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ABSTRACT 

In order to predict the efficiency with which an organic material 

may be blodeyraded In slow sand filtration, and to conduct the fundamental 

study of he«<llo*s development and turbidity penetration, so as to be 

able to uprate the alow sand filter, a study is made on the biological 

«*i* clarification kinetics and aspects ot uptfAtlog. it is seen that the 

effect of dominant biological purification in clow sand filtration as 

contrasted to the dominant physical, hydrodynamlc and surface chemical 

clarification in rapid sand filtration, Is not adequately described in the 

present kinetics and formulations. 

An investigation has been conducted on 10 »g/l phenol solution 

flowing through a bed of builders sand. Two pilot slow sand filters 

teach u)o;*:,urlng 3.20 x 1.83m) at a waterworks noar London, were adapted, 

to r̂ onitor i>n •;:;>>r(t within tho bod, and with tnpr? to obtain Isokinetic 

c.-̂ rploo ot wntur at eight levol3 through the dnpth of each filter. The 

primary filtrate av̂ ilflblo on the work9 was usffd as influent, with the 

inflow controlled by an overflow and automatic flow controllers and the 

outflow by on orifice plate and a control valve. Phenol concentration 

was dotorwint'd by the Aminoantlpyrine Chloroforo Extraction Method as 

Eodifiod by the Matropoiitan Water Board, sensitive down to values of 

1fi g/o, Turbidity wna read on a Hach Turbidimeter, reading down to 

O.Ol FTU. 

Jix>m those experiments an empiric correlation has been developed 

botwncn tho levol of blodogradatlon and operating parameters baaed on three 

roglKno of varying dogroo of degradation in alow aend filtration. The 

tror's haa afrv.m overwhelming phenol removal in ecbmutadoc'in and the top 

Sen of. tha bad (87» of residual) and conaidprobie phonol degradation 

fthOTX^out fche 0.3m bod (46* of residual), onp^cially in the middle of 

iha run, down to a total of over 99%. Phenol shortened the run length 

from 6 week* to 2 weeks. There is evidence of significant phenol 

production, nmtuiwxbly from aquatic plant.-?, in tho control filter and 

in "cw>'"><a tort ?ilt--«r, averaging 5 to 200ua/1, Headlos* .fncrr>fl.?<id 

(•.'jtrjon'-ntijilly, dK.'ort nntir»ly occurring in tho tssp l«y».r of th^ '.ilt̂ r. 

in rh« r««t or the filter headless developed during the first half run 
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recover* *>rtP9 t*5? e^^n^ half. Turbidity, removal takes plac* 

throughout tim bed. The slow sand filter could be operated at 0.2 m/h 

if adequately conditioned influent is used. 

The appll-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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tî paratua, Mr M. Saleora for attending promptly to difficulties in the 

hr'iaxntory, Sajla Jain and Stephen KoJ-jen for thoir assistance In 

• x-^v.ring drawings, Mr H. Vinrn for documenting the photo3 resolutely, 

. v;d I'tira Una Campbell for hor co-oporation in proparing a beautiful and 

accurate typescript, 

I gratefully acknowledge the financial support given by the Ihited 

ly.ngdom India Technical Co-operation, through the Delhi Cojamitt»e of 

Z/porial College London. I am also grateful to Professor R.N. Dogra, 

Professor N.M. Svani and Professor S.J. Arceivala for their interest in 

this project. 

finally I should llko to thank Vlr Bala, my wife,for her patience, 

oneourogomont and support. 



(TS'^"vTS 

Page 

TITLE OF THESIS 

ABSTRACT 

DEDICATION 

ACKNOWLEDGEMENTS 

CONTENTS 

LIST OF PLATES, TABLES ANI> GRAPHS 

1 

2 

4 

S 

6 

8 

CHAPTER 1 INTRODUCTION 
1.1 Introduction 
1.2 Development of water supply in India 
1.3 Historical development 

CHAPTER 2 OPERATION OF A SLOW SAND FILTER 
2.1 Operational description 
2.2 Filtration rates 
2.3 Sand sizes 
2.4 Mechanisms of filtration 
2 .5 Cleaning 

• • ; . • • : * 3 

Z.l 
3.3 
3.3 

BIOLOGICAL ASPECTS 
;: •~;v..ini*r;s.'3 of p u r i f i c a t i o n 
T;>:'.-. o2 orcv-nita.'i p r e s e n t 
L-'ujctAoLi o£ orr-?.nin>j3 

3.4 B " i c c t of otorr.rjo 

C ' W S S 4 PR2VI0US STUDIES OF CLARIFICATION KINETICS 
4 . 1 D3pth c l a r i f i c a t i o n 
4 .2 Koadloss due t o c logg ing 

crrv-̂ 'ra 5 previous STUDIES OF BIOLOGICAL oxrnATioN KINETICS 
5.1 Biological oxidation kinetics in depth 
5.2 Analogy of nitrification 
5.3 Viru3 removal 

CTPOTSR 6 PREVIOUS STUDIES ON UPDATING 
5.1 Switzerland 
5.2 Germany 
6.3 Netherlands , 
6.4 Belgium 
6.5 India 
6.6 Metropolitan Water Board, London 
6.7 Implications of covering 

GV^XZ®-! TH3 PfiCPXPiM ' ~ • 

Crr?SRR 8 Z?.f7.T.?.IK?̂ TAL APPARATUS PROCEDURE AND 
DIFFICULTIES ENCOlOTnnSD 

8,1 Apparatus and equipment 
8 . 1 . 1 Thi f i l t e r s 
8 . 1 . 2 Flwy msp.mir^'r-nt and c o n t r o l equipment 
8 . 1 . 3 P"»d\or.3 equipment 
3 . 1 . 4 PTf.PQ ovmo 
3 . 1 . 5 Do"^nq r,n*.'.<.cs» 
8 . 1 . 6 Sflinpl.J.ng d s v i c s ' • o 

11 
11 
13 
14 

lb 
16 
18 
19 
20 
26 

31 
31 
33 
38 
40 

43 
43 
50 

53 
S3 
57 
59 

62 
62 
67 
68 
68 
69 
72 
74 

76 

78 
80 
SO 
«7 
89 
09 
01 
01 



7 

6.1.7 Spectrophotometer --
8.1.8 Turbidiraetry 

8.2 Tracer tests and deqradability 
8.2.1 Preparation of tracer solution 
8.2.2 Dosing of tracer suspension 
8.2.3 Media influent source and filtration rate 
8.2.4 Isokinetic sampling 

3.3 Schedule of experiments 

8.4 Experimental procedure 
8.4.1 Acclimatization of the filter 
8.4.2 operating procedure for a filter run 

8.5 
8.5.1 
8.5.2 
8.5.3 

8.6 

Observations 
Filtration 
Sampling 
Analysis 

Difficulties encountered 

93 
lOO 

124 
127 
128 
129 
129 

130 

131 
131 
132 

134 
134 
135 
136 

136 

CHAPTER 9 

9.1 
9.2 
9.3 
9.4 
9.5 
9.5 

10.1 
10.2 
10.3 

c~~:y?.7& ii 

11 
11, 
11 
11, 
11, 
11. 

c:-:A?̂ ?a 
• 12. 

in. 
in. 

r— v ---in 
„--.. -, --»*v -

.1 

.2 

.3 

.4 

.5 

.6 

12 
.1 
2 
3 

•7-?~>- -s-» 

r-^TTX-VTICMS 

:: v •, :*r>!c :*s 

EXPERIMENTAL RESULTS ON CLARIFICATION HEADLOSS 
AND TURBIDITY PENETRATION (H.W.B. WALTON) 
Experimental results 
Initial headloss 
Headloss with time 
Turbidity retaoval in depth 
Turbiuity with time 
Turbiviity in the layer 
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CHAPTER 1 

INTRODUCTION AND HISTORICAL DEVELOPMENT 

1.1 Introduction 

Filtration for public water supplies has beer. In use for nomm one 

and a half centuries. In the USA, since the beginning of thij century, 

the emphasis has been solely towards the development 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 

important in society's life, the development of the filtration process has 

proceeded slowly, usually by trial and error innovations, with a poor 

laic: rstanding of tho filtration mechanisms. In more recent years, 

>~; :oriticel end c>r?-ri;:r ntal ctudies on tho rapid nand filtration have 

;h»v?n it to bo a dyn. Jic, coa^lox process, relating the particulate 

zcvovsl phenomenon with dopth in the rapid filtor and tirao of operation. 

On the other hand, tho dual media or multi-media rapid filters have been 

doveloped, to lengthen the rapid filter runs, because the bulk of the 

particulate matter is reaovod in the upper layers of fine sand, leaving 

the lower layers to function principally as a support for the finer sand, 

which can be regarded as inefficient situation. In a slow sand filter it 

io oven more true that the top leyer of fine sand along with the 

nchmutzdecke reraovoa much of the particulate matter and therefore the 

lowrsr layers could bo considered ineffective. But tho dominant mechanlom 

of biological purificntion in a slow sand filter is oltogo'J-ior difforont to 

tho physical mechanician in srrold filtration. It ohould bo possible to 

M:\':o uso of thia f̂ on*:r ;non Cos tho zc—ivnl of fino turbidity ond 

i'.-f)y:::0.c\tion of di.7r:olv:3 oK^rnis owbf7t.7.-.ca in the depth of tho aXtra oand 

p.i.Xtos. "orcovnz, It tian bpon a eontimr.d objective to iroduco lond 

srquiZ'iments, by uprntlng tho alow aand filter providing no advorae effect 

on ths filtratn occurn. 

Tha long h-7'i A.^twption of the pari!̂ ct safety of tho filtr/sto .from 

fcho combination« co-inylrtlon, rapid filtration and chj.orinntlon r"c«lyid 

a °Tvnn jolt A.ftnic tho 1953 Xn7.?c*:)Lo')i Ĥ .wtitifi opirS'̂ itie in o-iXhi, 

•<M<-h nut fhf> ̂ ?̂«-.r-M?»-.j»».in-i o>~ moid filt^rr in doubt. Tho Tmrch /or. . 
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ôct/(i>.«:.T# bettor for bacteria removal, created new interest in slow 

t-::;.fj Ciltoxa, and brought them into focus for research and use. 

fllow sand filtration ia reliable, compact and sia.ple in design and 

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

in villages of India. World Health Organisation favours the use of these 

filters in rural areas of developing countries to overcome the drawbacks 

of illiteracy and backwardness. Modern conditions dictate the uso of 

natural resources with consideration and discrimination, and it will be 

difficult to match the slow sand filters when it comes to the conservation 

of resources. In industrialised countries, the optimisation of surface 

water sources, results in heavy introduction of industrial and organic 

pollution into them. Slow sand filters can deal with such impurities 

more effectively, if any are encountered in the raw water. Moreover, in 

affluent cities, the greiter economic prosperity and more social ajner.itioa 

call for an increasing standard of water quality, for which the community 

13 prepared to pay the price. In such circumstances it is possible to 

cbtuin drinking water of an extremely high degree ;«. purity and aesthetic 

quality by the u«e of slow sand filters as secondary filters, by making 

-•:-•» o?. Cir.-ir u.n.lcuo biological purification mechanism. It may bo 

'. .-.': .•':.'U C;h.'jt v.'hnn choosing tr'wtwent methods for new oupplion, bnnnd on 

:r lUbility, simplicity, ccincrvation of rosources, high standard of quality 

cr-i v.conc.'i'j, it rony be moro readily attainable through the use of slow 

aend filters than through any other comparable method. Therefore, it is 

pur:,'?ling why che oldest and the most scientific and versatile method of 

iiltrnfcion la ono of the least underatood and only a little scientific 

rcnooffch hoo boon carried out into it. it looks paradoxical that rich 

countries have shown reluctance in adopting it because it ia allegedly 

cootlior and the developing countries have so far failed to sleze the 

imagination of using it widely, because it is not modern. 

Somo rocont experimental work on slow sand filtration has beon 

carried out by tho Metropolitan Water Board of London (Windle Taylor 1971-73), 

and it Zurich and St. Gallon (Schalenkamp 1971). 

V.ioco o:jprr!riF)cnts indicate tho advantages of biological purification 

&'J nlo-7 uc.ml .Cut-ration, and tho ̂ oroibility of inc?ear;ing tho slow nand 

2XXtrc.f.'.aA rati by using an t!(?cfjmfcoly conditioned influent. 

Thi aimn of tho proposed runenrch are, (1) to study the headlooo 

div^lcrpr^n':, nnd thn turbidity .••cnotrc.tion in a olow oand filter, (2) to 

n*.'."•''•/ ''-hi 4nnrQ4r.tf.on of an orqinic-r.',.ch influent, (3) to develop a 

tiir>,,i,T,n*ic<). modoj for the d^gr^di—ion of an organic solution in a plow 

~̂«?ci .'JjUfĉ r, r.nd (4) to £i.n<l o.ut; Cho {.nry.r.t of fpegn ntudî r, on tho 

•r.o• -'.ibilJ.ty of upratint; Blow ,-t«nd filtration. 

http://4nnrQ4r.tf.on
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1,2 t?-*,tar Sunsly Dgvelo^T.ont 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 plan« for the development of water supply and sewerage. 

TABLE 1.2.1 

S. No. of 5 Year Plans Million Rupees Million Pound Stealing 

1 (1951 - 1956) 490 26 

2 (1956 - 1961) 760 41 

3 (1961 - 1966) 1,053 57 

4 (1969 - 1974) 3 ,730 200 

In India Btih and 95% population is yet to ba norvod with piped water 

supply, and ooweraco, respectively, (CPHS3I, 1971). In rural India where 

83% of the population abides, only 22 million out of 4 38 million are 

served with piped water supply (Mohanr&o, 1971). According to an estimate 

the mortality incidence duo to enteric diseases,(typhoid, dysentry etc.), 

is 360 per 100,000 population (Dietrich and K.-nJ^mon, 1963), which can be 

accounted for by inedocjuate water supply and aeworage 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 urbnn population is Rs 10,000 million (Roy, 1973), 

In 1972 the twonty-fifth World Health Assembly endorsed the targets 

C$s esrsaunity wotor oupplies in the developing countries for the Second 

;?.Ufe.<l R-iicno Dryolo.rnont Decede (1970 - 1980) oa follows»-

- £:i iw!»nn aroao C-Q^ of the population to be norvod by house connection 

CTifl &io Tcpaining <J©3 by jjublic standpoats. 

• In ,?v >il communities 25% of the population to hnvo reasonable access 

to oaSo wnter. 

ri'fM on the p>>.nt txrnd (19G2 - 7o) it can bo p«id with certainty that 

•ho rvwA.'lo.T'nont Docdo II target for house conzinr?.lnr>." An urban sector will 

>•* £'.0.1y '•f't, J!i'>«fl on th-> Air>«.ncial f>13.ocat?oi"- f1i"-.'«rt >̂ rAofl 1?70 - 74, 

•>il.'̂<. Xr. rouohly thjr°i tim»" fchnt of th« l?i Df'^lor--vnt Dnw*1, tho DO II 



14 

ti:zry.t LOT public stand posts In urban aoctor will also be largely mot. 

Cut t)rs 1970 - 74 investment level will be insufficient to meet DD II 

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

rural areas A similar observation has been commented by Pineo and 

Subrahmanyam (1975). 

1.3 Historical Development 

TVenty tiva centuries ago, Tirthankar MahaviraUn India) ordained 

his ever travailing Bhlckshus (lecturers) never to drink unconditioned 

water, to protect them from the ill effects of varying qualities of water, 

and advocated the use of certain carbon, charcoal and ash, for treating 

the water, Baker (1949) has quoted Sushrut Sanghlta, describing the 

usefulness ef copper stored water, and sand filtration. It was James 

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

end patented it in 1791 (Skeat, 1969). John Glbb in 1804 built an 

*.:- ri:nc ntnl filter at Paisley (Scotland), and sold the surplus water. 

.:* . •_•.-. n4" o<m <it the ege of 28, after experimenting for over a year, 

::l-;t: -J ths first pcr=cr.=r.t filter in iS^y, for Chelsea in London. 

S::rî j i'h'v-n C&ya filtration wag com;itk>rod a raaans of straining out 

; a pmcJvd iiMterial causing turbidity, and puthogonic bacteria was unknown. 

Tho fir^t f;v(tular water examination was Initiated in 1858 in London, which 

letor in 1B85 also included the bacteriological examination, after the 

dlficovGjrlco of Pasteur, Koch and Escherich. 

Ey 1SS2, filtration became establlohed, and its construction started 

.Aa v.cJiy countries. By 1870, the pressure type mechanical filters cane 

ln~ use and the first mechanical flltets were installed in the USA in 1885. 

It was in 1892 that the convincing proof of the effectiveness of water 

filtration WAS provided by the experience of two cities; Hamburg and 

J^tona, both situated on the River Elbe. Hamburg delivered settled 

wnCiltorod wnrf>y, suffered a cholera opid«nlc and lost 7,500 lives, while 

wio c7ov?nat!fĈ i AJtona, supplying filtorwd wator, eocaped almost unocothed. 

'Rio £L"0t frsr.Co of this century now fcho construction of many rapid 

r}Z-.vk$i> Jil^cr?! Con<5y pressure filtpr In 19C0, Jewell machanical rapid 

fJMv.Vsy Siltvs in 1901, and Pateraon in 1910, Glenfleld and Kennedy in 

l$1u, inf.r̂ ilucd the microstrainar for plankton removal. Since then many 

Xmnrov-^-n?,^. -t\w* bo«n introduced, mostly r'iXatnd to the reduced land 

jr̂ quj.rpmc.n1, ; r̂ thflr than to the wator quality. 

