ~ 46 = 57.5% © 0,575~ 0.58 h " -

0.8 -

-

(Di = .05m, £ =408, Q= 0.2 m hr )

£ = 407)
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1o 11.4.1

L
fom e e

2%l Phenol Removed,

L3

Q@ = (.05 to .35 n/h) r = 20 °, Dv =.1,52 m, Db = 0,45 m,

at = 0.065 h Y, ds = 8.66 h 7, @ = 0.58 Y
U3ing equation 11,4.4,
272, = (1-3% Q=-Y) 1-~2)
Q m/h Ht hr -§{ Hs Lrx Hb hr X Y 2 P/P° Po - p}.
p
o
0.05 20.4 0.4 3.2 1.276 J.464 1,856 | -2.058 ) 3.058
0.1 15.2 0.2 1.6 .SEB8 2.732 .928 | », COL {11.€C01
0.15 10.1331 0.133 1,067 659 1,152 .619 }j{~).020}] 1,020
0,20 7.6 0.1 0.8 494 0, £56 . 604 ,036 .264
0.25 6.08 | 0.08 0.64 .395 .693 37 .116 . 884
0.30 5,067] 0.067 0.533 .329 .580 . 309 .195 . 805
© 0,35 4.343} 0,057} 0.457 .282 494 « 265 « 267 .733

Toroorature Ef fect

o7
.

Mo attempt was made to evaluate the complete tamperaturo effect on
=honal degradation in view of the difficulty of maintaining temporature
. coarrzol on open pilot filters. Thoe following discucoion 3o usoful when
z2ring to corxrelate degradation with CoEROrXaturs, ' ‘

Jith the increase in tcaporatury, thoe rates of reoqction dt, do and
€, ond the resultant total phenol removal phould increane. A vory

aoprozimate rule, (Vant Roff Arrheniun)@ccopted in connection with BOD
monguroment is that the rate douvbles for each rise in temporature of 10 OC,

oyrovnssed in mathematical terms as

kg = LG -1) 148
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e B 4o tho tomnoratvre cad Cho cubccoript gexo denotes tho roforcesnce
v2lues of K, tho roto c$nctant). Prom ckout 15 to 30 °C, the valuao of
Cx o ,046 por degroo €. (Fair end Geyor, 1959).

Another approximatae rulo is that bilological ozidizability of polluted
vater 1ncréases in the vicinity of 20 % by about 2% for each degree.
Centigrade (Theriault, 1927}.

In a recent otudy, for tho 10 °r difference in temperature, the
timas required to.yield a suitable phenol free effluent varied by a factor
of 4 (Cavalier, 1969). .

Woll known Strooter and Pholps (1925) empirical relationship, &T
{r-20) could bo considurcd to be uscd where KT and x2° are values

1(20 (o4
of rate constant at T and 20 °c.'and C a temperature coefficient for

biological filtora.

Limitations

The degradation cguation 15 used for finding the total phenol

woavsl 4a Cho clow ound filtar for tho various ratas of flow., It is

2 piiecblo to varlouns dowtha, of tho £falter bed, cnd thoso of
a¥erlying wator in tho £4ltor tenk, or for dotormining tho effoct of

notorn An dillozont combinationo.

e S~ e~
Cnos oo

Tha cogradation cquation 45 however limited in gpplication to the

oxtont, when X or Y or Z 4s loss than unity. When the product X is more
than one, totnl dogrodation 1s expected to occur in the filter tank water.

"hon tho product ¥ {0 more than one, schmutzdecke (with Scm of bed top)

clors 4o indicotivo of total phenol removal capability. Similarly, more

<hen unity product 2, suggests complete degradation in the depth of filter
bcd 4toclf. The degradation equation is usable for the normal probable
rices in future rates of slow pand filtration.

The tost rooults exhibit some fluctuations in the values of dt, ds
and @b on diffoeront days of the run. There i3 no clear trend of
fluctuntion; and the rate conntants based on mean magnltuéo, havo boen
zonnidnred good cnough for uido in the dégradation equation. Jaothow
ananileciion notdecd 40 ctnée of inadoqupto flora and founa o CetivaRg
5~57“6nﬁion in lcon maturo £41%0ra in the deginning, and a lag prziled
eaan7sing durding acclimnticntion phace of tho f£ilter for a pariicular
aone-ntxation of tho phoonl.  In nomo Lngtances the value of de, do cnd
o, nininh as ¢ho povecntneo of dreradation increeses, probedly znosulting

grom SLESAront raten an dlosunood proviouzly in this section..
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3.5 Dhonol Mecourcwent fn Undogcd Rena

"Boged on the analysis (Section 10.3) of grephs (10.3.1 - 10.3.5)
for the runs immediately following the Jdosed runs, thore was evidence of
subgtantlal levels of phenol (around .0l to .5 mg/l) in the test filter
semples, ond low but unwelcome levels (around .005 - 0.1 mg/l) of phenol
in the saﬁples from the control filter. In these runs, phenol was
mecasured in the overlying tank water and in every layer of the test filter
bod. It is also sean that the samples from valve E5 (6" above tho bottom
and about 14" below. the top), contained the maxdmum phenol concentration

in tho bed, and this was the level which also caused maximum phonol

¢ogreodation during the dosed runs. The reason for the appearance of phenol

in thu filter water samples, when none was dosed is not truly known. it
nay bo thot edsorption of phenol on sand grains took place while dosed,

vhich was desoroed latex. There is now good evidence in this roopact for

activoted carbon (Pahl et al, 1973, Knickmeyer et al, 1973), and that
Tcbbulte (1871) hes described the procass of dogrcdation of collaidal and
onlayia eorriaies dn a trickling fllter, da tores of ducorptidén and

iioacdon.  [ouvovar, ¢there 4o no ovidones La ¢ho literaturo that sand

crefacss have any adoorptive-docorpiiva pu~zortion for

e, er olllen
woo e naiccules such as phenol. It opzocrs that tho hiasllco of phonol
lcoching are complex. It is posaible that a part of tho phoiiol colution
vnich Giffuses into the biological cell remains unutilised and roappears

along with the biological cell as phenol. It is also posscible that algae

ond tho £ilter bacteria arae transforning some othor chemical constituent
4n%o hydreguincnes or some phenol derivatives, which rogister as phenol in

Or it could just be a case of cocowrposing cell leaching
The well-established 4-eminoantipyrine colorimotric method

o dotosmination.
out plont ghenol.
veod by Bttinger et al (1951) and described ag a clagssic technique by

Baird (1974), is not without short comings. This proccdure along with
phonol, detormines also, the ortho~ ond motaoubstitutaed phonolo and undéorx
‘rronny 23 conditions, thoca parccubstitutcd phonolo in which tho subotitution
A0 a snrheayl, holegon, mothonyl, or sulxloale acdd grovn (Toxon ot o) 1071).
T, o ovozeome this @iffiowlty, GLC (oan limdd chpenntazrahyl
',t?whniqvo uas studied, comparcd (Dakor ICT3), roviowed cutopsively (oohor
andd {inlo 3957), and used rocontly (Baird 1974), t wos chown that the G
gonnndaun Man eZfectiveln identifying phonelic matorial icomoya cnecpt
‘m ond » chloxovhenol. But GLC ig ugoful only for concontrations of phonnl
hiﬁk"? than 1 v2g/l, end fox iip2 dherol A rormianlons ( %ﬁg/l),

4 imoratisvring chlozrofomm Axtraction mwocrduzn ~ntlll oporags to ba tho

corfoda ondir of 8o dporrirclons.

[
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In coavonticnal wator coagulation trectmont it 49 elodrcd ehot
hocauwse of their oponcy nature, floc particles hawa a vory lozgo cuzface
arca, capabla of adsorption of dissolved matter from colutien (Tcibult
1971). E=xntending this theme into the slow sand filtration, it can be
argued that the épongy naturé of slimes, bacteria and other biological
growths, over and within the filter adsorbed phanol whila doced, in
addith-:n to the probable overwhelming diffusion and its uco by the bactoria
for energy extraction, and desorbed it immediately afterwards during

uncosed run,

Fhonol Presence in the Control Filters

*he discussion in the latter part of section 10.3, based on the
interpretation of graph (10.3.5), shows the production of phenol in the

control filter. Considering that the working of the control filtcr was

similar to that of the normal Walton Works slow sand filtorg, the dotaction

oZ shenol in thoir cffluents’is intriguing and very intcresting. Tacre is

cwiconed thzt daoccy of plant organic mottor cum couco clonillciat
ceaenatrition of phonoliczs in water. 7Tio Wilhdnchung=-Pona Caint UTuzop
Suiwrity hoo rescct Gly feund the characteristie mediecinal odovz of zhuol

PRy

LAy

Thox a houvy rua off from rainfall., There are no irdencuial wantoo

cntaring the reservoir and the usual phenol concentration in tho ruacrvoir
on the Rllegheny river shed was O to 6 ug/l (Hoak 1960). Koak also
suspected the presence of tannins ylelding phenols duc to biochcmical
cacay, @nd pontioncd the Mellon Institute study, whore oaX loaves
sucpandad In river woater produced IZSQflgll phcnol in 10 days.

Falls vater treatment plant in Pennsylvania, phonol was porsigteontly

At Beaver

Catected for all 197 deys in the concentration range of 0 = about 1004 g/l
{{inney 1960), Unfortunately, neither Kinney nor Boak montioncd tho mcthod
of phenol Adetermination used, and did not dirfferentiato botwocn various
phcrols, quinoncs, ote, ' .
Tho preconcc of a hichor concentration of phonol im thao cffluont of

0 2ot contmol Z&itoy ecommorod with that of the iafluopk (gza=h 20,3.5)
pugeatd produstlion of «hionol in the olow zand Lilecrd, or tho prraduetien
oF o earzannd zeointordng eo shenol in tho detormination.  ¥ha roanona Sorx
=h a0l production hava already been discussed in this goctien oaxlior.
Adthonch quinonon erd hydroguinones ara also reported ¢o Zora on ¢ho
3n33&ca of activatcd carbon (Rullm, 1974), this doos not azpoax to account
fox rny similer forration on biological surfzces om 0and,