It >W piiptod out recently in th? £*>uqhhorough Conf^-once (Jain 1973), 



15 

that little research had been done in slow sand filtration. Tha only 

exception was the Metropolitan Water Board. The first major thrust towards 

upratlng 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). There are notable advances in the in situ cleaning (Lavel et al, 

1952, Burtnan 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 alow sand filter in 

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

wonder 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 coagulation (Allen 1973). For example, 

Amsterdam, Antwerp, London, Paris, Springfield (Massachursets), Zurich, and 

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

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

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

filtration works, inaugurated in 1972, in London's Leo Valley, of a capacity 

of 490 million litres a da}, operated by computerised remote control, 

(Turner, 1974). 
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CHAPTER II 

OPERATIONAL ASPECTS OF A SLOW SAND FILTER 

2.1 Operational Description 

A slow sand filter consists oft-

(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 regulate the rate of filtration 

and to measure the rate, to monitor the headloss in the bed, and for 

rechargir.g after denning at the end of the run. 

The open filter tank contains ovorlying water to be filtered, the 

sand bed cr.6 tho unclor drainage system. The controls are located in the 

adjacent charcbor. The rectangular filter tanks »re 2.5 ra 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 concrete, porous unjointed pipes or tiles, supporting the sand 

bod over a layer of about 0.2 m or less gravel. The sand bed is 0.6 to 

1.2 a deep, and the depth of supernatant water is 1 - 1.5 n. 

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

purification, and its simplicity. Once constructed on sound engineering 

dasign, thero is little that can go wrong, while following the simple 

routine operation. The operation is determined by the filtration rate, 

controlled and masured at the filtrate outlet. An automatic control 

valva An tho inlot chamber adjusts the constant head of wetter in tho filter 

Acr-â ;, nu?r>.lio'J by a atorago pond, undor gravity or through a pump. Tho 

constant head in tho filter tonic aaoiot3 officiant scum removal C!M to 

constant lovol overflow outlota and chicks diminishing output or excessive 

raw water overflow waatags. The filtration rate (explained in section 2.2) 

13 controlled by tho sro.gu.lating valvo on thf» outlet pipe, which is closed 

partially in tho .^gi^ning of th« run, and op«nsd proportionately to 

compensate for tho h'^rUofin bu.lid uo in th" *sd due to clogging. In thfl 

-sarly 3tag?n of tho ZiXZnx run, the daily hpadlono build up will bs very 
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c~:ll, but In the lator stage, it will necessitate a positive opening of 

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

i.a 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 substituted, but it cannot measure the flow rate. 

Excessive algal bloom ir. the raw water considerably shortens the 

filter run. This is dealt with in several ways. By the application of 

algicides, pretreatment by microstrainers or coarse rapid filters, cutting 

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

water into the lilter tank. Chemical application as a permanent device is 

fraught with danger, as it could adversely affect the bacterial activity 

of the filter bed. 

Dissolved oxygen content in the raw water is important to prevent 

anaerobic conditions due to the oxygen demand of bacteria in tht bed. 

Some growth of algae in the raw water is conducive to oxygenation of 

water. Aeration of incoming water or recirculation of cascades filtrate 

helps to prevent anaerobic conditions developing. There is no danger of 

tho bed going anaerobic if the filtrate oxygen content does not fall 

ir.-low 3 V-g/1. In large water works, sampling and analysis are carried out 

t".-.ily, but in snail installations with two or three filters, an infrequent 

but regular analynis chould be attempted. A olrapla enrcanla test will 

reveal nitrification in t^ filter if ammonia is not detected in the 

filtrate, indicating depletion 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. 

Vloed (1955) and Ridley (1967) stressed the unsultability of highly 

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

lO ng/1 for the average turbidity of influent water, even though short 

periods of 100 - 200 mg/1 could be handled satisfactorily. The water from 

storage reservoirs in London has turbidity usually less than 10 mg/1, but 

tho reason why this water la provided with primary rapid filters or 

microctrainers has been explained by Ridley In his paper (1967) for the 
7 

cftf:o of high concentration of algal cells, up to 10 /l during short peaks 

oS nlgal blooag. 

Tho chemical cor.gulation before slow sand filtration has bean generally 

©onnidored undesirable, due to the finer floes clogging the filter and 

rofiucing the run. There 13 also danger of the aluminium hydroxide 

precipitating in the lower layers, due to low PH caused by alum dosing 

(Ivi3 1957). 

To ^li.min^t". tr>sto or odours .from en An«flu«»nt crt?r, activated carbon 

in -applied to ths in tests o? tho alcM p«nd SiXt'tr. Th-=> .?c.>d«*r»c? carbon vhich . 



13 

r.uttlos on the bed surface,-adsorbs the offensive compounds. Carbon should 

not 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 during washing of the scraped material, if not mixed with 

the dirt. 

2.2 Filtration Rate 

Rate of filtration can be regarded as the second most discussed topic 

in filtration, after the fiuv viental understanding of the processes.of 

purificatior. It is of significance in slow sand filtration, because 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 0-05 m/h, and the traditional rate of slow sand filtration, 

mentioned in text books for design purposes, as O.1 m/h (2 IBID gall/sft/h ). 

Recently Ruisman (1974) has written O.l to 0.4 m/h, as thu design 

-nta of slow sand filtration. It appears the upper limit is based more 

on favourable speculation rather thun on any existing practice or mature 

ci;:p3ri_ ence. In vie;-/ of tho potential of economising for large installations 

it is suggested that a pilot scale study extending over a year to include 

seasonal and climatic effects 9hould be worthwhile. In the S.W.T.E. 1967 

Symposium, based upon his experience in the Metropolitan Water Board, 

Kidley gave filtration rates of about 0.05 m/h for slow sand filters acting 

rlone, and about 0.15 m/h where preliminary treatment was provided. Too 

high a velocity of flow can cause a breakthrough of organic matter into the 

effluent (Hulsman 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 
2 

of 0.1 to O m/h (.04 to .12 Amor galls mir./ft ) (Weber 1972). If that 

*:r-.3 tho caso, thon there 13 herdly any advancement on uprating, because 

Jo;:coofc Cooonrraillo) all filter works in London operate at .07 to .13 m/h, 

wtf.ag influent £rom primary rapid filters and storage reservoirs. 

In rapid filtration, straining is mostly independent of the rate of 

filtration,there is little influence on inoore sedimentation as only fine 

orrticles 4 - 2 0 micron si.*e ere Involved, adsorption also is influenced 

littla, ?rd ti>rbidityvi<tK> there is not much deterioration of effluent. In 

<?•*»••/ ̂anfl filtration, uprating haT to b-? considflrad carrafully, .13 the 

biological activity th'sr? ifi vxy much tim-9 dep-=?nd«>nfc. Th" pu.̂ Afying . 
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mlcro-organit is in the first instance are present only in the top 30 -

40 an, 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 impaired influent purification. Vloed reported 

(1955) that full rate must not be applied to a clean slow sand filter, it 

should be stepped up from about 0.02 m/h, and increased to full rate in 

about a day, depending upon the temperature and the sccson. 

Too low velocities, less than 0.05 m/h, on tl.e other hand can cause 

tasto due to decomposition of algae (Ridley, 1967, and Huisman 1974). 

Algae are reported sometimes to give leached out oil as a metabolic product 

<Steel I960). 

The slow sand filter is sensitive to. the filtration rate and raw water 

quality, as the food in the influent water is vital for the degrading 

organisms. Therefore, uniformity in the rate and influent quality are 

conducive to optimisation. To achieve this, it is usual to maintain a. 

constant raw water head, and regulate the rate of filtration by adjusting 

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

a venturi noier. 

2.3 Sand Sizes 

The size of the sand has bearing on the length of the run, the grain 

surface area, the initial headless, and slightly on the rate of filtration. 

Tha grain size is described in several ways. The most common being, in 

terns of effective size (de) and the uniformity coefficient (U). The 

concept of effective size was introduced by Hazen (1892) and defined as 

the sieve sise 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 

corresponding sieve size in ran through which 60% of tho sample by weight 

t:ill pcrso. In rapid filters a uniform oand is ocBontial to save it from 

3tzr;i.1.2Lcr.ticn vrhcn backwashed, but a cilcst sand filtor ia frees from this 

j!?av:bf.c!c, end ©xjona'e on 3ieving enn be .""ducod. Por tho seJ;o of porosity 

end regularity in pore 3iaa, sr.nd with U botwoon 3 cmd 1.5 is satisfactory. 

Sovravflr, de is of great significance in a nlow sar.d filter. As the slow 

v.r.nd filter is not bac!cw«3hod, permanent permeability of the bed is 

necessary, c\.nd dseo silt perat.ro.tion is undesirnbla, therefore, a finer 

send is always used. The desixflbls valunn of da n.«\. enunciated by the 

3?v«irfil authors ara shown in th«) following table:. 
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T.^LS 2.3.1 

S.N.O. Author Prescribed de mm 

1 Huiaman, 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 Fair,.Geyer and Okun 1959 0.25 - 0.3 - 0.35 

6 Vloed, 1955 0.25 - 0.35 

Theoretically, in a slow sand filter bed, the best «!• is that which 

doea not permit penetration of those suspensions which are not degraded 

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

than the de generally recommended, have been found to work satisfactorily. 

A higher uniformity can be achieved by mixing two ox tore types of stock 

r.o.vj Wuinraan, 1974). A finer cand is uoeful for improving straining 

ZLizoK-yi i::<nller pore openings, the lnr^ar ourfflC« urpa of eaaller grains 

will onVtnco inporo sedimentation and orl: oration, end it will bo 

ci'r.itun'clnlly conducive? to tho growth of tho biological film on grain 

curf^con Improving the filtrate further. It in ir.ore economical to use 

finer oand with less depth, than to adopt coarse sand with deeper bed, 

to achieve the same grain surface area, which le (6/de) (1 - f) square 

Eotrco por m . Thus filtrate quality is significantly affected by the 

grain size. 

The Metropolitan Water Board generally uses a sand of O.25 mm de. 

It oppoars that the tendency Is more towards using finer sand. Finer 

oand is nocesoary to check silt penetration going deep into filters, which 

io likely to happen when primary rapid oand filtrate is filtered through 

oocondary alow sand filters at higher rates. 

2 , 4 Ctog'T.nlsmg of Filtration 

Kcchanipma of biological purification ar<» described in dapter 3. 

In this nnction machanisms of filtration, which partly deal with slow 

aand fiJtnrn but largely deal with rnpf.J rs?>n/1 2il*r>ra axa tisrextbed. In 

2pcfc, purification clarifications mochz-nJ p.*!*) nx<*. complex, £'nd in practice, 

thnr-t f.i T>o clf>*.z cut division betvoon -/axiom .itag*v«J, an th'VT* interact 

:-:ith oich. other in most enseo. 
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'.!r-;:r:-r.ozt Mechanisms 

Van de Vloed (1955) had attempted to explain the rapid filtration 

mechanisms largely in terms of surface energy. Cleasby and Bauraann (1962) 

demonstrated that the flow in the filter pores, washed or clogged, is 

laminar. .Mints 0.966), showed pictures to prove that particles smaller 

than pores are removed during filtration. He etr^nsed sedimentation as 

the transport mechanism, even though mechanical atralning and chance 

contact were mentioned. It was Ives in thi I.W.S.A. 1969 Vienna Congress, 

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

and elaborated the several transport and attachment mechanisms; which 

advanced the understanding of rapid water filtration. The several 

machanlsms can be listed as (a) straining, (b) sedimentation, (c) inertia, 

(d) interception, (e) diffusion, and (f) hydrodynamic. 

Straining 

It is the dominant process for the retention of particles too large 

'en jpss through the pores. It is larg ily indt>p«ndont of the filtration 

•j /:;j, and takes place at the bed ourfeco. Aa la clour from the Fig. 2.4.1., 

•:;'•-; ?oro size within a tightly packod bod of nphorical uniforw Gict3 gand 

<TTi:in3 13 about 1/7 of the diameter of tho grain. Considering 0.3 aim 

da of a normal slow sand media, the smallest pore size is about 43 m, 

which is not capable of intercepting colloids (1 ra or less) or bacteria 

(longth usually 1 m, but up to 15 m), Within the bed, small particles 

apgloaerate by striking each other, while travelling the tortuous routes, 

end are retained by the straining mechanism, whenever they become large 

enough. The schmutzdecke in a slow sand filter assists In straining 

cochanism, but this is accompanied by Increasing headloss, and ultimately 

a stage is reached when the bed needs cleaning. 

0-155d 

51g. 2.4.1. (Hui'iwn, 7.<»7<!) ̂ lntion b"tw->r>n groin nir«.a and 

port-: ni.to. ' 

".-V>w.r*» r*^-t>p*. W^» '», *V ;"' -»yt» -Vt**''*** »i'*tJ^'lJ*** 
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•"; tJl̂ "ntatlon 

In-pore settling of suspension in connection with the slow sand 

filter was suggested by Hazon (1904), followed by Vloed (1955), mentioned 

by Mints (1966), and further investigated (Ives, 1960) and elaborated by 

Ives (1967 and 1969), by visual demonstration 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 number of trays. In 

this connection considering a cubic metre of spherical sand grains of 

0.3 mm diameter, 40% porosity, the number of grains will be 0.6 x 10 / 

[(71/6) x 27 x 10~ ] - 42.4 x 109 with a gross surface area of 42.4 x 10 
-4 -2 2 

x * x 9 x 10 xlO - 12,700 m . Assuming 1/6 of the area to be 

horizontal facing upwards, S in contact with other sand grains, and 1/3 of 

the remainder exposed to scour, the effective surface area of an equivalent 

settling basin would be (1/6 x S x 2/3) - 1/18 x 12,700 - 700 m2. 
3 2 

Effective settling area in 1 m is 700 n . 
3 2 

Filtration rate (approach velocity, Vf> • 0.2 m /m h. 

Co for 1 ni , flow rato is 0.2 m /h per m depth. 

Jn ti'ir:i':i of effective Bottling area, over flow rate is therefore 
oe.-> m3/m2 h 
TOO 

Using Stokes formula, u, the settling velocity is 

2 
u » 1__ £ fip_ • 2.4.1 

18 v P 

whore e » particle diameter 

p • density of water 

p + Ap • density of suspended natter 
2 

g » accoloration due to gravity (9.81 m/» ) 

v • kineaatic viscosity of the fluid 

Cor wator at lO c, v - 1.31 x 10 a /», and the equation becomes 

9. 81 

18 x 

O. 416 

X 

»-
• 

V 

.01 

31 x 

l o 4 

10 

2 
o 

-6 

wjr, 

2 e m/s 
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Also, u 0 . 2 
700 x 3600 

ra/i 

Therefore, e •> 0.2 

700 x 3600 X 0.416 x 10 

- 0.2 x 10 -10 

7 x 0.36 x 0.416 

- 0.19 x 10 in 

-12 2 
- 19 x 10 m 

e - 4.36 x 10 m or 4.36 pre 

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. 

'nortia 

When a suspended particle has specific gravity higher than that of 

water, the particle maintains a trajectory which causes it to collide 

with the grain as shown in Fig. 2.4.2. The inertial action has been 

calculated by Ives (1960) as * dimenslonless product. 

n » P3 e vp 
18 W> 2.4.2 

whero, ps is the particle density 

u la the dynamic viscosity of 

the fluid, 

e io tho particle diamater 

" •'••• VJ? in tho approach volocity 

through pores. 

• D is the grain diameter. 

trajectory 

Fiy. 2.4.2. Simplified 

diagrem of particle transport 

by inertia. 
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Insignificant occurrence of the force of inertia in water filtration 

t.v\3 alrso calculated by Sao (1968), and shown experimentally by Ison 

(1967) in an up flow filter. The phenomena has been recognised of 

significance in air filtration, but not in liquids. 

Interception 

Interception is applicable to smaller particles but is similar to 

straining, and also has application in air filtration. When a particle 

in a streamline approaches the grain surface within its own radius, 

the particle will just touch the grain surface and be intercepted by the 

grain. The concept was introduced to water filtration by Stein (1940), 

and investigated experimentally by Ison and Ives vl969), and Yao (1968), 

and enunciated as, 

I - e_ 2.4.3 
D 

vhc.re I is the force of the Interception 

o la th« particle diameter, and 

0 ij tho grain diameter. 

'•:!: reunion 

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

thormal energy of the water molecule; the motion known as Brownlan movement, 

thus the particles come in contact with the containing surface. Movement 

i3 not affected by the filtration rate or the depth of the filter. The 

mechanism la oxpressed in terms of the Peclet Number, 

p - p yfr 2.4.4 
E 

uhoxo S i s the Stokes -Eins te in d i f f u s i o n c o e f f i c i e n t , expressed by 

ll%/3n\t<3, v/hnro K i s Boltanann's constant , t i s abso lute temperature,-

Rjnjrofore, " . " ' ' . " • ' 

P •* 3irtieDV]p 
Kt 2 . 4 . 5 



.'••• --- -•-*: • r'.c Action. 

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

difference in drag on each sidt, resulting in the rotation 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 tine dependent in a non 

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

interconnected pores of different sizes. Non spherical particles whose centre 

of mass and hydrodynamic 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 experiments to observe hydro-

dynamic drifts of particles, by keeping all other transport mechanisms negligible 

or constant and varying enly the Reynolds Number for flow through the filter. 

The filtration efficiency changed presumably due to change in s\ear field config­

uration and flow pattern, brought about by the hydrodynamic effect of change in 

Reynolds' Number. 
R - V D^ 

uhore R » i approximate valuo of Reynolds' Number in water filtration -

V. is the approach velocity 

D is the grain size 

In a recent detailed docuaent devoted exclusively to the advanced study of 

the scientific basis of filtration, Ives (197S) has proposed four more Reynolds 

Nustbors, 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 fl»td flow due to pore size 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. 

Thia effect is really too small to affect the transport wechanism, but is worth 

connidoring when surface forces are affecting a particle. 

Attcchront Mechanisms. 

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

with the grain surface. Theoe forces are a) electrostatic attraction, b) Van der 

Kaal's force, and c) adsorption. Vloed (19S5) had treated surface forces as more 

of a single entity. Mints (196G) w.is able to differentiate between Van der 

Wall's forces, but a clearer exposition w.s made at the S.W.T.E. 1967 Symposium 

by Ivr=s and Gr~.go.ry (1967) , Recently Pr^cory (1975) has provided a most compre- > 

ftfnrW? description o?. t>™ .ilr'-tricr,..\ phv'nc^na at inre.T^cesi, elsc>.ro!vin«"tic 

sSfrrctr, ̂ nd -h°i slecirlcf.l .'If'̂ r̂ cti.oji b^iv-^n particles. .'•.••• 

http://Gr~.go.ry
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^.octrootatlc Attraction. 

The attractive force between two opposite charges is inversely proportional 

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 floes of alum and iron, and metallic cations. 

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 ! 

a positive charge at low Ph and a negative charge at the raised Ph. At a 

characteristic Ph value there can be zero charge described by Gregory (1975) as 

COOH COO" COO" 

NH*"3 NK_" NH 

E^cteria and algao, are mostly negatively charged as they show the pcint of 2ero 

ci.arrae (pij£) in the acid region of Ph. Silica particles are negatively charged 

for all Ph abovo 2.2. Clay particles due to their crystalline structure have a 

negative charge In water. Particles and grains are repelled from each other in 

the 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 

behave as positively charged grains, which attract negative particles. The 

reversal/charge process is continued in the life of the bed. 

lyes and Gregory (1967) reported the sand potential low as -25 mv, and 

negligible 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 Waals' Forces. 

This force is universally attractive. It has a minor affect in transport 

machaniom but 1 B affective in holding particles on grainB when the contact, has 

been made. Tho force although powerful at a very short range, has only limitod 

range of action being mostly less than 50 nro. The combined interaction has been 

dealt with by Gregory (1975) in detail. He has clearly explained combination of 

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

with the help of diagram. 

Adsorption. ' 

Thl.T ph<?nom»na in signifi .jmt in slow «ond filters. During the ripening c<? 

• • - • • • • " -/the f i l t e r •' 
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organic particles held on the filter surface or on the grain surface are act. 

vycn by bacteria and other microorganisms, producing a gelatinous material kr.. 

as Zoogloea. This slimy film on the surface of the schroutzdecke 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 cleaned. 

•t". ;j»»«wy.y.f»p,',}!T*i. , iun<yi]»>̂ iw*|miy»f^.'"ii!' •* 
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2.5 Cl'-'V̂ -ng 

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 solids and colloidal matter deposited 

at the very top of bed are removed by scraping off the surface layer to 

a 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 is cleaned in this manner, both dead and 

living algal material and the bacteria are also removed, and a ripening 

period is necessary before satisfactory level of bacteria in schmutzdecke 

reaches again to obtain 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 

cleaning costs and increase the length of the unreliable ripening period. 

t~iftnr 20 - 30 clei'nirtrja, rounding may be required. Commonly it is more 

economical to uso tha CCMQ sand fcr resanding after washing, then to use 

'c'vo now send. Tho scropings must be stored 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 

bo watched, while reusing tho washed sand is that the de of the grain has 

not increased materially, due to loss of finer particles during washing. 

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

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

Mechanical Aids 

The first fully aechnnisod system for cleaning the slow sand filters 

wns dovoloped by tho [Cotropolitan Water Board in London (Lewin, 1961). 

ĉifcordnm, and Berlin alno, are now using mechanical eids for this purpose, 

and ciliefi in induntrlaliaod countries find it attractive to solve the 

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

used to transfer the ncr«\ped .Oflnd from the bed, whence it is transported 

to the central washing aita. To prevent compaction of the bed, modified 

light agricultural tracked vehicles are ussd for scraping the too, which 
2 

allow the noil presrivr"! not to oxcrrd 33 :< J.'/m . Ths skimming machines 

fittnd with &lad<»8, sermon *>£;? fch"> 'S'D'.irsd amount of stand to a preset 

dr»pth of 1 to 3 on. Tho flcr-^p^d nina is carried to tha rear by the 
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conveyor belt, and discharged into a following tractor dumper. Rake 

attachments fitted at the rear of the tractors, leave the filter bod 

surface 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 pollution from 

oil drippings. 

Hydraulic Cleaning 

By this method the slow sand filter cleaning has been approached 

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

(Laval, 1952), London (Lewin, 1961 and Burman et al, 1961), Antworp, 

Istanbul and some other cities. Backwashlng a slow sand filter is objectionable 

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

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

disturbance of the lower active layers. 

...-'. - • • V 
. - j • ., .• -

position 

*&• M\r> 

" ^ • h ' Til 
complete 

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

Zn O'sn in situ filter clowning, F.ig. 2.5.1., the lances points prenned 

tAotxt 20 centimetres below the top of the bed, release water, which rises 

to '--ho Surface, dislodging the ir.^urities and carrying them from the 

tv7or>r nnnd Xcynr to the lower and upper chambers of caisson boxes. From 

thor-3 it is pvnpcd out into the drain running along the filter. Tho 

cb'iJno .•ndv«incj»'J in ntrips of 30 cm width ind controlled by the adjustment 

of tho box ar>»rtur«»n and tho ruction pvaapt;.. Zach ntrip is washed in .lbout 

os>.o minute, then thnlsncM.am w.< fV>(i»-«<̂n, bcx^n lifted and tht> gnntry 

'-"^ - <lll .I..|jif4» syft-f .«v** "" «»Vi» -iqfTf^jnM****-*:-
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moved further. If the schautzdecke is too 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 aaid to be the quickest, an the filter does not need to be drained 

down. However, the equipment cost is high, and because of supporting 

structural requirements it cannot be used on existing filters. In addition 

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

separation of grains, finer grains are stratified on the top, which reduces 

permeability and shortens the filter run. Algae remaining in the overlying 

water cause accelerated clogging after the filter washj also the impurities 

are carried deeper in 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. 
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CHAPTER 3II. 

BIOLOGICAL ASPECTS 

3.1 Mechanising of Purification 

The various purification mechanisms Involved are biological proceaaea, 

microbiological processes, microbiological oxidation and chemical. Thaaa 

purification processes which occur on the surface and within tha bod «r« 

raspotiMibla for breaking down the intercepted and dissolved lmpuritiea 

into almpler compounds. It is important to note that Huisman haa 

conuidurod only the suspended impurities, and ignored the discussion of 

biological purification in terms of dissolved Impurities in the Influent 

w.itor. For influents polluted heavily by industrial wastes, and carrying 

di'.-.olvcd traces of industrial and organic wastes, the effect of biological 

• ;n:.\l£J.cation is equally important. 

'I;JO r.eoglocnl film on the grain surfoco, containing bnctorin, bftcterlo-

ni?.« .1/ >̂ nd nomo predatory micro-organlemo oa protozoa and rotifora, nnd 

thy cchmutBc2c>cke on the bed surface are instrumental In holding organic 

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

organic impurities for cell growth and to provide energy for motnbolism. 

The n^tiibolic products are transported down to the lower layers by tha 

water and converted into living, natter by other organisms there, and tha 

cycle la thus continued till the degradable organic matter is broken down 

into water, carbon dioxide and relatively stable inorganic salts Ilka 

eulphaten, nitrates and phosphates, which appear In the mineralised 

filtrntw, 

The bnetoria are most active in the top of the bed because tha 

r-2fAm"n amount of food and oxygen is available there. Tha bacterial 

nativity dlmlniahos with depth, because of tho decreasing food and 

dA.HGoivod o:;ygen in the water. Below a depth of 30 - 40 cm, the 

biological Activity is on a much smaller ocale, but tho microbiological 

degradation products from the upper layors are biochemically converted 

hr>?:<-> into rtmronia nitrates and nitrites. 

Wood (1955) stressed that the 1,-jrgo surffics nrea avr.llfblo Jn n nlow 

r~nii r?irt cH'i to --»rvi-llor grain size, affi»ct"d tho amount of nnnrgy nvalldbJ-* 

,••>£ thr w)("\r-nrain intnrfaco/?-..'»i>̂ nc«d ndeo.~pf.ion of pn.rticl°n on tho cjrMn, 

Jv-rj '(1971) adnitt^d that a m»cbfnical dTcriotion o'Z th<> lilow .'Hind *?:U.t'*r 

http://ndeo.~pf.ion
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r.~:z not justified as the real mode of operation, which is biological and 

biochemical. 

Huisroan (1974) has rt#*cribed how the influent water stays in the 

filter tank over the bed for 3 to 12 hours, so that the purification of 

water actually start9 there. While the water is waiting to be filtered, 

larger particles settle to the schmutsdecke, smaller particles coalesce 

with each other, and the planktonic algae photosynthesises improving the 

dissolved oxygen. 

Prechlorination of slow sand filter has been favoured by Baumann 

(et al 1-963) based on the results using residual chlorine doses of average 

8.8 mg/1, but is not favoured by Huisman (1974). It is difficult to 

conceive compatibility of such high chlorine doses, with the live 

biological purification in the 3low sand filter. Ives (1971) pointed out 

the stress laid by 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 highly turbid waters, even without pretreatment 

such as coagulation, for only on such a bat»l8 could a proper comparison be 

presented. 

r •• .'-••p^pg^cke 

On the surface of the 9low sand bed an organic layer about 1 era thick 

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

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

o2 filamentous algao, diatoms, bacteria, particles of organic and inorganic 

origin, other forms of living and dead algao, parasites, protozoa, rotifera 

end ether forms of life. Tho schmutzdecke is intensely active: live micro­

organisms use suspended and dissolved organic matter of the incoming water 

for coll qrowth and motcbollom. Living bacteria and dead algae in the raw 

water are consumed in this layer, and are converted into intermediate 

osrg.inic matter or simplo inorganic oalto. Nitrogonduo compounds are also 

brchon down and the roloaood nitrogon io oxidised. Somo colour ia removed 

and a groat part of turbidity duo to nuB^endod particlon ia romovod. Due 

to biological oxidation in tho ochmutndocke, there is a demand on the 

<2iosolved oxygen, which is vital for the bacteria to function properly in 

tho ront of the bed. 
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3,2 Types of Or>*»«.nli'i«!' Prouent 

With tho introduction of rapid sand filters towards the ond of the last 

contury, tho previously oil led sand filters became slow sand filters to 

differentiate from tho newly developed rapid gravity filter. It is 

interesting that tha two filters wore differentiatcd on the basis of 

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

processes of purification. With the advancement of biosciences since then, 

and tho understanding of mechanisms of filtration during the last two 

ductules, the truo difference is boginning to ornorgo and. some now prefer to 

cull olow uand filtorw, biological sand filters. In practice, however, 

Blow oand filters ura ntill popularly identified as such. A valuable 

description of tho ojvjwniama usually encountered in the water supplies, 

Howago and the olow twitt filters is given in tho recent volume,Water 

Treatment and Examination (Holden, 1970). 

Ps aeruginosa in ona of the throe main upacies of the Psoudoraonas 

group. It 1B the only tipocies pathogenic to man, where it is associated 

with various nuppurativ* conditions. There tiro suggestions that its 

enumeration should ba inoluded in routine buotoriological examination. 

Because of its pp_rti*l resistance to chlorine, it is supposod to prove a 

iiuitablo indicator for adequacy of chlorination for virus inactivation. Ps 

fluoroscens is tho mont commonly occurring naprophytic species, and its 

strains woro isolated from soil by Durman (l!)54)i which produced antibiotics 

offoctive against E Coli. The mo3t predominant bacteria in sewage 

treatment plants uro prieudoraonada and the Achromobacteriaceae. 

CI. perfringona and E. Coli show a fairly close correlation when 

ocwago or manure find access to a water supply. Pure waters as from under­

ground sources are normally free from these microorganisms. CI. perfringens 

and its spores ore motitly removed during slow sand filtration, or coagulation 

with rapid sand filtration. In an investigation, water filtered at about 

0.14 m/h reduced tho 01. perfringens spores from 37 to 5 in 100 ml. ' The 

numbers were lower when the zoogloeal film had developed well. Chlorine „ 

donoa aa usually applied in water works do not destroy spores^ which are 

rouiot^wt to drying, uunlight, ultraviolet light, and ozone. 

Salmonella typhi and Salmonella paratyphi B are pathogenio and cause 

typhoid rod paratyphoid, sometimes known as aitorio fever. Salmonellas 

tniccunb eanily to othor organisms and cannot survive in sunshine. Houston 

(1908-15) made a monk extensive study of the viability of S. typhi in the 

wz't.f»rs of the rivorn Thamofi, Leo and New River. He used cultivated and 

uncultivated strainn of the pathogen mid invonligated their dentruction by 
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storage, and at 37 C temperature. Later experiments tend to confirm that 

the survival of enteric organisms is much longer in purer water. Thuo 

purified water ia more prone to dangurous contamination. Windle Taylor 

(1953—54) reported vigorous growth of s.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 temperate sones. 

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 faecal-pollution. Even 

though E. Coli in fairly widespread, yet compared with other Coliforra Bacteria, 

its distribution is much more limited. The presence of Coliform Bacteria 

other than E. Coli do not indicate rectnt excretal pollution but denote a 

later stage of atmospheric contamination or the coi.t&T.ir.ation 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 

3oard 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 

immediately after skimming the Ueds in the normal way. The following table 

(3.2.1) taken from Windle Taylor (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) 
Microbial content of sand at normal and fast filtration rates 

m/dey 
•~-\y:,re.tion 

depth 

Par ml 

r a t e 

37 C Colony Count 

3?c 
22C 

, 

1 
Par 100 ml 

C Spore Count 
C Colony Count 

Fungi 
Yeaota 
Streptomycetes 
riicromonosporea 
Fluorescent Pseudo 

Ton&ds 
Colifora 0--gc.rnsES 
E. Coli 
Clostridium Spore3 
CI. Porfrinjjens 

Spores | 

3 . 6 

surface 

65,200 
53,800 

500,000 
533 

3 
11,900 

115,000 
600,000 

9,210 
105 

9,900 
6,000 

1 

9-15 

surface 

82,500 
62,500 

256,000 
433 

27 
9,930 I 

61,000 ! 
217,000 

3,340 
263 

17,500 
8,000 

3 . 6 

bottom 

6,320 
5,000 

85,000 
45 

0 
1,030 
5,770 

136,000 

60 
18 

2,400 
280 

9-15 

bottom 

10,200 
8,620 

100,000 
39 

1 
1,030 

11,600 
228,000 

23 
6 

2,900 
620 
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Table 3.2.1 shows only email differences in counts between Blow and 

fa:it rate beds and not constant for all categories of organisms. The deep 

aand 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 number of organisms at the bottom are slightly more in the 

case of fast operated filter than the other filter, indicating somewhat self 

adjusting 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. 

The predatory (bacteria which prey on other bacteria) bacterium 

Bdellovibrio bacteriovorus has attracted attention from the point of view 

of removal of bacteria by slow sand .filtration. Windle Taylor has reported 

that it is difficult to separate Bdellovibrios (size 0.45 micron) frora 

protozoa for investigation purposes, but it is assumed that Bdellovibrios 

are present in slow sand filter beds, and myxobacteria are probably more 

numerous. 

Pseudomonas and Achroraobacter are one of the most commonly occurring 

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

zvK-iiriTt after resanding, yellow pigmented aerobic sporing bacilli have been 

reported in high numbers (Windlo Taylor, 1953-54)« The secondary 3low sand 

filters appear to be a natural habitat for these organiums and are suitable 

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

Alftae 

Algae are common organisms encountered i: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. Succcssional 

pattern of algae in eutrophic waters of southern England has been described 

by Holden (1970). For slow 3and 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 diatonn, 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 

diverse form, size and character. The genus Chlamydomonas has some 600 

species and is found almost everywhere. This small unicellular organism 

parses through filters and is a cause of complaint from consumers. The 



diatca soma Ankistrodesmus is extremely resistant to the normal copper 

sulphate 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 Ilydrodictyun reproduce rapidly in 

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

and taste. Euglenophyta is grass green and is present in organically rich 

water and is motile, so can be a nuisance in penetrating the filters. Some 

genera of smaller species of the diatoms (Bacillariophyta), also penetrate 

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

for clogging the slow sand filter. These can also penotrato as they ore 

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

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

in terms of algicides or disposal. Some of the very small unicellular 

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

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

Xanthophyta, such as Tribonema are of contnon occurrence in eutropiiic impound­

ments ami causes clogging of rapid filters or microstrninurs during mid­

summer blooms. But small or big, all Xanthophyta are delicate and can be 

eliminated by the application of copper sulphate or 1—5 mg/l of chlorine. 

Auong Chrysophyta, Synura can be regarded as the most troublesome in water 

works, as only small numbers will produce cucumber tastes, which is 

accentuated by chlorination. The blue—green group Cyonophyta (ityxophyceae) 

includes.unicellular, colonial and filamentous forro3, which are found in 

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

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

trouble filtar processes. . 

Invertebrate animals 

There are numerous invertebrates which inhabit the filters or the 

storage reservoirs becauco of supporting environmental factors. Micro­

scopic Protozoa are grouped as Rhizopoda, Flagellata, Ciliophora and 

Sporozoa. Some other invertebrate animals are discussed in the next section 

3«3» Crustacea, a division of the Arthropods form it major population of 

irrj>o\2TJiment fauna and are important to the biological balance. Pianktonio 

Clr.dooara such as Dephnia and Bosmina, and Cyclops and Diaptomue are important 

fish food. The Harpacticotd copepods are common in the schmutzdecke. Insecta 

which form midgos and chironomus are a nuisance at waterworks are described 

adequately 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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';'.':.'-/ijhovit the year. In mature beds (not newly cleaned), the largest 

or£ini3ni3 found were Oligochaeta (worms) including Ilais r»5ullerf Stylaria 

Lamrack and Aelosoma Ehrenberg. The Nematoda, Gastrotrichia and Turbellaria 

were abundant only when the detritus had penetrated 2-10 cm. Among the 

ciliated Protozoa the commonest wore Peritrichia jnd Spirotrichia. 