E fncently the? opic of plant phenclics has gainnd oo mach importaneo
it 2 £ull bonk, "Thn Biology of Plant Phenolics', by J.R.L. Mnlrox, in

B . e .
N o

o



aeindcd o bo printed dn 1975, by tho Inotituto of Biology (Mallarby 1974).

pPhenol Standard as a Parzmeter of Water Quality

Inspection of graph (10.3.5) and the foregoing discussion in this
section indicate the concentration of phenoi, in the effluents of test
contrxol filter (and possibly the main walton Works effluent) in terms of
tens of micrograms per litre, as against the International and European
seondards (WHO 1971, 1970) of 1 g/1, with no apparent evidence of
undzsirable taste and odour in the I~:etropolitan Water Boards water supply.
this mcy be regarded as endugh,cause for introspection about the hasis
o2 this standard, ,

A limit of 1 g/l of phenol in drinking waters was set in 1946,

because extreuely low concentrations teonded to react adversly with

chlorine to form odorous components (U.S. 1962). The concentrations

haxmful to hcalth arxe many times more than thdse wnich impart taste or

odour, It wao scsroied (Ecklax 1938) that 15 - 1CC0 mg/l of phcaol had

ot on rutko for onteondsd poriods. Up to SCCO mg/l

<

ro evsazvovle ¢if
concontntion oioxted no offecet on thedr dignotion, ebsorption or
motebolism, Rowover, 7C620 mg/l ceured still births, 1 mg/l was reportcd
not to seriously affect most fish, The standard was cet, not because of
its 11l effect on health, but due to & criterion established for aesthetic
This cces not eppear to be based on strong evicence from
2isorctura. According to the Standard lMathods (Taras et al 1971)
chlerization of water supplies containing traces of phenols, may produce
cdoriferous and objectional tasting chlorophencols, like O-chlorophenol,

p-caloroszherol, 2, 6, dichlorophenol, and 2, 4, dichlorophenol, and in

purposes.

ghanol detection, phenol itself has been selected as a standard, and any
colgur produced by the reaction of other phenolic compounds is reported as
phonoel.  Tae methods for determining phenols have been described as being
czoag tho mast oonpitivo orgoanic analyses available (Burttscholl et al
D). Tho loy limit heos beon justified in trying to avoid unpleasant
wa0tns 4An chlorinased waters, and with a vicw that some phenolic cocapouncs
2z ooocble of boing toxic when ingasted over a long period of time
{¥¥D 1270}, . Howcver, a year later (WEO 1971) described phenol as not
conntituting a hazard to health of the users, but its presence affecting

ace nichility fox domestic supply. It appears that serious difficulty hes
ohrn arparispesd in the determination of low phonol concentrations, end

duo o dirgatlniection with the accepteable methodﬂ, newy tachniques hava

“bom zxied (Afghan et sl 1974, Tountainﬁ at al 1974). R N

1 . . . . .
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3¢ coprcos fron Cho forcgoing discussgion that not too strong ovidonce
1o cvelloble foxr the justification of such a low phonol concentration
ctndard in driniidng water. There is also an element of unreliability in
its cetermination, end it is likely that many treatment works are already
disreczyding the allowable limits. There is & strong case for revising
the phenol standards upirards, especially in view of the decision taken
by the Technical Review Committee of the 1970 EPA (Environmental Protection
Agency, USA) in dropping phenols from the standards, due to practical
difficulty in analytical methods experienced by most water works.

11.6 Unrating the Slow Sand Filter

The turbidity removal results for the test and control filters have
bocn presented in seciiun 8.4 and discussad in secticn 11.3. A datailed
gtudy, of the several efforts made to improve the rate of slow sand
232eentlon acs been described earlier in Chapter 6, vhich reviews both
A3 0f ¢he arpuaent,

Tiocd on thie results of test and control filters for the succssoful
ziovovel of turbidity (comparable to the main Walton Uorks e£fluent), and
w0 ovhrgontlel lovel of phenol degradation (96% degradation, of 10 mg/l
sacnol concontration, at 0.2 m/h filtration), it is felt that wherever
influant turbidity is between 1 to 5 mg/l silica scale, a filtration rate
of 0.2 m/h could be safely employed in the slow sand filters, with scope

Ser oven further uprating.
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It crabguo €rom Chio forcgoiny discussion that not too otrong cvidonco
ig avalicblo fer tho dvotification of such a low phenol concontration
stancuxrd in drinmiing water. There is aiso an element of unreliahility in

ito determination, nnd it is likely that many treatment works arc already
disregarding the allowable limits. There is a strong case for rovising

the phenol standards upwards, especially in view of the decision taken

by the Pechnical Roview Committee of the 1970 EPA (Envixonmentul Protection
Agency, USA) in dropping phenols from the standatdg, due to practical

difficulty in analyticel rothods experienced by most water works.