Holotrichia and Suctoria happened to be less common, Rotifera were very 

common. The most common Peritrichia were the genus Vorticella, especially 

V. campanula Ehrenberg, V. convallaria Linnaeus. 

This indicates a "ory diverse population of aquatic organisms, 

characteristic of waters with low pollution and a reasonably balanced ecology. 
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3.3 EV.nctlon of Organisms 

Certain algae and protozoa are predatory on some bacteria/ and thus 

play a part. In removing bacteria from the water. Protozoa are well known 

for reducing typhoid bacteria and some other path;;->nic bacteria. The 

protozoa are capable of feeding on a great variety of bacteria/ especially 

where these are in large concentration. Protozoa select bacteria for food, 

but usually do not accept red, purple and green pigmented bacteria. Growth 

of one organism may affect that of the other bacteria by the depletion 

of oxygen, the production of hydrogen sulphide and the oxidation of organic 

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

of bacteria may eliminate another class of bacteria. 

Ps aeruginosa in sewage is antagonistic to E.Coli, and releases mhny 

antibiotics which act against closely related organisms. Howtver, in 

purified water, Ps aeruginosa and E.Coli are able to coexist. Clostridia 

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

ara undesirable in certain industrial uses. During water treatment the 

in<.:T.-ion is to remove as many spores as possible, and also to reduce their 

: ulii.jlication during filtration. The CI. perfringens test gives valuable 

::r-r>}r;yJCz Zo thj K.Coli results and serves ua additional evidenco of tho 

'."'.-.v'holcec::!'.! character of the contamination. On account of tha high 

y: :ii3tr.nco of nporoo of CI. perfringens, they can survive in wator long 

attar the timo of the pollution, and are thus valuable in demonstrating 

rerroto pollution* because E.Coli and S. typhi are expected to perish much 

earlier, oven though introduced to water at the sane time. 

rJLpaa 

Treatment problems can be gauged by the nature and quantity ot 

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

cntiroly of Gilt and organic debris, the rate of clogging will bo predictable 

in coagulation - filtration; but en increasing number of algae in the eourca 

w.Ul cr.vco £>roblcsn of quantity or quality at the watorwor&s. Biological 

orr.Hi.iiiu'Won of wator io ucuful In caressing the probcblo rato of clogging 

o;J i1.low Hand Siltoro, either by accumulation or by tha reproduction of 

ol«no in tho ovorlying filter tank wator. According to Van da Vlood the 

,-m«--otsropho ?,ono of algae is not vary necossary for tho aotirriTijctory 

functioning of th« filow s?nd filter, i»iw»cially in view of tha natiufsctory 

epoTrttion o£ ^ho^i ftXr.oxe ovr>n t-'bei aovr>x<>A ox filtnring uwrrdn. Thi 

riu<-,otrooMc ropo Pihencr. th~ 8ir-pnl.vrd oxygon content of wat^x, but in 

djL>".d"1,nt;.'nour in Rfwnr*! wyr- o.P •-.wl̂ incd by Ridley. Alg^l colln, 
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r .^ticularly diatoms could causo filter clogging. Over productive 

^ilcnentous algae could break up tho schmutzdecke causing deterioration of 

the filtrate. Ridley also pointed out that living or dead algae could 

produce taste ox odour in the filtrate/ as algae are an excellent substrata 

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

polyphagia which i.-ould react with chlorine to give out undesirable 

chlorophenolic 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. 

Thia elimy layer on grains is stimulated by the presence of chlorin* in 

the influent water, and when the filter is drained and dried, the slime 

cosbines 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 

through filters. The greenish-golden brown species of Peridinium and 

Cr.r; ti'̂ i .u.-jng tha Pyrrophyta group cauua strong flohy taote3 in wat«»r 

sc£v>li;.':> p.nd high rato of docoicpo.'jition in filtor t;:n.':s or the imyounduvints. 

Blue nzc-on algno Cy<nnpyta caursr>3 major problems, end tho largor organiuras 

quickly clog rapid and 3low uand filters, and many opecies produce 

unacceptable taates, which are accontuated by chlorination. Cyanophyta 

are as bad as diatoms in their nuisance value to a waterworks as a well 

coicblichcd bloom when decomposing can cause deoxygenation of tho whole 

wator rc.es, resulting in major taste problems. Among brownish Cryptophyta 

two gcr.ara, Cryptaonas and Rhodomonas are very common and may cause 

unacceptable colour problems even after coagulation and filtration. 

lavsrtebratp Animals 

Csna of the groups are of nuisance value because thoy havo to be 

rr:.\'r570d at sojea otage, but thoro are others which may bo rccponniblo for 

v̂ .'Ĵ -siARg tho physical or biologicnl quality of a worfto. Piotonon utiliaa 

cc;̂ ?la» organic material. Atnoeba, Asrcolla and Diffugia aro typical taocba 

Protosoa, and thny utilise algal colls, small animals and organic dotrltus. 

fiagsllata An r.^ny groups o.ro jrw.ra-jitic. The genera Myxobolus, and Kyxldium 

won? **>*? Sporosoans hx.ve boon .r-port'd to cause infection An carp with 

&-,n<iX*.''rK iroxt.Allty. Th3 a<*r>vn 'S-itepansjilXr. crrong Po.rif'sri grow on walla 

;.\nft jsya^".*. flt-r.a ,rrd a\l"n nlrjf^ which **" r>prn"\lly -pxn?^nt in th<" filter 

fj'nVr, Pv4To«>.oa PX-.Q colon A?.«r th" .Clltir wills ,""'". c.v». Xr>fivcit? of 

http://rc.es
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a-icrJcnytviB And feeds on crustacea. Among Platyhelrointhes (flat worsts), 

thrco cia»H»» , f^noqenoidea, Tremetoda, and CesLoJa act p«raaitically on 

host3 like fish, molluses and small crustacea. In Rotifers, the genus 

Keratelle reproduces profusely In slow sand filters and feed;on algae. 

Genera Asplanchua are carnivorous. Rotifers sometimes penetrate filters 

and are a oftuse of comsumer complaint. Nematode include many groups and 

speciesi known as thread worms, they live in mud and colonise the zooglocal 

film in the slow sand filter* end 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, hM* ran he controlled easily with chlorine (Greenshlelds 

and Ridley 1957)f however, mass killings are not advised to avoid smell 

and taste. The outflow mains from reservoirs support mussels which feed 

on organia debris (Windle Taylor, 1964). Crustacea if formed in great 

quanitity Crtn interfere with filtration and in larval stages can penetrate 

sand filtuia. The larger crustacea divided into two groups, the Isopoda 

such as Atttillua and the Amphipoda such as Gammarus and Niphargus reproduce 

in the olow !»*nd filter tank water u;;ing organic food, but ore rni.oved by 

filtration. 

Tho i;o>: ;snly occurring Rotifera and Spirotrichia are strongly thlgmotactic 

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

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

the filtering water (Lloyd, 1973). Vorticella are abundant in the upper 

layors, but the Spirotrichia and Rotifera are evenly distributed throughout 

the bod &>s>th. The Vorticella increases rapidly in the first few days of 

the filter sun and causes a great reduction of bacteria during that period 

in the filtrate, During higher rates of filtration the Vorticella and 

Sjirotrichifl redistribute themselves to cope with the higher rate, and 

penotrnto « fw centimetres into the bed, rather than all accumulating on 

the bed ourfaen. Rhizopeda especially the subclass Amoebina are abundant 

in the olow Band filter. These ero known for bacterial pradatlon and 

p-irhopo hnvo a (Uflnitfieant function during purification in filtration 

(t.'Andlo Kasflor, 1957-68). ;• . 

3.4 gjf ftj.ctjig _gto5a.gjf. 

Stornti? 0* raw vater started ?.ox th« sake of water quantity, but now 

with tho n̂n̂ flfc" during rto.rage co-niprj increosinglv to light, it mr.y bs 

usually r-T-t-V!\pti,'/n to ;)'jntify t?.tor»y h-roid solftly on quality conflAdtrntionw. 

Ridlny (ISS'I) hao donn pioneering tvorlt on fchn study of thermal »tr*tii?ic«fclon 
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in Thair.ua Valley reservoirs. Be described thermal density lay* v .ig as 

important In tcraia of filtration and disinfection, as only 30 feet deep 

water is isothermal for roost of the time, while a depth of 52>j feet ensures 

a temperature difference sufficient to produce a stable three-layered 

density stratification consisting of epllimnion, thermocllne and 

hypolimnion. Thw us* of Jet type inlets and offshore outlets was advanced 

for inducing internal circulation in standing reservoirs to control thermal 

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

occurring during thermal stratification, and argued a case for monitoring 

facilities capable of determinations at time intervals as small as five 

minutes. 

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

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

(1909). He described the devitalisation of pathogenic bacteria %nd 

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

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

modern context though, this appears to be art overstatement, but it also 

i:;'."ic:.tL_: the largo increase in the level of pollution of surface waters 

i.i.i'jj £v.n. It io rri.rrally cgrecd that 10 deys storage can reduce the 

c:>.litor.-o:-;rii...iif:b>J by 75 to S9 per cent, the greatest reduction occurring 

(r.v::i.ng raring and if<i;.3t during winter. In addition the scttlcuont of 

caroidorrjlo crnount of particulate matter takes place whatever the duration 

of otorago. Some of the physical, chemical and bacteriological changes 

'chat teko plnco \.'hc.n river Thames water is stored for periods ranging from 

)A to 120 days ere rrhown by Holdon (1970) on page 331, and are also clearly 

prooontcd in the Metropolitan Water Board reports, covering several decades. 

Ridloy (ot al 1955) have explained the influence of reservoir design 

on the actual rotention time; for oxcrple, a short distance between the 

inlet and thw outlet Rcy allow undlroctional flow, but in other cases the 

dosign may inclvdo orrangejants for Inducing two directional rotation of 

tho water mr.rjs. Dtorogo provides a very dilute nutrient medium for sou* 

&<\3torla which grsw undor thooa condictlons, and in warm weather and in the 

p-:'.v;oneo o2 Soeoi'tey plfiat notorial, conforms and some of the Psoudoaonas 

y:rrjr> Sf.nd c~;::cr^l3 eos&^fcAcno to grow (Burman, 1961). Storages roducoo' 

(.s~>y.o\v:, ca-ontrGi'l n&fcrory'n and oxygon riverbed from pcrmangannte. During 

p.roi'uia a.lgnl grevr.Si over long atorego, there may be reduction in temporary 

Jvr\?<i"~T\T r.nd nitreto content. Filtration and coagulation improve', in the 

-̂bronco of nlrj*n in Anfl»w?nt w.ter. Storage acts as a buffer to avoid 

r.wOC^.n d'-fcorior̂ tion of .Influent we«t«r during floods or intermittent 

introduction o?. p'viSic*. <"!/•.! pollution. 

an pointed out in Section 3,2, nooros of Cl» parfringens survive tht 

http://Thair.ua
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v v % \ chlorine eosfta. Therefore, tho b*st treatment is to remove them in 

earlier treatments as much as possible including storage of surface water*. 

Storage of water for 3 to 4 weeks causes complete destruction of V. cholera, 

though chlorination is fully effective if carried out properly (Holdcn 1970). 

Houston (1910)' reported scartlina success in removing pathogens through 

8torage. He found that a storage of five to nine weeks achieved 99.9% 

pathogen destruction. However, poliovirus is notorious for withstanding 

long periods of storage, extending up to several months. Recently an 

extensive study on the survival of viruses in water was carried out by 

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

estimatad that at 15 - 16 C, the initial concentration of 20,000 PFU/ 100 ml 

was reduced to less than 30 PFU/ 10O ml after 15 days, and at 22 C to less 

than 10 PFU after 11 days.. 

It appears that even from virus innctlvation point of view, a storage 

of 2 to 3 weeks is extremely valuable. 

At Walton reservoirs of the Metropolitan Water Board, London, 1? per 

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

ciffortint niwciea of Siiloonclla were isolated, many of which were detected in 

th-.i v;.: Ui;;. 5 £~c:.\ vc:jtd g^.vity and slow sand filters at the relative sites 

\"..'ini'ilc 'iV.ylor 1CO5). Sv>c'i c:;fc..rnal factors affect the reservoir water 

oiv.lity cdvoviKly. Calcrrcom cources enriched by sewage or agricultural 

drair.ar;;*, r.:;t:iHt tremendously in algae production, which in turn oupport a 

vast nwbur of invertebrate- and vertebrate animals. Other disadvantages of 

storecp rcrwrvoira nro during the period of summer stagnation. In this 

roopoct Ridley (1564) has reported, a concentration of blue green algal of 

ever >*0O,CC0 colls/ml in the top 6 metres of eutroplc impoundment, and 

o:;ccr,oivo concentrations of hydrogen sulphide and ammoniacal nitrogen in 

tho lowest layers. 

Tho overnll advantages of storage far outweigh some of these temporary 

proble»3. Quality of outflows from impoundments, due to density layering, 

in oignificant for waterworks. Control of thermal density layering is 

Ar>7ortont whila designing impoundments. Partial or complete destratificotion 

to aow raaoiiiblo by incurring small costs (Ridley ot ol 1966). 
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CHESTER IV 

PREVIOUS STUDIES OF CLARIFICATION KIKSTICS 

Deep b«d f i l t e r s , e s p e c i a l l y th* rapid sand f i l t e r s , are used 

t o c l a r i f y suspensions of water . During run th* pressure drop 

increases due t o c logging of the txM. Tvu fundamental operators 

in terms of c l a r i f i c a t i o n and pressure drop hev«» therefore been 

considered for developing the mathematical models . Thane s t a r t 

with the cond i t ions that th* f i l t e r i s i n i t i a l l y c lean and the two 

parameters are t ine-dependent . 

1 Depth C l a r i f i c a t i o n 

Mathematical models are developed t o f ind out suspension 

concentrat ion and pressure drop a t any time t s and depth of the 

f i l t e r Dm. The c l a r i f i c a t i o n i s measured by the change in suspension 

concentrat ion S , vhich dependcon the quant i ty of depos i t s per un i t 

f i l t e r volur.-a a I s p a c i f i c depos i t ) and the d i s tance i n the f i l t e r 

i'LTj the i n l e t our-r.ca Da, and the e lapsed tit:a of f i l t r a t i o n t s . The 

p?tr-. i l ea l pa.renotcra c>*d operating v a r i a b l e s used aro , in l o t concentrat ion 

So, f i l t r a t i o n approach v e l o c i t y Vf, gram s i z e D, i n i t i a l p o r o s i t y f o . 

taiaijze K:dia 

Sven though now thore i s enough understanding of the transport 

EechoniPEa i n the f i l t e r pores and the surface chemistry of f i l t r a t i o n 

sytstens, i t was pointed out by I v e s (1973) t h a t there i s s t i l l 

i n s u f f i c i e n t understanding of the nature of suspens ions , and the 

phynics of the rejeoval of suspension by f i l t r a t i o n . For f i l t e r 

c l a r i f i c a t i o n , an e irpirical c o e f f i c i e n t X has been used t o measure 

tha i n t e r a c t i o n between a uniform suspension and a uniform f i l t e r 

e c d i u a . Tho n a t h o c a t i c a l modalo aro bncod on the s i m p l i f i e d case 

of a h n c g r a c s v s , non21occulr,Wci{j nwrjot^oioa. f i l t e r i n g tit a constant 

•rrChn.fcfercMnh. en ino trop ic raltfer-rvij: • jsorr.'T^lo toed ©* aozti, under 

.V-~i.ncr -J.©w csnclitievrts. Th" c^nvrytXena can be repjrooentod i n the 

follcr-ring a n t l w n a t i c a l forai 

- « £ - • » . AS 
6nra 4 . 2 . 1 . 
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Equation 4.1.1. was first proposed by iwasaki (1937) in relation 

to slow aand filtration. In the thirties even the slow sand filter 

was considared, by somf>, In terns of physical clarification, and 

the impurities in solution and the organic suspension were not given 

any significant importance. Iwasaki formulated initially another 

basic equation for the mass balance of suspension particles. It is 

based on the simple assumption that particles removed from suspension 

are deposited in the filter pores. Because of the local gradients 

of suspension concentration and deposit concentration with respect to 

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

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

balance equation considers only the physical phenomena and does not 

take into account the biological phenomena encountered in the case of 

organic material. In differential form, the mass balance equation 

can be written as equation 4.1.2. 

- 6S_ — A_ 6a» 
6Ea Q fits 4.1.2. 

twioxo* S is too concentration of cv.yznslcn, vol/vol 

Dn is the distance into filter frcsn inlet surface 

A is the inlet face area of filter 

Q is the volumetric filtration rate 

era is the absolute specific deposit 

ts is the elapsed time of filtration 

Equation 4.2.1. was also proposed independently by Mints (1951), 

and was observed as having a statistical basis with X for the 

probability of removal of a particle per unit depth of the filter by 

Litvdnlsnyn (1253) and Hsuing and Cleesby (1968). At the run time 

to coro, equation 4.2.1. can be integrated to the fora, 

S • So exp (-AoBm) 4.1.3. 

rrHore So is the inlet concentration of suspension, end 

Ac is the initial value of the filter coefficient at ts » o. 
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Since 1937, equation 4.1.3. was the basis for most of the 

mathematical models for filtration, but it was Ison (1965} who 

proved the validity of the expression experimentally and showed also 

for a nonflocculating suspension that each of the size fractionaof 

bospension particles followed equation 4.1.3. using different values 

of Xo for each size fraction. Normally X is considered a mean 

for the whole suspension, but Mackrle and Mackrle (1959) have 

formulated a mathematical model based on the values of X for 

heterodisperse suspensions in a series form. 

Deb (1969) used the model of 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 complex than (4.1.6.) He also modified the mass balance 

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

" *£ " 1_ *£. • tf - o) «£ 4.1.4. 
6Dm Vf 6ts Vf 5ts 

rSioro S is the suspension concentration, vol/vol 

Da Is the distance into the filter. 

Vf is the approach velocity. 

a Is the volume of deposited particles per unit bed volume 

ts is the filter run time, 

f is the porosity of the bed. 

equations for constant time and the relationship of simultaneous 

oventa hnvo also been reviewed by Horner (1968). Due to the porosity 

imbatwoon deposited particles, an experimental error occurs, *•» the 

particles occupy greater pore space than determined theoretically. 

To zrstLSy thia discrepancy, Coop (1964) and lOohauca US69 a, 1969 b) 

Ijyi'v^'rrra a bulking factor into equation 4.1.4. Ivo9 (1973) haa 

'txrnf-2 fc&o EGaaurcd valKoa of oolf porocity o.? particles es S0%. The 

o?.2csti.m specific <Saposit can be described a3 a «• Sera, where 0 

in a building factor, and the local instantaneous porosity can be written 

c.s, -

f •- f - a 4.1.5. 
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For the saXe of simplification, negligible tana JS/fits is 

usually omitted from equation 4.1.4. Because of the assumption that 

diffusional movement is very much smaller than the advectlve notion, 

the negligible diffusional term is also emitted. Herzig et al (1970) 

formulated a statement including this diffusional term, which was earlier 

investigated 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 mathematical models of filtration 

have accepted the fact of variation of X during filtration. It is 

therefore logical that X must be described as some function of the 

specific deposit o. At the I.W.s.A. 1969 Vienna Congress, Ives (1969) 

formulated equation 4.1.6. which may bo described as the most general 

of all the variously proposed functions, 

where Xo Is the initial filter coefficient 

b is a geometric constant for the packing of the filter gains 

o is the specific deposit 

f is the porosity 

y empirical exponents (spherical specific surface) 

z empirical exponents (capillory specific surface) 

x eapirical exponents (velocity) 

oV is the saturation value of specific deposit (< porosity f) 

An examination of equation 4.1.6. will reveal that the equation is 

not based on tho dotailed filtration mechanisms, but is based more on 

iZin general acou^ptiens of tho important pore gocmotry and interstitial 

•yolocity. Tfca £iirat tosn within brackets in oration 4.1.6. io for the 

increase lit i»i>oci£ic surface in tho filter due to the localised 

coatings of ctepooitod peptides on g.rains, indicating nn increased 

clarification during tho initial str.gas of filtration, but not accepted 

by aany investigators. The second t«nn is for the diminution of specific 



47 

surface in the filter due to accumulation* of deposits In side spaces 

in pores. These first two terms are according to the sphere and 

capillory model of Maclcrle et al (1965). The third term is based on 

the increase in mean interstitial velocity because of the reduction 

in pore cross section by deposits, assuming that the maximum velocity 

is reached when the specific deposit is aV 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 exponents y,z and x. 

IwasaxX (1937) 

y • 1, z ° 0 , x m 0 

Xo f 4.1.7. 

rv-;n C1S50) 

y n i , z-»l, j c - 1 

n?-pannicn of Ives equation 4.1.8. below equals the expannlon of 

Ivoa equation 4.1.6., and in therefore a special case of the general 

equation 4.1.6. 2 
a o 

X m Xo + a. a - A i a 
1 — — 4.1.0. 

f-o 

W e r a l and a are the Ivec f i l t e r c o e f f i c i e n t s . 

Mscfcrle e t a l (1965) 

31 m O 

, A «• • 1 -y ha y 1 - a z 

To • . 2 f 4 . 1 . 9 . 

Shokhtmsn (1951) , H e a r t J e s , and lexk (1967) 

y » 0 , z => 1 , x— 0 

I 1 - o 

Ao f 4 . 1 . 1 0 . 

;»-yr^~-l\^.^»<j^^'^ |l,^*.»r-.lfc«-V.T - ,« . - . -.. •— y,«yv - ^ y ^ y , ^ . 
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Marouda* U965) 

y « 0, z » 0, jt-1 

i. " 1 " a 

Xo oU 4.1.11. 

Equation 4.1.6. docs not cover the specific surface model 

proposed by Deb (1969), and by Herelt (1969). 

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 (19S1) has considered the counteracting effect of 

the variable rate of detachment on the constant rate of deposition 

as equation 

6S 
- -— • Xs - f. a 

6VBB Vf 4.1.12. 

winro « la tha ctatnohftont coeff ic ient . In I.W.S. A. 1959 Vienna 

Congroso, Ives (1969) cr i t ic ized the above equation (4.1.12.) on the 

plea that i f X i s constant * should be a function of S. 

Because of the now better understanding of. c larif icat ion 

mechanisms, an interest i s arowing in computing the trajectories of 

part ic les in suspension as these approach a f i l t e r grain (Ives, 1973). 

Current research i s employing more sophisticated packed bed models 

than the single spherical co l lector , making use of the trajectory 

calculations In aerosol f i l t ra t ion . 

Sise^graded podia 

I t i s only in experimental f i l t e r s that the media i s of a uniform 

sina. In practice tho sand nine i s graded, but for tha sako of 

cp.&culatXeRn, a r.isert raize remaining het«rcgeneoualy nisred ia treated 

theoreticnlly l i>o a unisize media bod. Fi l ter media da oize graded 

oith»r Sot rtfcryctvvral or operational rennons, or because of Wgh cost 

Involvod Sox 3f,r-/ijyg r-yu« to mrtke i t unitized. Tho nornsl f i l t e r s 

w.̂ h^d by ii3 ?.\cv> r.Xuifii.iation cav^e a s ize /succession froa f inest 

r\t fchi top to co«r.«ni»«t at th« bottom. In fchfl mod»rn raulti-laysr f i l t e r , 
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media of various sizes and densities are chosen by necessity, and 

the order of size strata depends upon the design. 

The principles of filter transport mechanisms and ths 

mathematical models for specific surface dictate that the filter 

coefficient varies as an inverse function of grain size 0 

A » const. D 1 4.1.13.' 

where n. is the exponent of grain size, depending on the dominant 

transport mechanism, and quoted by Ives (1973) between 

1 and 3, determined empirically. 

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

D, which complicate the model further. MohanXa (1969) has described 

such analysis and computation by experimenting with a fine layer filter. 

Diaper and Ives (1965) have solved for a size graded filter Assuning 

n, as unity and a linear variation of grain size with distance, 

D « Do + jcra. 1'hi grain size is Do when the distance into 

IMltor Da - O, end j Ljay be positive or negative de.'j>::nJi:,g on the 

&n&"{ fining or rocrOficjing grain size in tha direction o£ £l(s*. Tho 

equation 4.1.14. con bo used to compare analytically tho proof.mftos 

of downflow and upflow filtration through continuously olzs yradod 

media. 

\D - PI - P2a2 4.1.14. 

whore PI and P2 are the Diaper Ives filter coefficient constants. 

It can be ovserved that equation 4.1.14 does not form a pnrticular 

'.««« of tha Ives jcnoral equation 4.1.6. 
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4.2. Headloaa 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 resistance to flow. The filter 

media offers sane resistance even to clear water, which can be 

calculated by the Carman Kczeny aquation 4.2.1. 

\6DnJ MfS? 4.2.1. 

where 6H/ADm is the hydraulic gradient 

v is the kinematic viscosity of the filtering liquid 

Vf is the approach velocity of filtration 

a is the specific surface (surface area of media 

per unit bed volume) 

f is the porosity 

Por cloc.n ciadla, a - so and f • foj so tho above equation can 

S>cj modified to fona equation 4.2.2. 

I 6 H \ « 5Wfs o 

<̂5Dn>/ o gf o 4.2.2. 

Por a filtor layor containing specific deposit a (which varies from 

layer to layer with On, and increases with run time ts). 

• « so/ ^_____ 
4.2.3. 

f - fo 
4.2.4. 

TC>a crjocifio o«rf«ca 3 end tha porosity f are modified and tho 
equation 4.2.1. could be rewritten na oquntion 4.2.S. 

file:///6DnJ
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^ w A vV-i'io f i •*• b(Tv / i - <r v * . a . . / 
£* * 5*/ C *o > <• i o J 

RAtio of the hydraulic gradient at any time of the run to the hydraulic gradient 

of clean f i l t e r . 

(SH / j j > n ) .. / / * 60-) / J - * • $ " » 4 . x . / 

Considering the special caae u « X » '• 

A*!*** * CJLjLhjrkLl^ A-^'f 

Expanding the righthortd side 

tS»U»")0 *° *" ** 
By approximation the headloss per unit depth is proportional to the local 

npocific deposit, enpoclAlly whenO~«/0 This relationship was fomulat«<d by 

Kornor (1968) and llemig et al (1970) proved the relationship to be true for soca 

other mathematical med^la, Mints (1966) n a d also usod it for sovoral empirical 

i';j::ji5latlonn. 

Ey integrating through the filter depth, when the filtrate concentration 

ir, nm.ll compared with tJvit of the inflow (less than 5%), the linoar relation 

•bntwnon total hoadloas and the run time is given by equation 4.2.9 
i 
I 

H - Ho + const, ts 4.2.9 I 

1 
1 

whnro Ho is the initial total headloss through the filter media. Mints had j 

nW'Biciriood Equation 4.2.9 in the I.W.S.A.1966 Barcelona Congress. 
i 

While delivering a lecture on Captive Mechanising Infiltration, Ives 

(1973) talked of deposits forming a discontinuous cake ot the inlet surface of 

tho doop tied filter, which follows Boucher's Law, where rise in headlooo is j 

oxponontial with time. ' 

ha - Ks exp (Kt ts) 

K>D,TT ho is the haadloss due to surface deposition»Ka io tho initial hcp.dlon.T 

oft nurfnCM, ununl.Vy vosy fW.llj kt is tho rate constant of ourfoco hopidlons, 

ts ia the alapaad tifflg oS filtration. 

In wator fiir.rdtion it ia desired to minimise hs to enable it to lengthen 

tho filtnr run. 

The thz*a oowvi/v-inta of tho hp^dlosg in a rap.t.d filter, Ho tho initial 

hnndloup, hd tho ti"'\rii-onn dua to accumulations in th«a por«n, and hs tho nurf.-cp -
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deposit headloss are shown in Fig. 4 . 2 . 1 . 

k hs 

s' "^^ 
j / ^ ^ ^ " l \ 

hd 

J ^ * * ^ v 

l\ 

Ho 
>' 

Pig. 4.2.1. Time 

Headloss variation 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 

esroariaients is necesaary. Biological growth on and within the slow sand 

filtur has not been considered specifically. 
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CHAPTER V 

PREVIOUS STUDIES OF BIOLOGICAL OXIDATION KINETICS 

5.1 Biological Oxidation Kinetics in Depth 

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 wherefore 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, as per Kemna, the suspended 

particlon were arrested on thn top because they were larger than the pores 

or could not wind their way through the sinuous channels in the bed. Th3 

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 bacteriology connected with water supply 

was witnessed. 

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, zooglooa stick on every particle and innumerable 

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 thorn 

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 significant in view of the suggestions for providing covers to slow 

..-•-. •^yfr.y^-" •„,,,„., w . .,,_;...-•,• I,..., 1 JIWIII^.^WI.IU^.1 mifm^fjy .MB.^JlPtJj^^Jjy^^^ 
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sar.d filters for control of algal blooms. Kemna quoted the work of 

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

algae extremely 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 

parasitic 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 first 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 in pure water known as. 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 

absorption. Deep bed filtration is the best process for removing particles 

smaller than the pore size (35 microns). These particles are microorganisms, 

substances in the colloidal state (between 0.2 micron and 5 nanometer), 

or in solution (smaller than 5 nra). 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 Vloed were not probed in depth 

and the 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 

starts with the grains on the top by providing a brownish red coat on 

the surface, which consists of partly decomposed organic matter, iron, 

manganese, aluminium and silica which favours absorption of negative 

organic unicells in colloidal systems in a two—week old filter, in which 

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

the better absorption of anions out of solutions causerformation of more 

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

absorption of anions, a higher concentration of inorganic salts mainly 

phosphates will result. At this moment a surface skin of algae set* in 

depending on the light intensity and temperature. This filter skin, 

popularly called the "zoogleal film" in USA, was first called "schmutzdecke" 

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 chironoraus and a variety 

of bacteria. Vloed did not favour the use of the term schmutzdecke which 

means "dirt—layer", especially for the secondary slow sand filters, 

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

exception is the chitinous remains of arthropods and their insoluble 

substances. Autotrophs zone was described by VToed as the upper most 

layor of sand inhabited principally by photosynthetic algae, rather than 

the traditional connotation of the word schmutzdecke which is a golatenous 

bacterial film. 

Slow cand 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 

siliceous bodies of the diatoms being smaller than the finest sand used. 

Secondly, the metabolic action of algae results in the consumption 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

trophic zone which was described excellently by Pearsall, Gardiner and 

GreenshieldB (l94^)» HeterotroDhe zone 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. 1?67 symposium, Ridley (1967) "&&£ the observation that 

the presence of unicellular algae throughout the filter run causes the 

headloss to rise steadily, and the gelatenous matrix formation addB to the 

inconvenience in filter cleaning. Normally diatoms replace unicellular 

algae, and diatoms1 shapes and sizes are ideal for plugging sand pores resulting 

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

are overproductivo, 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 difficulty listed by Ridley due 



56 

to filamentous algae in the autotrophs zone is their ability to seal the 

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

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

filter is long, normally ten weeks, several tons of 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 tnuco—poly saccharides, 

which may affect industrial processes. 

Ridley saw the slow sand filter tank as a complex ecosystem and compared 

itB physical conditions to a shallow pond with a permeable floor, in which 

the primary production of organic matter by algae is enough to support wide 

varioty 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 detail 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 (Huisman, 1974)• He writes that 

the purification of influent water begins when it 01ters the filter tank. 

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

to settle and the smaller one3 coalesce and Bettle. The planktonic algae 

which are so abundant in the filter tank consume carbon dioxide, nitrates, 

phosphates and other nutrients from the water to form cell material and 

oxygen. Gelatinous schmutzdecke consisting mainly of filamentous algae, 

diatoms and bacteria, entrap*particle* of mineral and organic matter, 

living and dead algae, parasites, and a proportion 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 

some important purification processes take place. 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 transported, absorbed and held on the grain surface as explained 

in detail in section 4.1, During tht. ripening period the sand grains 

attain a 3ticky slimy coating, which in many respects is similar to the 

schmutzdecke except for its larger particles and algae. This organic 

coating on the sand grains is a tooming mass of bacteria, bacteriophages, 

predatory organisms ouch as rotifers and protozoa, all feeding upon the 

retained impurities or upon each othor, breaking down the organic matter 

converting it into cell material and inorganic inoffensive materials, 

carried away in tho now mineralised filtrate. This biological capability 

of the filter diminishes with depth because of declining availability of 

wiiiwm»F» t . L iVn'j,iH^iyjli!i.^ M M I I ^ I I ' I J '. ',( V'.."1 "llwwy ,_ iM^i.^^yi".. .1 1 ijn*'JM-r»wr"*4 **?? 
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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 understood to be 

dependant on it, thus avoiding higher filtration rates to keep the schmutz­

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

mainly an algal layer, dominated by filamentous algae, sometime after its 

ripening, which play3 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. 

5»2 Analogy of Nitrification 

The heterotrophic bacteria which are present in the depth of a slow 

sand filter or are associated with the BOD test, obtain their energy re­

quirements through the biochemical absorption of oxygen and by using organic 

matter both as an energy source and as a dource oC carbon for growth. The 

nitrifying bacteria use a.'nmonia and nitrite mainly for energy and carbon 

dioxide for growth. To oxidise 1 g (as N) of ammonia to nitrite, Nitrosomonaa 

require about 3»22 S °f molecular oxygen, and to further oxidise 1 g (as H) 

of nitrite to nitrate, Nitrobacter need only 1.11 g of oxygen. Water Pollution 

Research Laboratory (March 1971) has given the approximately net chemical 

equations as below. 

5 C0 2 + 55 NH*+ 76 0 2 » C 5
H 7 N 0 2 + 5 4 N 0 2 + 5 2 H2° + 1 0 9 H + 

(Nitrosomonas cells) 

5 C0 2 + 400 N0~ + 195 0 2 + NH + 2 H 20 » C5 H7 N°2 + 4 ° ° N ° I 

(Nitrobacter 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 ?0 C. Tnerofore 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 NitroBomonan, the rate 

of nitrification is mostly independent of the ammonia content till about mg/l. 

The rate of nitrification S I O W H down if the ammonia concentration is lass 

than 3 mg/l, and is about one half of the maximum with about 0.5.1 m g A °^ 

,1/n.iionia. 
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Tho autotrophic bacteria in the schmutzdeckederive their energy from 

the oxidation of inorganio 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 to be yet unknown (McKinnoy, 1962). The nitrifying bacteria with 

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

phase 1 the Nitrosomonas bacteria convert ammonia to nitrite. In second 

phase the Nitrobacter bacteria take the nitrites and oxidise them to 

nitrates. 

H H • H H ' ' 0 
\ / — 2H | | — M I 

H - N - O H — » H - N -. 0 >• H - N - OH > H - N 
• I "rT~" | 
H H J+HOH 

Aiamo m a 
0 0 0 OH 
' ^H " + HOH ^ —?H I 

0 - N - OH • — — HO - N - OH 4 N - OH «— ' •— H - N - O H 
I 

Nitrate H Nitrite 

In phase I, the 3 2?N molecules reduced yield considerable energy to the 

Nitroao— bacteria. In phase II as only one DPN molecule is produced and 

then roduced, the energy yield is low and requires the Nitro- Bacteria to 

process three times as much substrate as the Nitro3o to obtain the same 

energy mid this also explains tho 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 syste.as 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 oelow 4 C retards metabolism 

and thus ammoniacal nitrogen appears in the filtrate. Chlorine reacts with 

ammonia or *he prevalent ammonium ion to form chloraroines as mohochloramine 

or dichloromine or trichlora mine, 

NH + H0C1 y.LLjMuiLi^ NH?C1 + H?0 

Ammonia monochloramine 

NH2C1 + H0C1 r.„.,.«..,*b NHC10 + H20 
or 

NH + 2H0cl . -> NHC12 + 2H20 

dichloramine 

NHC12 + HOC1 ir. .;• • ... •_> NCI + H20 

NH, + 3H0C1 , • ._̂ !» NCI, + 3H,0 

3 • '•> J <-
trioh.loramine 
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Nitrogen trichloramine i3 a principal eye irritanl in chlorinated bathing 

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

contact time is less than chlorine. 