11.6 Uvrating the Slow Sand Filter

The turbidity removal results for the test and control filtors have
been presented in sacticn 9.4 and discussed in section 11.3. A dectailed
study, of thc several efforts made to improve the rate of slow sand

Ziltration hes beon caccribad carlier in Chapter 6, which roviocus both

Silex
cldcg of the a:gr:ént. )
3escd on £y roculig of test and control Jilters for tha gueecsaful
raovel of turbidity (coaparcble to the main tclton Works offlucat), and
tho uswvbstantial level of phenol degradaticn (€53 degradation, of 10 mg/l
phenol concontration, at 0,2 m/h filtration), it is felt that wherover
influant turbidity is between 1 to 5 mg/l silica scale, a filtration rate

of 0.2 m/h could be safely employed in the slow sand filters, Qith scope

for even further uprating.
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PRACTICAL APPLICATION R CCHCLUSIONS

12,1, Practical Application of This Roscarch

This research having considorcd tha proccscos and ratos within
clow nand filters is usoful {n justifying thoixr epplicability to threa
cievstionss rural communities, for devoloping towns and metropolitan

citinz, In addition it is useful when considoring uprating and

purtifying organically polluted influont. It also contributes to the

-
nrsnisn of a phenol stanard in drinking water, as explained later in

this section.

e .y

£ el ocono hag baen considored for India, vhozo oxeene fox

TUM nean ond cities (more than 5,000 and 100,000 ponulction zocn~ctivoly),

T et of the communities, numbering over half a million aro
viiir¢ns, with an average population of 900, needing a slow sand filter
aren of only 19 nz (at a filtration rate of 0.1 m/h, and 50 litres/cap/
(i rspouistion).  So, for water filtration capeity design, in all
6 =5 {97 a villego, and in qreat majority of the cases for a group of
vLiAnTos, it will pot bo the rate of filtration, but factors like the
ol DAlity and the minioum pize of a slow sand filter that will crucially

(YR g

(U gan decicion,  Thae olow pand filter has been proved inherontly
cohlihla for roGueing bactorial ‘numbers, and is simple in operation and

¢ LLrs,  The recont ctrong Coubts on the ability of chlorine to completely
Lol BNt tho hopatitis virwo and tho olio virus (Uchor 1972, Shah et

3 3072), ond o Cordeful propositien of uning chlorisation opparatus

Lo nstozily da o villogo, mey Do coeazdrd ouifictent roocon to placo

YT s gronenilBs ity on £€A1ezotisa. $ho olew pand £filtor with

i e

cavteaod 2oeozxd floxr ¢naling with bacteria officieontly, therofora, bocomas bn

= 0lf nttyactivo chofeo for rural arcas bosed on zoliebility and

olosrdeiny,

.

e iondng o
BARN S s A 0%

Donrrily, qoecctally after “he 3973 oll cxisis, ¢ha concm§t of thn
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‘v ovation . ovewrces has develes (. Ualle oddrossing a gathoring

o7 ongincoys, on a British point of vicy of civcation and training of
ongincars, Prof, Contos (1974) emphacised tho urgent need to {ind mocns

of making biggor ongineering systems which are moxe economical in tho

uge of raw matorials and natural resources. Bearing this in nind, it

caen ba omphasiged that the slow sand filtcr does not reguire chemicals,
so that by .avoiding coagulation processes, energy is saved duo to loss
ultimato headloss, much less wash water is wasted, only 0.4% of the
2ilturad wator compored to 4,08 for a rapid filter (Fair ot al 1959),
10,3 cjuipwont ond machinery is used, and better disinfection can be

aciilovcd with lous chlorine (Eulsman 1974)., In the context of gupplying

potcble water to towns in developing countries, in addition to savings
on the rcsourcey as montioned above, it permits the use of import

£incaca, which would otherwise be diverted to technical requircmonts of

redd £iltration, for essential commodities. The choice of a ulow sand

§ilcor, o bo ¢blo to cave on natural rcsources, is the adoption of a
< clen of hidan rolovaneo to nodern conditiangs,

O

S R
tantier At A0 London on the Wackon, New York on the Hudcon, Tokye
en tho Suaid: oz Cilecutta on the river Gonges, the moetropoliton citics
are wually locutod on rivers which havs travelled through induotrial
rogions of the country, and are thus carrying heavy industrial and

oz¢ginie pollutiennl loads. To be oble to uso raw water from such

Coeeriorated surface gources, it is imporctivo that strict and ontonsiva

tzoaamong;aéocoonea be employed. The turbidity and phonol degredotion
zonule from this resocarch have shown the hich cfficiency of tho clow
oond filter, which forms an important part of the multiple barrior
¢omsiigue to doal with ouch grogsly polluted rew watcr. Tha rooults

“of ¢ho cnandnotion of London waters, cprocd ovor soveral docacon (Windle
Trylex 107293, ond o provious [L.U.D. opertc) cpoal vory higaly ef