5.3 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 satisfactory. This awareness brings slow sand filters into 

sharper focus, as some big claims ha/e been made, at times, for its capacity 

to deal with virus. 

Tt. 1R now agreed that surface sources in populated areas are mostly 

polluted by enterovirus, as also shown by Poyriter (1908) 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 (Franco), 

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 ra 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 

when filtered at the normal slow sand filter rates. 

Some very interesting tests were conducted 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 Staine3 Aqueduct water was inoculated with 100 to 1,000 

plague forming units per millilitre (PFU/ml) of attenuated poliovirus 1. 

This suspension was pumped to the top of the experimental filters consisting 

of 2 identical miniature cylindrical per.npex columns 88 mra diameter (Area 

approximately .09 m ) with sand shaded from the light. By returning the 

overflow to the tank a constant inoculum was available above the filters 

thus improving the maintenance of steady state. Two filters were run in 

parallol containing sand depths of 600 mm and 300 mm respectively. The main 

flow rate was 0.2m/h, but O.lra/h arid 0«4m/h were al30 used. Filters wore 
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cleaned as necessary. The samples wore taken from the storage tank and from 

the influent and effluent of the filter columns. 

The results showed that throughout the course of thono experiments there 

was a narked decline in the numbers of virur.co presont in the inoculated 

water of the storage tank, which was most noticeable at higher temperatures 

but also during >~old weather. During mid—Hay when a toarkod increase in 

temperature of the aqueduct water occurred, from 7 C to Vj C and eventually 

to 21 C, the rate of loss was such that no viruses were dotectable after 

24 hours. During June and July inactivation rates ranged from 6$ per cent 

to 99 per cent. The decrease in virus number con bo attributed- to biological 

activity in water. No marked differences wore recorded in the rate of 

virus loss in the water on top of the filter au opposed to the water in 

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

in -the sand phase. 

The results wore of preliminary nature and filters wore operated under 

particular experimental conditions, but it wau claimed that uuing stored river 

water as normally supplied to ThajnoJ '/alloy filtration ."Stations and with the 

addition of virus at the rate of about 100 pyu/ml, operating under as normal 

standard conditions as possible with a filtration rate of 0.2 m/h, and a 

600 mm dipth of i.ind, a virus removal rate of approximately 99»9 per cent 

or more was continuously thieved at v.irioun tomporaturoii bolow 20 C, which 

happened on the very first day and was maintained at a more or less constant 

rate thereafter. 

The temperature of the filters varied from 5 to 25 C. The better virus 

removal at higher tomporature may bo explained due to the onormous increase 

in'the number of protozoa who acted a3 predatoro to the viruu; 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 filtoru running in parallel, 

both using the same supply, showed that for every virus partiole passing 

through 600 mm of aand four passed through 300 mm of sand. This however 

still represents 99»6 per cent removal or more. Prom the ubove findings it 

is clear that depth of sand in alow sand filtors plays a vory important role 

in removing the viru3. 

Preliminary trials for the effect of flow rate showed only 75 Per cent 

removal with a 50 P©r cent increase in tho rate of filtrution. As a 

conjecture, the uamo degree of virus removal may bo possiblo at enhanced rate 

of filtration by proportionally increasing tho aand 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 oftor virus inoculation ceased. 

A tentative figure of an impressive 1,000 fold reduction in virus 

numbers at a flow rate of 0.?ra/h is thus obtainod for filter efficiency. 

According to McKinney (1962) over 99»99 por cent of the bacgeria in 

the raw water zro removed by a well oporating alow sand filter, which 

amounts to a 10,000 fold reduction. 

Sterile sand filtration exporimcnts showed that absorption cannot 

account for most of the virus removal by slow uand filters. 
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CHAPTERVI 

PREVIOUS STUDIES ON UPRATING 

6.1 Switzerland 

Schalenkamp (1971) 

Schalenkamp conducted a useful Investigation on the possibility of 

operating slow sand filters rapidly and studying the physioil and biological 

results at St. Gallen and Zurich. In Zurich, slow sand filters are covered 

to rationalize land use by installing them under tennis and football areas. 

It was reported that for a waterworks of 250,000 m /day capacity in Zurich, 

land costs not important, a treatment process consisting of primary rapid 

filters (max. vol. 6m/h) active carbon (max. vel. 20 m/h) and secondary 

slow filter (vel. 0.625 m/h) cost practically the same as cna with a 

?ris-̂ ry rapid filter (max. vel. 6 m/h) and secondary rapid filter with 

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

phy'toplankton ( >and<20/*m) 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 

was 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 

rapid filters were considerably far off those figures. It was claimed that 

normal slow filters (Normal Langsam Filter, NLF) with a velocity up to 

0.312 m/h could be always operated successfully, but that they could also 

be operated 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 January 1967. The 

NLF was operated continuously with a velocity of 0.312 m/hr, and SLF at 

0.334 n/jir for first 8 hours, at 0.625 m/hr for the next 8 hours and at 

0.875 n/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 M.F by dosing flocculants and aids in the raw water and conversion 

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

works were modified to accommodate 2.5 m headloss. Headloss rose from an 

initial SO cm to the final 10O cm in a year. In the case of SLF the first 

three runs lasted for 3, 2 and 2*j months respectively, and the cleaning was 

effected fay 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 length of the run for over 4 months. 

For the fifth run, a still thicker top layer (4 cm) removal lengthened the 

run to 5>3 months and the still lower initial headloss of 110 cm reaching a 

maximum of 185 cm. A fear was expressed that the biological purification 

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, 

priytoplanxton, and the suspended matter is reproduced below, 

Phytoplankton (cells> 20fjm) 

Average 7,500 cells/1 in rapid filters 

43/1 NLF 

lOl/l SLF 

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 • 

O. 33 mg/1 rapid 

0.11 mg/1 NLF 

0.14 mg/1 SLF 

Expectedly, the physical clarification action cf NLF is somewhat better 

than that of SLF. 

For biological purification, numbers of bacteria and conforms, O , CO , 

BOD and the permanganate value were determined as follows, 

Phytoplankton ( <20/un) 
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o 
Bacteria on PC - Agar at 20 c, S days. 

Average 5,lCO/ml rapid filter 

46/ral NLF 

107/ml SLF 

Bacteria en PC - Agar at 30 C 5 days 

600/ral rapid filter 

36/ml NLF 

62/ml SLF 

' o 
Coliforms Endo - Agar 37 C 

ICO/100 ml rapid 

O/1O0 ml NLF 

0/100 ml SLF 

Coliforms Tergital - 7 Agar 44 C 

55/1CO ml rapid 

O/lOO ml NLF 

O/1O0 ml SLF 

Dissolved Oxygen 

Free CO 

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 rog/1 and 0.42 mg/1. 

Average 0.26 mg/1 NLF 

0.27 mg/1 SLF Added 

BOD 

0.32 mg/1 NLF 

0.26 mg/1 SLF Reduction 

PV. 

0.44 mg/1 NLF 

0.11 mg/1 SLF 

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

a velocity of 0.875 m/hr was certainly still very satisfactory hut 

nflv̂ rthel'sss filtered somewhat less well than the NLF at 0.30 m/hr. 
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Experimental Results from Zurich Waterworks 

Since 1868, Zurich waterworks ha3 been treating Zurich lake water by 

slow sand filters. The trials lasted for one year. The NLF operated 

continuously at 0.312 m/h. The SLF was operated at a mean filtration rate 

of 0.461 m/h, filtering daily at 0.633 m/h for 9 hours, at 0.475 m/h for 

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

headless of 54 cm rising to 236 cm in 9 months. In NLF the headloss during 

the same period rose from Initial 28 to H O cm. 

The physical clarification by the two filters with respect to 

phytoplankton and detrilus is reproduced below, 

Phytoplankton (cells } 20// m) 

4190 or 2780 cells/1 rapid filters 

0 and O cells/1 NLF and SLF 

Phytoplankton (cells K. 20>um) 

68,660 or 101,710 cells/1 rapid filters 

14,380 cells/1 NLF 

10,260 cells/1 SLF 

Detritus (Particles^ 20^/m) 

17,970 and 16,300 particles/ml rapid filter before NLF and SLF 

16,600 particles/ml NLF 

15,600 particles/ml SLF 

Detritus (Particles <20/«m) 

27,700 and 25,640 particles/nil rapid filter before NLF and SLP 

26,580 particles/ml NLF 

24,3O0 particles/ml SLF 

Batter removal of small phytoplankton for SLF 13 in contrast to the 

rcnulto at St. Gallen, but the almost zero efficiency of either filter for 

zcrovnl of detritus particles 13 disturbing and casta some doubt on the 

operation of these experiments. 

Ths results of the biological purification of the two sets of filters 

in .ronpect of Bacteria conforms, oxygen content, PV, COD, TOC and COD/TOC 

ratio bsd been reported as follows, 



o 
Bacteria on PC - Agar 20 5 days 

223 and 157/ml rapid filter 

56/ml NLF 

41/ml SLF 

o 
Coliforms on Endo - Agar 37 

8 and 9/100 ml rapid filters of NLF and SLF 

O.6/100 ml NLF 

l.O/lOO 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 _ , „. . . .. 
a/ Reduction in both.cases 

SLF 0.7 mg/1 

COD NLF 0.28 mg/1 

SLF 0.26 mg/1 
Reduction in both cases 

TOC NLF 0.07 mg/1 _ . _ . . .. 
^ Reduction in both cases 

SLF 0.04 mg/1 

COD/TOC NLF O.i mg/1 

SLF 0.16 mg/1 

Interestingly the purification in SLF is marginally bottor than in NLF. 

It was concluded from bacteria and plankton removal point of view, 

that the olow sand filter is not a surface but a dopth filtor, 

Schalenkamp has not tried to throw light on the expected cumulative 

effect of clogging. At St. Gallen, the rapidly rising initial headlo9s could 

bo remedied by scraping 4 cm of layer instead of 1.5 cm. The modified NLF 

abla to withstand 2.5 m headloss is a welcome feature to double the length 

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

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

Zurich, <*har>» it was possible to see only one full run. 
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Cjrtechlr.rer (1889) 

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 

Schalenkamp, 1971). Bertschinger carried out tests on five filtration 

iaUi, 1.0, 3.C-5, 6.S-S.6, 9.S-13.4 and 20 m/day, )n r**p»rt. of th<» 

chemical and bacteriological cleaning action and concluded that, 

"Filtration velocity is (at least over the range 3 and 13.4 */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 

certainly appears room for Improving filtration rate, by conditioning the 

influent water, over the conventional figure 0.1 m/h (2 gals/sft/h). In 

this respect Vloed (195S) 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 mi and 

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

impracticability seams untenable. 

6.2 Germany 

Schmidt (1972) 

It has been reported in a general meeting of the Institution of Gas 

and Water Works in Geneva, that capacities could be raised from 400 to 1100 -
3 2 

12CO m /m of filtered water per filtering cycle by the use of an 

intormlttent filtration technique. The technique was applied for several 

years on the alow sand filters in Dortmund, for preventing algal blooms. 

Once in 24 hours thw filter is put out of operation and drained, and then 

restarted again. This on-off technique successiully checked excessive 

Dinal growths in the filter tanks thus lengthening the filter run three-fold. 

Alco it raisod the level of oxygen saturation in the filtrate from 20-60% 

in tho normal filter, to almost 10O% saturation in the intermittently 

operated prefilter-slow filter system. 

Rachonberg (1965) 

At Dortmund Waterworks a ptudy on the possibility of uprating slow 

o;.\nd filtnrs, p>how»d that by doubling the rate of filtration, thp 

- ,*-.v--« -*.-*•...-,'.—. :?.-)<p,ap*rr._**.:^.r**»r' î-ŵ tf -*—-*•' ;•*-.«.»**?*» 
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r, i.TSianganate consumption of filtrate increased by 12%. This showed that 

cvon though there was less oxidation of impurities on uprating, yet in 

proportional terms there la scope for higher filtration rates. 

6.3 Netherlands 

Hulsman et al (1974) 

Huisman while describing the effect of filtration on the dalivered 

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 O.1, 0.25, and 0.45 m/h. The results 

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

ouimnod up that the efflimnt quality depended largely on the grain size 

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

lluiuiiun, constant filtrate quality could be obtained at enhanced filtration 

r:ii), by the change in design of media characteristics. The limitations of 

'. -2ia characteristics in terms of magnitude, for the optimum filtration 

c.;',:•<< w:;ro not described. 

L-'or turbid waters it was opined that pretreatment could be financially 

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

incrooned by about 20%, or a rate of 0.2 m/h by roughly 60%. 

Tn connection with the study at Amsterdam, it is felt that, the 

results on uprating may not be generalised, unless the detailed biological 

offoct was studied. 

6,4 Belgium 

Komna (1900) 

Tho favourite prospective improvement of intermittent slow sand 

Siit~ntion, aeoms to have been experimented at Antwerp Waterworks, .long 

ago without actually calling It so. Kemna experimented this technique not 

Sox lengthening the filter run but for doing away with filter cleaning. 

Thn top layer of the slow sand filter was allowed to dry after running 

tfov.'n tho water. The aim was to restore a high efficiency of purification 

by utilising the residual spores and remaining bacteria. With the drying 

ind cr)Oir>quont broking of the top l*yer the permeability was thought to be 

i~nurnd, but on two occasions th«> headloss increased to 1O0 cm in four days. 
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even though the filtration rate was l/3rd and l/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 

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

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

ultimately cleaned by scraping; especially in circumstances of high algal 

blooms. 

6.5 India 

Kardlla (1970) 

Some interesting observations were made on slow sand filters and semi-

rapid filters, in the state of Maharashtra; where about 5OO0 villages were 

reported having a potable water source farther than a mile (defined as th« 

difficult area). The Central Public Health Engineering Organisation of 

£h3 Government of India, favours slow sand filters for the rural areas 

whore surface water source is available. Some semi-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 

botvocn a rapid and a slow sand filter, where pretreatnent Is included au 

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 backwash and 

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

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

resorting to 3urface scraping only. Due to the reported deficiency in 

pzatxeatiB3tit, settleable floe formation was unsatisfactory, resulting In 

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

wco backwanhod at a roo«gre velocity of 1.5 m/h. Tho whole bed was choked 

with ailt nnd floe with 5 cm of mud on the top, reducing the actual 

filtration rate to 0.5 m/h. In the other semi-rapid filters with no 

bacJcwah arrangement the condition of the bed was even worse and 7.5 cm to 

15 cm pcraptng was not enough to prepare the bed, Kost of the oand was 

r?mov2d, washed and rolaid avery tiire, which in effect made a smnllsr depth 

of 23"cm to 45 cm moro convenient to worX with. With a rather course sand 

of *<5e' botwoon 0.5 and 0.7 m»n, and '0' between 2 and 3, the higher allowable 
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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 water source. Subsequently, because of high 

turbidity of between 500 to 200 mg/1 during rainy and summer seasons, two 

of the three works were provided with pretreatment. The alum 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 lO cm to 30 cm with sand 'de' of 0.4 to O.5 mm and 'v' between 2.5 and 

4.5, which resulted in below acceptable levels of turbidity and bacteria. 

The silt content in the beds was about 25%, 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 filtrate. It was concluded that there was no hidden constructional 

defect. The speed of mineralisation process was considered 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 filter. The claim that the 

jĵ;-.od of mineralisation is a primary factor in causing the slow Band filter 

to flow is obscure. It could only be true for the breakdown of suspended 

organic impurities when deposited in the pores. In fact dissolved organics 

contribute largely to growth of bacteria and biological activity within 

the filter affecting mineralisation but resulting primarily in clogging 

the filter. 

The principal reasons for the poor performance were located in the 

high level of turbidity in the raw wator and the inadequate pretreaituient. 

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 and' bacteria 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 

due to three reasons: the high influent turbidity, the coarse sisod sand, 

and the rate of filtration. Definitely, the 'de' as big as 0.3, 0.4 arid 

0.5 mm with 'U' almost 4 is too coarse to be used for a slow sand filter. 

Adoption of a filtration rate of O.13 m/h for the slow sand filters seems 

to be over ambitious under these circumstances. Failure to provide a 

storage reservoir on the works, which would also serve as a settling tank 

is another reason in keeping the turbidity level too high. Use of finer 

onnd, filtering at lo-.ver rat<°s, using low turbidity settled influent rhould 

be ebls to change the doubt into surety for the adoption of slow filters. 
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* 
6.6 Metropolitan Water Board t 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 thr la-boratories at the headquarters. The more important 

operational parameters studied recently are increased filtration rates, 

9and characteristics, covering and prefiltration ozonation. 

Windle Taylor (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 premises, 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 

1st day and increased to 5m/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 

the 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 

cleaning. 

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 l-3m/day on the 1st day and 6-12m/day on the second day. This 

* From 1 April 1974 Metropolitan Water Division, Thames Water Authority 
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modification caustd no apparent deterioration 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 situation 

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 in. 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, organlcs and invertebrates 

into the sand depths. Alternative methods for cleaning in terms of back-

washing and in situ mechanical skimming were being considered. 