Leavlen with ¢ho sley oond

oy a2 Sho rniednlo baxrlor puzd

2 e,
rnnmno oo perlorn, hn onaskling end ooy TRlizaco vt Icon thon 0.1
ool s 0f mzpldity (nilica oeala) compizcd with 3.0 unlts (silica oeala)
a1 ¢h azzontablo Mels of intornational otomdards (WKO 1971, ©S 1962),
ond 22,287 (1972 avorcga) samplan £r00 of eoliform organicms cervaroad
4N 357 07 eeroneihla dnterpazional ctendond (RO 1971) and the Durenann
nanda A w0 1A79) , An - highly xagardsd “hxoughout tho ~orld.  Tha key
4o ahdo, A% acomn, 40 dn the bullt-dn yexnnello quality of biologienl
wux&ficntioﬁ Of'éhﬁ ﬁlcﬁ nand Ziltors, woilng & voxy loy cuzbidity (”bout

[

2
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sy ovads Ll hun eoclo) dAnflecat woter from the rowdd [Liecon (sw Cho
cageenteetle o)y vadch aro cuenlicd from fmproved and bielcnically

radntained cottlod reservolr row wator. The results (Wirdla Taylor
1971-73) ehry chat three storago roservoirs, the Walton, @Quoon Mary
cnd Queen Elipeboth I Rescervoirs, climinate 92.6% E. Coll ond 68.6%

turbidity of tho Thames water. Advances in limnological control can

now holp eliminnte oven tho undopirable quality featuros Guo to the
thormal stroutificotion by providing inexpensive engincering installe
~tionn (Lhdley 1971).

Taouo e hronoliten citico, faced with the position of hoing
situstcd on a honvily voed river, but housing also the large
counc.atrations of an industriuliccd affluent society, kecn to have
Cxiuidng waier of o highly diccriminating specification, und abla ta
nuy tho duo pejice to achiceve thlo, con do so by making uso of the
weatencd binleagical purifying quality of the slow sand filtor, nocessary
to pruwscy a4 folichcd wator, in a whole multiple barrior otratogy.

e vtg RIseedstion cnd tho Phaol Standarxd

PR A ® ey
[ AN, STa

AO§wr scoules 0f Gho o0t ond control £iltoxs ot a £4lezition

Caa Ul /A na discusccd 4n pcction 1.3, are comparable to thoce of

ielley Do on poxmal nder cond £Lltera at a filtration rato of

IR
. Y RY

207 « 0,13 ©/he There wos apsorently no untoward effect in  the

‘.

hsadleun development or the relevant length of the filtor run at this

hishey veloedty of filtration. It 43, therefore, felt that there is a

ohrong €000 far Incrcecing tho filtration velocity in aslow sand filtors
in pcetlon 11.6, where tho influent water is of

2o 002 wWh, &3 dlnocussced
L turbialey (8 FTU). Thias step reduces the filtration area and the

% o0f ewartruetion to almsct half.

o~
el -

Lew woter with high contont of oxganic impurity can bo nuitebly
~urdSicd by clew ocond filters without any chemical protroatmont. Phenol
Coazcantion grrudto of this rcoonreh are e witnoss to thio £aet and are

Claevnood wAsh ¢8nAL 4n coetien 1.4,
Ui DoberEintden ©F 2honol An watoz hoo ldmitotlers {noveved by

Jreosgy Rl eonadaun. Za cdddtdon pley copd £ilkors Aavo .0a choun
Daowbdn wmii 2o produce material which reglsters as gh-noi, by tho

Suondaed o0eary determination,  Thoxoforo, xeconnddrwxction nhould be
gacey an 2N T Aimdt of 1 ng/o of phenol, eizther to zaloo it, or to

et alzavo t2iva erdteria {a.g. tidte production eftrx ehlorination).



a e oentens for Tuturce Roacarch

Tho sampling technique has boon dincussed in detail elsevhere
However, it 15 felt that the prosent sampling technique
It would be intoresting to see the

(a)
200 1967),
ro¢Ga furthor investigation.
imarovoment by trying composite sampling daily on a slow sand filter.

From this it ic easy to prepare grophs for concentration versus time

‘for occh oample top as shown {n graph 12.2.1, and a histogram of

concontration frequency.

||

)
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ihta mothed w2) romove any faully concontxotion doteorminations ot a
timn, which weoxze dn ovidenco, at timns, during the conduct
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{3) %0 poeocat otudy did not dmveotigate the veriction of tho
¢ werlniiden conseintd for the top wator (dt), for tha scmmeudocke (Eo),
i fez tho bod (cb), with temparature. Study of the effect of
gempogoture 40 procticable in the laboratory, under controlled
ecositidtions, ond could prove useful in correlating further, the

desrndotion conctonts with velocity of flow (VE), depth of tank water

{c7) and the bed depth (Di).

(c) Aport from the MHetropolitan Water Board of Londén, there is
1i¢2de ovidonco of fundamental research on the biological aspects of
¢ho vlow cand £4ltor. There i3 need for research on the capability of
tho o low sand filtor to hendle many other important organic compounds
tndeh avo in wido use now, e.g. surfactants, pesticides, organic

foreilisers and tho patrolcum oil etc, as discussed recently in the

Lovhborough Sympoaoium (Jain 1973 a, b).