Regarding the proposed structural modification to increase the 

headloss capability to 3 ro, 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 

encourage the fine silt to penetrate the depth of the bed resulting in 

cumulative initial hsadloss, thus causing surface scraping to be ineffective. 

Ridley (1967) 

Whilfi explaining the important advances achieved by the Metropolitan 

Water Board, Ridley reported that the problem of flow restriction in slow 

sand filtration due to algal clogging was In effect 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 

was questioned by West (1967), there is no doubt that the introduction of 

trouble filtration can be considered, the major break through so far, for 

uprating the slow sand filters. It incidentally also could solve the 

problem of high turbidity and algal blooms in raw water, which are so 

often encountered. Most of the research for uprating the slow sand 

filters is even these days based on the concept of utilising a conditioned 

influent. 

^ • n -*--~„.,*»̂ - •«;yw«nn»«W'y m mm » •" « »w I " • "W»"' : qr~w*r.n'Wtn: 



74 

McDonald (X973) 

At an Institute of Water Engineers meeting, while delivering an 

enthusiastic lecture, McDonald spoke of improving results with the use of 

polyelectrlytes as filter and, at the filtration rato of 0.5 m/h, and went 

to the extent of championing 0.25 m/h filtration rato to be established 

officially for design purposos. 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. 

Turner (1974) 

At another Institute of Water Engineers meeting. Turner described the 

difficulties to optimise the 26 hectare Coppermllls uite for converting 

into a modern 490 mid slow sand filtration works. He described them as 

full scale experiments lasting over twelve months, filtering successfully 

at 0.2 m/h. He was confident of the possibility of atopplng 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, «nd 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 runs in any 

significant measure. Thin polythene sheeting was not suitable for permanent 

covering, and the high cost of suitably covering largo areas of filters 

did not seem to justify advantages In terms of heat retention and the 

- filtrate quality. Greater possibility of pollution by birds putting nests 

under the shading was envisaged. 

Covering the pilot filters from run No. 4 onwards to run No..11 did 

not bring out any significant improvement 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 w.lnrtborne contamination, 

do not match the high cost of putting permanent structr.urn on the slow sand 

ftiters. These advantages mx'y prrive decisive, only if 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. 

'WW* »1?r**T5*-— 
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CHAPTER VII 

THE PROBLEH 

The study reported in previous chapters has brought forth several out­

standing features of the slow sand filter. The slow sand filter is a very 

uncomplicated and compact contrivance for purifying the water. The process has 

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 i.npruities encountered in well-controlled rivers and streams in modern 

industrialised society. Incidentally, when considered on its own, it is hardly 

Any drain .on resources, which may be of considerable significance in some places. 

Also, 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 enerynd ia 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 

Improve its utilisation. 

This state of affairs has been explained by Hinstnftn that some people 

consider slow sand filtration not sophisticated enough «nd too expensive. Ridley 

and Schalenkamp have shown that if land cost were not significant, or if the land 

could be put to alternative uses as in Zurich, or if thf works form a part of the 

green belt in the overall scheme of city and regional plrtnning, then the cost of 

Slow sand filtration is favourable or even economical, the deterioration in the 

quality of surface waters, which may be dealt with by the biological purification | 

Of the slow sand filter, causes renewed interest in exploring the complex mechan- I 

isms therein. In the rural communities of developing countries, the greatest need] 

la not of sophistication or the saving on land, but reliability and simplicity of | 
i 

operation. To be able to assign a major role to these filters for the treatment | 

©f public water supplies in the developing and the industrialised countries, it is 

imperative that disadvantages associated with the slow sand filter be considered 

mare seriously. 

As already discussed, the high cost of construction and the large require- • 

pr>nta of land areas, principally emanate from the adoption of low rates of j 

filtration. Therefore any study directed to upgrade tho status of the slow sand i 

filter must be in that direction. j 

Thus the problem is, how much can a slow filter bf> uprated before meeting I 

problems of - i 

i) Insufficient clarification-

ii) Inefficient cleaning due to silt pftnotration- ! 

ill) Insufficient biological oxidation. 
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While substantial research data and information, on the various aspocto of 

rapid filtration including the development of conceptual models for removal of 

suspended matter and mathematical models for the headloss development and removcl 

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 bio-

degradation or headloss in slow sand filters. There is also need of finding out the 

extent of application of the existing concepts and models developed primarily for 

the rapid filter, to slow sand filtration. 

The scope of the present research is outlined in section I.I. 

nr-
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ros'ipct to t' o possibility of upr.itin;: it. To bo able to 

meet t.'iis w u i r o n e n t a :;«( of tvr> adjacent slow snail 

filter.-, with inlet rncl outlet coriiiectiniis, on '.-.'niton 

'.rstor :>rks o r Thames "'ati>r Authority (previously 

Kotro olitan '.':il:er Ho-.rd of LIKK'OII) wan chosen and ii"~£ 

as pilot filter.*, to o' siirvn tho procossjs throu:;h both 

bee'" Hjnn.lt neour.ly. Further, tV.ese ucro co-is idorod 

cr.sciitial! 

(l) "loproducible organic ni/< t.' or concentration and rr.oc'l;' 

cr.'riation, (-) condition-; to produce a controlled rlow 

rate, (.l) »n accurate method of sample uithdr -wal and 

lie'idlos.'i mei'fluropient within < hi* depth of the filters, 

('0 rc.">r'>ducibla filter ruim, (5) approved methods and 

instruments to determine lov turbidity and concentration 

of org.mic subst; ncc. 

micromotor pump and injeotod into the inlet pipe of tho 

te.<jt (ei».st) filter which fpimived raw water from tho primary 

filters of the main works. The higher filtration r.-ite (compnrcd' 

with 0.13 m/h used by the M.V.n. normally) ro.--.ulted in pro­

portional reduction of detention time over and i.'ithin tho 

filtor bed. Manometer tnppin;; points cum phono! sampling 

points,had been located 0:1 tho filter wall, in tho control 

room to hllovj the observation of hcadloys and phonol concen­

tration at different filter depths n.nd run time3. Tests voro 

donductad with a uniform filtration velocity of 0.2m/h. A 

wore detailed description of the. apparatus, t!:p equl ment, the 

phenol solution, tho media, (.tin schoriubi .wid procedure for the 

o.rnjriiint and the obsrrv^Hi'M.'i and rllf ficul I: ins onco'.vitpred 

follows in suhiequnnt M5C(:1O)1.'I. 

' .- .-. 78 • : 
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3 . 1 .A"onratii3 and V>mi">mnrit 

The flow i}i:'.QT:^Ti o f t h e ei;wrL;::er. tr . l f i l t e r s i s 

shown in Ci~. 8 . 1 . 1 . The p i l o t f i l t e r l a y o u t end d e t a i l s 

a r e shown in f i g s . S.1.i» avid P . I . ' , an;! t he g c : ; e r a l p o s i t i o n 

o f p i l o t f i l t e r s w i t h r e sp r - c t t o r e s i . o f t h e works in fitf . 

8 . 1 . 5 . Photo S . 1 . 1 . :.nd S . 1 . 2 . The c o n t r o l roon a r r n,-;c^ont 

i n photo 3 . 1 , 2 and the d e t i l s of i n l e t and o r t l e t p i p e s rind 

t h e sample v.- I v o s in \lf,. S . I . 7 anrl ~ . l . 1 0 . "fhoto '"'•.1.9 shows 

d e t a i l s of t he sample tr.ps and t h e h e n o l s o l u t i o n d o s i n g 

d e v i c e . Xn the a n a l y t i c ' 1 wor!c ~~<~ i n l y t.i.o i n s t r u m e n t s , a 

Vnic.'ri S p e c t r o p h o t o m e t e r and a Hach T u r b i d i m e t e r (pho to P . l . l l ) 

were u s e d . The i n v s t i ~"' t i m s for rel->< i n g t h e Hnch 

Ti i r^ifHmttf i r w i t h 1~"L !!;isnpicter were c r . r i e d out a t t he • 

V a t e r .jc-'inin.ft ion, I.;-,Hor.Tlory of t h e Thanes ".".iter A u t h o r i t y . 

~Aa:i •;."»ter "or t h e p i lo t , f i l t e r s was b r o u r h t from the 

p r imary f i l t e r houso of t he main w a t e r -Jor!:s , and pumped 

' :;roiu;li a lov l i f t pump ( f i c r . S . 1 . 5 ) » 

;">. 1 .1 T!io f i l t e r s 

A set of two filters, at aiton Voter Vorks usee, by 

the Thar.ies Vater .Authority for research purposes, v;is 

chosen, to riodify and use for the purpose. The two filters 

are adjacent to e-ch other, one was usee as the pilot and 

the other operated as control. Each pleasuring 10' 6" (3.20m) 

loritf, 6' 0" (l.S2n) wide, and. ?' 11" (2..Mm) mean deep. The 

walls on three sides are of mass concrete, 2' 6" (O.'/Cm) 

thick, with a 1' 0" (o.3n) thick concrete dividing wall, 

liach filter has two observation glass janels 2' 0" (0.6ltn) wide, 

in the side and back walls. To minimise disturbance duo to 

incoming water, an 8 gallon (36 litre) tank has been made in 

the wall below the ball valves. • ' 

A common inlet pipe (2" G.I.) rises through the control 

room to tho top of the filters and distributes the water 

t;iroi-'r;li a toe nnd ball valves into tbe fo filters. The 
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usi.:prdrain^.~o channel (1* 0" x 0 3") ternln.- tes into the 

D n M o t pipe (.?" G.J.) fitted wit'- oriricu plitos and the 

control valve, to bo able f" rogul.-ite the* flo-.v of filtrate 

and tho recV:r.~o w.-d-er. Tho tntnl hoadloss pi-.es are fitted 

3' 6" (l.06rn) holon the top, and in the filtered water drains 

channel. The filter floor has a slo >o of 1 : 30 towards the 

drainage channel. Stna^erod .sample cum pressure pipes are 

led through the north wall into the control roo-, spaced 6" 

(l.r> cm) vertic lly, spread ovm- full "liter width, in the 

lo'.-or '*»• 6" (l.37m) of thn filler. The pilot filters are 

constructed half du~ in ground in tho vicinity of primary 

filter.**, from whore they roccivo raw water. All these 

''etailft are shown in fi<rs. T.I.'), 3.1. C-, 3»'-7 ar:d 3.1.10. 

In view of the importune*1 of wall effect ("lose, 19^f>) 

t.'u pilot filter size was considered sat islVcto-y enough \.-ith 

:.*;i-4-!Oct to the media therein or- the actual siae of sloi; sond 

Pi'.tors in use. Tho free board of C (1 J> cm) Mas only just 

•ifficient to take care of .fluctuations in water level. 

". 1 .2 Flow Measurement and Control l.mij i-nrnt 

Filtrate from each filter unit p..sso.d through the 

orifice pip. tos to the flow control equipment and then to 

::n.itc in the wasli water channel or alternatively into slow 

oand filter no. 1 of the main wr.ter works. 

The flow was measured wit' orifice plate type capable 

of mer.'aurinft from almost zero to 22 ins/hr (0.56 m/h) of 

flow rate (of filtration), as depicted by the calibration 

curvo in fjraph 8.1.8. . 

Ac. In tho full scale filter, the use of a rate con­

troller assisted the maintenance of a constant flow through 

"thn filter. It was only onco or twice a week that the 

manual adjustment of the rate -"ntrollor waa necessary to 
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a-.-.intain constant flow regardless of the hearfloss In t.he 

filter. The position of rate controller has been shown 

in fig. 8.1.10. The inlet water «?.s controlled by a ball 

valve based on the throttling action, which depended on 

the level of water in the filter. 

The apparatus worker' satis-"actor i ly, except that the 

rai.e controller on the west control filter soxoH.ires ~ave 

trouble in fine adjustment, as it was also sensitive to 

he--ivy vibrations and manual control. 

8.1.3 ITeadloas i'.miir-ment 

The arrangement of hoat'.loss equipment was made by 

ilasijnin.̂  and .'abric.ntin.™ a separate m..nometer board 7°" 

{175 ci:') hifjh for each filter. .After initiul difficulties 

:". '..'as enclosed in a notrl froine covered with per^pex sheet 

:: .-;e:ilei) with black tape to minimise moisture penetration 

i:r: fundus growth which occurred earlier. The manometer 

'.icnrd v;aa installed ri.̂ ht above the sanplin: taps, with 

aitht transparent 1/V (•'> ra) dia. Tolythene tubes to connect 

six sampling and two he.-'rfloss probes. In the sample tap 

connectors tee junctions were m;ide and connected to the 

manometer. Thus the complete profile of the hoadloss 

throughout the vertical section of the filter was visible. 

XT the profile looked erratic at any stride, especially at 

the 3tart of the run, the respective manometer tube was operate 

to cl©'.r airlocks by uncl.ampin£ and flowinr: water through it 

for a few minutes. A close up view of connections is shown 

in photo 8.1.9 and the liefidlosa equipment in photo 8.1.2 

and fis. 8.1.7. 

3 o 1 .4 Dosing Pump '•-

• . .•'..•. A Micrometorinf; Pi::sp Series II (Metering Pumps Limited, . 

8^ New Broadway, Ealin/j, London, ^-5i England) with composite 
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iiiotnr w.s used f o r d o s i n g tho phrannl s o l u t i o n ' o <ho 

i n f l u e n t o r th» r v s t f i l t e r ( p h o t i ^ . 1 . 0 ) . l'« iiLlml'i-t-e 

p r i m i n g , and to h e l p pump work e f f i c i e n t l y , '• r'I oo'irjd and 

sliorl. l i n e a u c t i o n , and to e n s u r e p o « i ! i v n rjni.ti;v: of v u l v c s , 

:t d o J l v ^ r y pr f i s sure of r i v e fc«?t h.'d b'»on M-tn/Me'1 . v inoc 

t!;r- volume of s o l u t i o n dop.-'-c 13 w3 per lioui* " < -s :A'".-!.1 I , an 

nddi t l 'TKi l ir.ec'-.-nl-jm, !rno..n a s I !•<; c ' l p v ' e t'«.in/: t i o n u n i t 

w.'»a ii.-u>i', wMch r e d u c e d t!:e "•":..'.'.. f r ^ n I'.'fi in 'O .-nd t'.:o 

j-i'imn o:i() . .ci ty fro;i 230 t o ^5 nil per h o u r . lUi'-nr a p p r o p r i a t e 

co:id!1.1o"i3, a c a l i b r a t i o n c u r v e '•>.->* pr«!;virr>d id r ! i . t ! " c l ' c l p 

o f a b u r e t t o , and wus '"our.d t o h<^ v . i t h i n 2',' v ••»' J : '1 i'»n » 

Though1 K;U< j l v r n to t h e !i i / ; ' i l \ ' co- 'Tos ivo »!••'• nr'« of c m i o o n t r a t e d 

;.;\ono I f i i i lu t ion o". t h e punp ho;id, h " t c " - i s ' • ' " ( • ' . I , J tho c o n t a c t 

i ' i : . turi 1 of s t i . i o U s s s t o u l ( l . ' / 8 / ; i ;;r .do) -»i.1 . -n /opi ic , i n t h e 

: i t : iu! rd head , i t s r e p l - c o m e n t v.'itli n i c ' a - l or IM'MMJI mot . i l 'o r 

' ' i ; ;h d r r i ' i i t y p o l y t h e n e v.>;;s c o n s i d e r e d n o t n'V";">!;iZ'y. 

. : , 1 o j .>> :i n-̂ r ")evico 

Concon t ra t . cd " 0 ' ; phenol s o l u t i o n V:.-:FI yfin '^d in t->o 10 

l i ^ r c c-ip ' fCi 'y .-7l.ifl.s n u p i r a t T b o t t ' e j cfmn.-ciiii! t h r o u g h .1 

1/•')" (6 r.:m) d i n . p o l y t ene tub© c r o s s . 'Pip o ' t i n r t--.'o h.\nd3 

boin,;: j o i n t e d t o .1 1/2" b o r e . - l a s s b u r e t t e f o r ».-i I i b r i t i o n , 

r\*yri f r* t!*.£> l ^ l e t o f th*? s i c r O l ^ ? t r i n r f ntjrin n ^ ^h'lV'O i n P*""?tO 

3 , 1 . 9 . ' Tho concen t . rn tod phenol s o l u t i o n w:is pufiiped t h r o u g h 

t n o n i c r o m e f r i n p pump, ancl i n j e c t e d i n t o t h e !]" fi.I. i n l e t 

p i p e c - i r r y l n j w a t e r from t h e pr imnry f i l t e r o i >*'- a j io int j u s t 

bo fore t ho b a l l v . i lve fo r t h e e a s t * ' i . l to r , aa fjdou'n in 

f i p . 3 . 1 . 3 . 

3 .1 .6 S^npl in . - Dev ice '. -

Ho.irtloss cum 8fimpliri>: p robes mudo of l / ; i " 1 | I . p ipe 

hnvin/c holow of 1/8" (3 nm) d i a . t h r o u g h o u t thr> l e n g t h p r o ­

ject?":! ^ f t ( 1 . S 5 m) i n t o t h e bed ( f i T s . 8 . 1 . 1 0 find P..1 .6) . 
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>'Jy this moans the area of withdrawal «a,i kept sufficiently 

hi"h yielding enough water in f.ho o.'irnnlin.'; tap. To bo able 

to provide n.-.tural conditions, ,.:ith ut any undesirable bio­

logical ,'jrowth aroynt! the probes, the holes vere not covered 

with a '.-ire fjauze as is some 1.i'lou done. 

In the control room (be -<idn the nori.h filter wall) 

s.v.irie pipe 3 .ere connected wli.li brn.-<s taps of l/l ••" ('1. "j.-rm) 

internal dia. fit fed into a iti.in.U'ol d, which could allow 

withdrawal indo --endontly ;ind nt t\ dei.si/rned slow rale as 

.shown in fi£. 8.1.7 and pl'Oto P. 1.9. 