{d) Tho prcient methods of phenol determination a3 given in tha
s lothets (oras et al, 1971) seem to be registcring cuinone
2> Carsivatives as phenol. There is aced o davalop a

et s UnASh Grtosienns the concentrations of phernol eiclusively with

{0) Tho chicef roecon for limiping the amount of phenol in water
cupplies 48 the fear of phenol reacting with chlerine to form chloro-
phonelea roculting in bad tastes and odours. There appears to be a
lorgo clomeont of opbculation cbout the minimum phenol concentration
usikeh recacta to form undegoirable chlorophenolés. Research on this

cosn~et phould be uoful.

(£) Bcecavno of oot backs in the successful operation of slow
ég;ﬁ £31tors or ranidly operated slow sand filters (Xardile 1970), and
6% Cdir~n occurrcence of ancorobic conditions in the lower léyors, and the
¥ evhlen of culphidon, At oppoars that a otudy loading to bettor

Torerandng of €0, U cnd DL ond thoir imnmact on VE and the total and

canrhdennl eraonic eonstituont of zow water 18 desirable,

{e) Theozetiecl otudies relating to the dominant biological
pur! i kion and wathomatical mod2ls govarning the hoadless davelonment

nn 'l b eazriod oeut 4 32 zble to improve thse funciioning of olow

aewn L1020, ) ‘
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This can only k2 cchioved by multiple pilot fllters (each at
different rates), <~ vary loag rosesarch progral~a due to length of
runs (several weclis; and need to estoblish steady conditions (phenol

aoclimatisation), and replicate runs.

12,3 Conriucions
Bascd on this study of tva pilot scale slow sand filters at a

valursorils near London, the. follouing cowclus lons have been drawn.

1. There was overwvhelming phonol xewoval (878 of incoming residual)

in e ociuauticacke and tho te) Sca of sand bed.

o ) 2acdlce hlo phonol dogradantion in Cho zcot of ¢he

a6y
Qo Uz og eacddan

Ll 030 of ¢ho dassadng mealdvil).

3. Gasre ig considormcdlo pucnol Caradatlion in the overlying tank
vator (y ckout 4£89%), thereforo, incrocsed cepth of tank water affording
usTo contoct time may bae conducive to the organic degradation in the

24 g,
LaatCXe

4. The bost phonol dograduation was in the niddle of the run, with

rocovery of head, ond the corrccp2nding increase of turbidity, probably

Gua o the dislodgerent of bactorla and othor biological growths.

5. A epathomat ical odel to éccerdbo the phenol degradation in
T 0oy sond £a1gana has beon dovolopeds,  Tho total degradation is

S o @ oretredon dn tho Cheen mogdros of ¢ha slew gend Zileer,

2U0A0 Wy N Saz M0 ovorlylon wotor, o ohar 19 YL ~ X) fox the

Soaliy G Chio €99 Sen of g, and a0 himd g tho 2 [1 - {x + ‘!(1«:;)}]
33 demeh,  T20 dogradntdon in cach rogiac ig time veriant and

)
1)
N
[:
[P}
%

pay 30 LT nzature coprrdont,

6. TN ~-r-u1to of phorol dogrodation 278 ¢0 .the conclweion Shet
thy Tiltox Ialluones vith high oxganic content {w» to 1C mg/e) can be

TULEE .\,.cu?.l'{ t:rﬁw‘*ﬂn +Ath ¢ho nlew napd Zilter.




7. Tama hn ool of Twnol colution io otoppod, the longih of

ora da €0 tece (ent) fllcor vas 2 -~ 3 ¢imns ¢ho aveorage run, and
there wos ovidonce of ¢ha prosence of phenol ovurywhere in the filters.
Phacnol in the overlying water (test filter) was around 100 ug/l, in

e filtor depth coeveral hundreds rg/l, diminishing with time, in the

primary o ffluent around i0 or less ug/l. However, there was also phenol

at thae moin worka outlet, at several teng ig/l. This significant
concentration of piacnol was detected in the control filter effluent, and

several times more in the test filter effluent during runs immsdiatley

follcizing the dosed zung,

8, “The international standard of phenol in drinking water at 1 pg/l
necds vriierd revision, ia view of the difficulty in maintaining filtrate
at that locw level end the practical difficulty in low rhenol measurements,

cnd the ebsence of cny strong experimental documentation for fixing

1 cg/l phcnol standard.

ceves dn tho top layer of the fileor,

Co  LLluont o cnflied heedlocny coew
Doy Fom o O o ocet s atisl Zunetlen of tims.,  Thoxe is insdicnlficant
DL e v DnAld v A the oo of che Ziltcer and whatevor is built up

Sl 00 Thret Belf oF the mn €3rE3 o rocover in tho late: half of
Corian cguation can only doscribe the net effect

7o - £ » -
Cho run, Too Dozcny=Cornn

thae lowor laycrs but not the building up and recovery of headloss.,

)

10, Ppuring phenol-doced runs, the length of the run in the test
"filtor waes concicoribly shortoned, Guc to rapid headloss increase.
Tais can be 1ntcfpxotod es con incroase in the biclogical activity within
the £iltor, thus proving the inedzcuecy of the present mathematical
osdclo of filtration and the need for a new one incorparating the -
magnitudz and progortion of organic compounds in the influent of the
olow pand £ilter, with conccquant biological productivity. S

11, %hore wag grect Surbidity removal in the top layor, similar

=i

wutbidAcy zomovel wid esntinuod with Gopth, similax to the dogradation,

2% ¢ho hondleos dovelor —nz and the phonol dogradation, But the - ¢ F

©Dut rethnr disnimilar to tho net headloss.

12, %ha turbidity was dest zemdvad in thae first quartex of the
2un and ¢ phenol weg bect degraded 4in the middle of the run, The
imerenca of turbidity in the middle of the yun may bn attributed to the
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Crnlads o o of hretoria ond biological growths prozozing o cater tho

ctoto of cuizeanous rogplratlion.

13. From all the data and the graphs it emerges that the slow
sand filter, from the point of view of phenol degradation {and possibly,
thercfore, £rom tihie point of view of organié degradation), and the

turbidity removal, is not a surface filter but a depth filter.

14, Slew sand filters, with influent turbidity less than 5 fTU can
ba gucceacufully opsrated at a filtration rate of 0.2 m/h, and possibly

oven highoer.

15, ©Syccuse of its reliability and simplicity, the ansﬁer to
rural water supply problems in India 1s found in the slow sand filter.
Considering tho conservation of resources aspect, it is wéll suited for
doveloping towns. As it is able to produce a high quality polished

watey Zroa crxoncly polluted and reused river water for the affluent

Collane of 1 cyorolican cities, 1ts unigue biological purification
arlten tho clew oond £iltor a sultable element of the multiple berrier

tochmdgen,
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APPENDIX

Briaf Specification of Components

‘(a) TFilter tanks: each measuring 3.20m x 1.82m x 2.72m deep, concrete
wall thickness O,75m tapering to O.38m at the top, glass observation

vindosws 0.45m x 2.1m deep.

. {b) Senpling device: Aluminium pipe 13mm internal dia. with 3mm dia
oateory of holes, embedded in cone wall, fitted with brass sample taps

S dia,

(c) Pressure tappings: brass pipe 6mm internal dia tapped into 13mm

nu.2le pipe.
A o o
W) Laomuestaers romge -M0 ¢ to 110 C.

) Douling puswp: MNicro watcring puwp series II, 100 R.P.M. standard
2, 230 ml/n capacity,

crive 2um head and valve, short sotroke 1,723, 690 N o
2 short

glteed with reduction capgule gear, max. pressure 689,476 N m
stroke, capacity 45 ml/h, with variable speed 0-100%, supplied by Metering
Pw.»s Ltd, 83 New Broadway, London W5 5Sd, England.

{£) Connecting pipes: floxible p.v.c. reinforced, semi-transparent 6mm,
12um internal diamecter, supplicd by Gallenkamp and Co., Technico House,

Sun Street, London E.C.2.

{g) Conttol valbes: Scm needle valves used for filtrate and recharge,

3oam for inlet flow and 25mm ball valve for influent contxol,

() Acnizotor botelug: Pyren, 10 litre copaclity, rubbor stoppor, glass

neamenai, cvoplicd by Gallonhiemp and Co., Trochnico House, Sun Street,

Loni'on, Z.C.2,




SYMBOL

al
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S hit

NEITINCLNTL AR

DEFINITION

area of hole in the sample pipe
Ives filter coefficient

Ivos filter coefficient

inlet curface area of filtor

gecmatric constant relating to the
grain packing
turbidity (FTU) at a certain depth

phenol concentration using Chloroform

Extraction Method using undigtilled sample

diameter of samwle pipe hole
éegradation constant for thae filter bed
offoctive cive of cand grain, um
Covradation conutens for cchuwutadocko
Loeldstlion eunstang for tonk water

]

&
gzoLia dionoter
d:ath of scnd bed

distanco into filter from inlet
curface in inch

distance into filter from inlet
gurfaco in m

grain diarmoter at inlet face
spocific diocmeter of grain

capth of water in the filter tank
particle diemeter

Stokes~-FEinatein diffusion coaefficient

porooity ratio of clean filter bod
(volvoid/unit vol.)

porosity of cloon f£iltor modium
gzcvi?ional ceccalaration, 9.81 m/a2
hoodiors Q0o to pora Gozanitcien, m
hocdloco (at o coxteln pt in tho Z4lcer

total headlons reached at the cnd of
th2 zun .
hecdlons due to surface @epocition, m
headlana (total) through filtor bed

hn~dloss of cleen filter

" contact time (hour) in filter bed

eontoct time (hecur) in schmutzdacka
and .the top Scm' layer) ’

POV NSRS ¥ L (SR o2 2 pa e e

ML1T UNITS

L I S B o B - I
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contact time (hour) ian the filter tank

- @k
_ . water T
X ' foree of interception (-)
gragient of grain size/distance
relationship (-)
k rate conatant at T °C =)
ko ’ rate eonatant at 0 °C (=)
ks initial headloss at surface, m L
kt rate eonstant of surface headloss, 1l/s T-l
X Boltmann's constant MLZT"Z dog-l
Kl Kozehy coefficieh;, variable with o (=)
1 length ©f filter tank L
L length of the sample pipe L
m exponent of velocity (=)
n inertial action (=)
ny exponcnt of grain size (=)
N nw.bes 0f holes in the sampling probe (=)
P PoelGe Avkhor =)
2 Pieseg $uea £ilzer coafliciont constant =)
Py Dicnog Evea flltar coefficient constant (-)
)4 phanb)l eoncentration at a particular -3
dupth, L/l ML
PO phcnol eoncentration at the inlet mg/) ML-3
q sampling rate L3t
Q flow rote or filtration rate volumetric Lt
r arao/valurn ratio of coated filter
gratns variable with g . (=)
R : Reynelés number ‘ -)
8 spacifie surface Lt
8, spuuific surface of clean bed L_I
8 concentrotion of suspension, vol/vol (=)
5, inlot eeneentration of suspersion ‘ (=)
t . obooluta tcmporature °x ; (=)
14 olenged el of filtration, 8. - ‘Aﬁ-, T
* .- - gowczateso dn € ' o T T ey
T4 tima of Cha wzun in day T
u pottling volocity et
v b' uniforalty ecnefficient of sand (=)
Vf apovacrth yelonlty of Ziltration, m/h LT-I
v - vnloeivy through pores Lt
gz vologiey of sampling Lril
S ',»“_:.';_; e ﬁ,\ 2
% R R s e e 5 £

Lok, et _— e Doy Ay
e Ay DT IR Y o D)
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C € > >

Q © o

widzh 8f SAlror tan

olzontnt 0f voloelty torm

Gé: Be
eiponent of opherical surface term
ds Hs

exponent of capillary specific surface
term

dab Hb

aéouf or dotachmont cocofficiont
bulking factor for deposits
dznsity of suspended mattor
filter or impediment coefficient
initial filter coofficient
dynainie viscosity at 20 %
kRinematio viscosity

mass decpity of filtering liquid

partiele doalcty
oo ehfle dapoote, vol of dopositod.

[

Coli@ per walt f£ilgor vol.

cozolute oprslfle degosit

satuzation value of cpocific doposit
shaba £aptor of grains

ratle hetwncn opecific diamoter and
effective dlamoter

inconaistant values of hcadloss (ignored)

oxtragalatoed values of headloss

The cbovo notation has becn followed in the text.

=)
(=)
(=)

Some

unavoideble differenees from this nomonclature in the toxt are

cloazly noted as and when they occur.

gotox-

Tho data in Chaptors 9 and 10 on headloss, ond
dopeh 0f Clltor Huzbld 40 im dnchos beeauno of oxioting Socilitico

ond zolotiag tho warh with proviovs data.

s -



[AN3
xy
[90]

R wvidth of filtor tonk L

2 crwonent of volocity torm -)
% at Bt , (=)
y oxponent of spherical surface term (=)
Y ds Hs (-}
z exponent of capillary spccific surface

term (=)
z db Hb -)
a gcour or detachment coefficiont T-l
8 bullking factor for deposits (=)
&p +p density of suspended matter ML-a
' filter or impediment coefficient vt
A . dnitial filter coefficient L-l
uo dynamic viscosity at 20 % w! !
v kincmatic viscosity L2 T~1
o masg desnity of filtering liquid M3
o particlc denisty a3
GQ cpocific éonondt, vol 02 dopocited.

colid ner wist filecr vol. {-)
g coluto eacellic donoslit (-}
oa saturction valuve of opicifie domsolt (<)
0%9) sacypo fector of graing (=)
v ratio betwoon cpocific dliomoter and

offective diemeter -)
b inconsistant values of headleoss (ignored) (=)
LA oxtrapolated values of headloss (=)

Sone

The above notation has been followed in the text,
unavoidable differonces from this nomenclature in the text are

clearly noted as and when they occur.

Note:~ Tho data in Chapters 9vand 10 on headloss, and «
dopth of filter probes ia in inches bocause of oxigting Cocllities

and relating the work with provious dnta,
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ca3

cma/h
cm3/min

ey

dro/min
dro/sec

Bl, E2 ...E8

hr
1it/h

g/l

oid
oy

N/m

"
.

Rof

gsoe

TF

u,d,

vol

w, W2 ...W8

2601eDe
4" t‘]qOo .

ADEASVIATIONS

at the rate of

cubic centimetre

cubic centimetre per hour
cubic centimetre per minute
control (west) filter

drep per minute

drop por second

sampling valves cum pressure tappings in the
test (east) filter

hour

litre per hour
moetre

milligram per litre
motre per hour
minuce

wslly litro
willlon litro a day
mdllim_ vzo
nillivolt

nonomotre

newtons per square matre (1N/m2 = 1.019 x lo-skgf/cmz)
overflow rate (filtration rate) inch per hour

hydrogon ion concentration
roforonce point for headloss measurement

" gocoad

toot (east) filter
undor drainage

volumo

sampling valvos cum pressure tappings tho the
contzol (wost) filtex

World Hoolth Oraanisation
WUodton watarworks outlet

micron

f e e
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