The sampling e->ui mont included 2"50 cc polysrrene wide 

month t;:ll bottles of water ti •dit norcwton, rnd _r>00 cc 

."7 la a.«i bot'lcs with dust pruo!' pnlyhhciio covers. 1'VC covered 

bar racks were used for tr.. n«port in;; the battles. 

.'1.1.7 Spec? rophoto'-ictor (I'lmnol Concentrations) 

The. spectrophotometer uuod wn.o a 'Pye Unlearn STJOO Series 

2' (l^ya I'nlc-m Limited, (!• n'icirl.ro, '."n--] and ) » for the measurement 

o ." residual phono 1 in a .'MM; lor. of •"'13 ( orod w;:ter, drawn front 

dif "crent depths of the pilot filter. The instrument has been 

riosifjned to carry out sin/jlo beam nlinor;itiaftie tr ic measurements 

uithin the K velen^th ranr;n of 1B6 - 1000 nm. Glass cells 

(US Typo 3) were considered satisfactory for use with the 

.-us^-lcs. .?.2 .th« = o nr»> miit.-ih.lo for all wavelengths above 

2><0 nm. Normal precautions o'" w.-irrnin;: and desiccating wore 

taken in ensnrin;: tho stability and reliability of the 

operation of the spectrophotometer. The instrnnent is shown 

in piiotu (8.1,1.1). J?ach time concentration measurements were 

tnkon, the instrument was at .ndnrdlned by tho following 

orocedura:-

The mains and tun/*flton lamp (switches were turned on, 

and filter slide position 1 (no filler) selected. Those 

boin'- appropriate for a wavlen^th of 'frtO nm or 510 nm. for 

http://miit.-ih.lo
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c hToroform solutions, wavelength control was sot at k60 nm., 

.-•..id •Tor .'loueoua solutions at 510 nm. , giving maximum ''of lection 

•iiith tl»! colour developed by nhenol (T-.ras et ;.l. r>rl. 1 9 7 0 i n 

the respective solutions. Cells of appropriate sizo wore used 

uith blank and sample solutions, taking care in rial tit: ining 

them e.lonn p.nd locating pvuf-crly in the instrument. 7Y)0 mode 

was switched' to 'direct read out', and zero control adjusted 

to O'/i tr'nissiittanc!, o& .ibsor'i.'nce, with the blank in the 

1. i,-;ht path and t.ho zero shut'or pulled out, the slltwirith 

control w..s ;<d,lusted to 100'.J tri.nsrnittDnoe (;ei'n ab^orbnnce)• 

Tl'ft.'K) two ond positions *."ore checked once or twice, nnd then 

the sample '.J-'-S moved into the liftht path nnd nbrorh-mce re'jd. 

Thus ono by one all the samples .'ere moved into the li:;ht path 

and i.heir ah-.;orbance3 recorded. The t-..'o end posit i r>ns were 

checked af;aln before closing. I'sin/; the calbratio'i curve 

dr '.wn alrrady, the absorbances were translated to phenol 

concentrations. The calibration curve had been drawn by 

determini n.-; the absorption catised by solutions of known 

u'.-.̂ ennt rat ions. l''ive typical calibration curves are 

'. ;.i'.3tr:iu'i: In tfCJitvi.i S.I.12 - 8.1.16, de; ictin^j different 

?,':!.;o3 and di-.Toront media, in which each point is the 

r.var.Tjo of six readings. 

8.1.8 Turhldimetry 

A Mlich Laboratory Turbidimeter' working on the 

Mophelometric principle, node! 2100A (Hnch Chemical Company, 

P.O. Box 9°7t ''aaos, Iowa, U.S.A.), of hiph sensitivity was 

usad, which, could me' sure turbidity down to 0.01 JTV was used 

for the wator samples dr. wn from different depths of the pilot 

i'iltoroi To be able to take turbidity readings imrand lately after 

aariplinr*, the instrument was kept on site. As the Instrument 

As; ;irf<>etad by even finder prints on the o»>lla while u»lnp: its 

rino.it ran.TO, due care jas taken in keep-in;* the cells clean. 

Th-3 instrument is -jhovn in photo 8.1.11. 

Calibration and Operation;- The calibr.-tion of th* Turbidimeter"* 

1n made in J-.cknon Turbidity Units (JTU) , bn.^cd on a fornaxin 

solution, now regarded nr the best known' turbidity .standard. 

http://rino.it
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The p r e c i s i o n of* c a l i b r a t i o n :r-<-j checked i n t h e l a b o r a t o r y 

by t h e f o l l o w i n g p r o c e d u r e : - 1.000 ':ri in of rc .T ;en t ,«;r\ido 

h y d r a z i n e s u l ; ' ; ; < t e , (lfir
 () JI^SOj , w.-'.i d i s s o l v e d in a b o u t 

*i00 ml o f d o u b l e d i n t i l . l e d w.'itoi', .-in.! i n a n n t h e r volumet ' i c 'H,'i.) ml oj r'oi.'.ue r i l n t i l .1 eo v. i t .or , uni! i n a n n i n p r voxumei -1 o 

f l o s k ^O.OOO f^rap.. of -u rn ' oxan.. Mivto'ic t p f r a n i n o , (CT.'., ) / ' j . . 

v/r.s d i s s o l v e d ' i n 400 n l of d o u b l e d i s i i l l r d ••••a.tar. r h n "7;\3r:s 

wore warne-* en ."v f l a ^ o f o r ::i)ivl ill . . o l u t i o n o r t h e rM;;oi)1.:i, 

Then t'ro cnri^c"' :•• -of onf> i.'orr p o u r c ' i n r o tfi«» o t h e r unci ' h o 

.m-

a.:i<! 0 . 0 0 2 5 ' - ' '>" • ' • q n n t o l v i ' t l \"d .'title'-. y=u s p o n s i o n t.o "•]•• 1 i t r e 

w i t h f ' i s < i ' . l':c! w a t e r . T h i s c i i 'To: : ; - i ' ^ '..'it'i tin; | iroct ' t lnrn 

i:i 3t.i->c"ird ' cK".nils (T r « s f t M1. . nil. 197 l ) c x c e . ' t t h a t I.'in 

concan t .»'•'' •'- ion o f tho fitoc"'. ivi l i i ' Jon f c r » ,'v.s boc>n \ c t it 

J»00 JTU. Tho.-.? .vntUior .'P.c> F i.-.: -.'.in ' r iu-bidl t y Unii (:.'V1V) 

o - u a i t o one JTU. Tho d i l u t e ' .tainplus t h u s pro ;v-rnd ve/>.« 

re:>o ;.n t ;-« inst .rn—ont J»:V- a o. l i b r a ion oiu-vo driwn, ba »-•• J 

on ,iver;'.;;c o f Tour roni'it!,-;.'!. The . r n s u l 11 n.-; en 1 ihr. ' ' t i on r t t rvo 

r.is shown i n ~rai-h ' ^ . 1 .17 f i t t e d w e l l *.:ith t h o t l"»oro t 1 c;-.l mio . 

The JTU iriar':in :Ts on t.hn iruM ri:iui*nf punol v p r e t h u s d e p e n d a b l e 

end r . c c u m t c ar.'- no c o r r e c t i o n v..n c o n s i d e r e d n e c e - s . i r y nn t h a t 

nccount. The o n l y c o r r e c t i o n .'»!' l i e d was to r oad in.^.n "J n t h e 

f i - ; e s t r.-;ri;;e of 0 - 0 . 2 , riuc t o «tr«"«y l i ^ h t , and a c o r r o o l i o n 

s u b t r a c t i o n o f O.O'i JTU w.-.s a p p l i o . ' tt> a l l r e . i d i n g a in t h a t 

r a n j e . ..-Very t imn t h o ins t ru tnTi t , w s u s e d , i t was s t . - \ nde rd l s e^ 

a s f o l l o w s : - ' . ' ' " ' • 

' •After t u r n i n g t h e power nvMtch on and a l l o w i n g f o r ' 

w s i w i n c , t h e i n s t r n r m n t waa Mtanda rd i aod a t 70 JTU, uuinfj a 

j l a s s c i c a s e t ' s t a n d a r d rod p r o v i d e d w i t h t h e i n s t r u m e n t . I t 

>;a:! a l s o s t a n d - . r d i n o d i ioforo a n m a«»t of s n r a p l e s , or e v c y 

h a l f I I O ' T t o e l i r r i g a t e d r i f t p r r o m , A f t e r mixing; the. tfiw.'lea 

ade:;i:;i t.»ly , by rt0 1111. y i n v o r M n * t 'i n s.'in pi e - con t a i n i."", bo 11'1 0 

t h r i c e , i t was t r a c - j f ^ r r o ' ' to th»> r.'iiiiple c o l l find road un tho 

. i n s t n i m r . n t f o r t u r b i d i t y , a f t e r c o v o r l n , ; tho c e i l wi th Xl-dU 

» * ? j « f ^ ' * . ^ p ^ f B » » « « g ^ M ^ ~fp" ' ' T** • -t^w-—•-
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;•• !-i.>*..', .>n.J t - i n . : rfu* car.? in n v i n t a i n i n , - ; the c o l l Hiu-fi.ce 

c lears and r ' r y . Tf t h e sample t'houod f i no n l r b u b b l e s when 

hold in f r o n t r>f a l i . : h t bo.isi, t : ' . n i t wns i i l lovocl to s t a n d 

"or a b o u t Tive n l m i t e s '"or t h e a i r b u b b l e s to f i n e p a s t t h e 

p 'o tomu. l t i p l i e r t u b e , b e f o r e n n t i n , r t he ro , . J in , ' t . Vhi . l s t 

w a i t in;- Tor t ho nex t b a t c h of s>ia; : tos , tho i n s ! rvtnnnt. was 

s t i l l he pi on , bu t *;•<•• c e l l h n l ' ' n r l i d wns c l o s e d w i t h o u t 

t he c e l l . 

! 'n - j" i r I so -i *ri< . :'"L l ' a ^ o m r t e r : -

-\n e f f o r t :..a m.t.le to 0 3 t h l l : ' h a r o l a t IOIIM' i p be tween 

t h o ' t -nh T u r b i d i m e t e r r.nd t h e T.'.'h I ln-ometer use - ' by t h e Water 

—x.'.ni n a t i o n Dep.-r J-t.iont of t h e Thane:, '..'atov " u t h o r l t y ( p r e v i o u s l y 

M e t r o p o l i t a n ". 'rtor "io;.rd of L o n d o n ) . :\ wide f 1 ue. t i n t 1 on of 

r*».'v»'in,-;,c» w s n o t i c i ' . ! between t h e t.\.o i n s trnt-neii I a, and no l i n e a r 

r e l a t i o . i s h i :>, ove r a long r;\t;-n , va ;<OH . i h l o be tween t h e t ' . 'o , 

is als-» ' -vide co-' by g r a p h s . . 1 . 1 fl r.nd : : . 1 . 2 ' ' . I t ;.:.n t h e r e f o r e 

d e c i d e d to i,~!i.<r,' any r o t a t i o n s ' i p , Tor rn : cH'i;;H 1:> the f i n e r 

r.\i:i(.;c of b o l d : 0..^ JTl". Over t h e major p a r t of tho c o a r s e r 

ranpp.i, a - l u l t i p l y i n 7 f j o t o r of 1 .6 c o u l d bo n ' l t n b l i s e d based 

on (.ho s t a t i s t i c a l .\:-ul p r a p h i c a l weans of a liirrv" amount of d a t a 

c o l l e c t e d by r e a d i n g s on b o t h i n s t r u m e n t s from t h e sane . 'Jariples. 

The 'Tf.i iilvlc^ I rre n has been o b t a i n e d by r 'cans o (' visual.I l i n e 

o f !iest f i t . Tho d i s p a r i t y of r e i l i n^s was t r . c u d to the 

S i l i c a S c a l e Unit"* ( i n n i^ / l ) ba sed on .Vul lers .'Cartli S t a n d a r d 

i n tho capo of lilit, l!,i::omcter. a c c o r d i n g to Cori'iun S t a n d a r d s 

Method, K i o s o l ^ u r L'ni ts o r N i t i c " t ' n i t a (i :r.~ Sit)., pot* .Li t re 

d i s t i l l e d w a t e r =» 1 ppm) a r e s i m i l a r t o J a c k s o n T u r b i d i t y U n i t s . 

A l s o , accord!:) . . ; t o S t a n d a r d Methods JTormazin T u r b i d i t y U n i t s 

a r e s i m i l a r to JTU. However, K n i g h t ( l o ^ 0 ) has Caund . 

d i f f e r e n t t u r b i d i t i e s , when t e s t n , i d i f f e r e n t s amples of 

e a r t h . D i f f i c u l t y has a l s o been oxprossod (Kden, 19n5) in 

compar ing t u r b i d i t y inei .surernents o ' - tn inod w i t h d i f f e r e n t 

i n s t r u m e n t s . C o n s i d e r i n g th*> i m p o r t a n c e of aivio rdifipe and 

.TOJTrnetive i ndex of Q s u s p e n s i o n , the p o s s i b i l i t y of c o r r e c t l y 

a o r r o l n t i n ; . ; t u r b i d i t y w i t h t h e w r i ^ h t c o n c e n t r a t i o n oC 

z\io\*cr\<\et\ ">»tter i s r p i n o t e . I t I s t h e r e f o r e a c c e p t e d t h a t 

OH in/; t o d i . r f c h i . ' ; o p t i c a l s y s t e m s , t he r e s u l t s ohtMined w i t h 

d i f f e r e n t t y p e s of soc<>ud r y i n s t r r n m n t s w i l l f r o ' i u c n t l y n o t 

http://Hiu-fi.ce
http://otomu.lt


-).'in!c closoly, oven though they arc rrec >librr=> ted a^a. in at 

::',\r> candle tnrb l<1 inotor (Tnr.13 ot .-.1. od. 197l). 

.As the ct>iipari«t>n between IT.ach TurMf'ineter and read^n^s 

on i'.'I'X T'azometor had not been carried out before, it was 

thought appropriate to carry out the studv dv«r a wide range 

of turbidity .-ind s.on;iles. -'"'t the conclusion of the study 

i I: was clear, that results must be studied in blocks to be 

nonnVriRful, and therorore several categories of water were 

analysed and . interpreted in suitable turbidity ranges covo'-'inc 

filtered 'water, pr i •».*ir>* filtr-'te, stored reservoir water and 

t''o river water. 

Turbidity data on filtered water (tables 8.1.1, 8.1.2 

and ? . 1 . •'< ) revnuls tii-'t 22> of all ''altered v.<,ter samples 

road a 0 turbidity .and 73<- re:.d 0.1 turbidity on the H.-izonet or • 

Only 3*i road a turbidity of 0.2 and .still loss had a turbidity 

'•'. ;.' 0.3 or more. On tl:e I'.ncli Turbidimeter, t'.)ore was not n 

•1.! ;lr. aa—pic ro:-.d : n,~ rsro turbidity. The average reading 

j.-> t'r.c t'.ixch \i:\:t 0.1J and 0.16 against the above turbidities 

:. ;.inactively• The difference 'oehieon these tv.'o ranges on 

Hnch. is so littlo that it MIIOVS the limitation of K/'.L 

''.ctfinnber in its ability to rii "erentiate botween 0 and 0.1. 

Lookin;; to the yrcat di5crepancy between 0 on HazoTncter and 

0.13 ° n 'Inch on the one hand, and the ^ross inability of tho 

iiaaumcter to di .rft-rw-i tin Le between 0 and 0.1 on the other, 

it was decided to ignore ail reading below 0.2 on the Kn stoma tor 

Xt can also be concluded that every 0 reading on Hasoneter is 

actually 0.08, or that only 20> of -.ill zero readings are in 

fact approaching zero. 

Primary filtrate aam.vles as indicated in tables 8.1.6, 

3.1.7, a n ^ graph 8.1,22, pave a multiplication factor of 2.9 

r'.ndieating a larger variation. But stored wator and river 

aator samples afjnin give a multi lication factor of 1.6 as 

indicated in tables 8.1.8, 8.1.9. 8.1.10, 8.1.11 and graphs 

8.1.21 find 8.1.2'j. Interestingly, the special water samples 

(table 8.1.12, ijrnpl! '*.1.25) "hose turbidity is in the ran»e 

of primary filtrate, also has a multiplication factor neacor 

-to that range. • ... * . . . . . . ' 



« 4 

The whole comparison has been summed up in t.ible 8.1.13 

in-.; ^ranhs 8.1.18 and 8.1.26. The curvo in .̂ rajh 8.1.26 bra 

divide?! the whole study into four ranges or zonrs. It is 

concluded that readings on 'vRL Hazometer should be ignored 

balov; 0.1; multiplied by 1. fi, between 0.1 and 0.2 in second 

zone end beyond 1.0 in fourth zone; an^ nu). l.iplied ry 3 

between 0.2 and 1.0 in the third zone; to fjet the corresponding 

Hach re^din^s. 

—***# •Tfv'T'.'P"'1!' •yv'c'"= *> ̂ *(tryjT^c^* ** 
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.01 0.1 1.0 10 

J.T.D. 

GRAPH 8.1.17 

100 1000 

Calibration of Haoh Instrument on Porzasln solution* 
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0-01 
001 

Legend 
0 River waters 
A Stored waters 

[Prim, filtrate 
JExpfilt.Tcpwater 

I ' i» a filtrate 
Filtered waters 

01. 1 10 100 

Turbidity on Hazometer SiOa scale 

1000 

GRAPH 8,1,18 

Hazometer V/S Hach-Turbidity 
Mass (readings) curve 

m c»~r***p " 
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8 

±2' 

OO5 

£3 

1 

to 

Ratio = Hach 

0 

Statistical Mean =173 

Graphical Mean =1*65 

JL^. L I 
1 2 3 4 5 

Hazometer 

Relationship between Hach and Hazometer readings 

Filtered Water Samples 9/2/72 

GRAPH 8,1,2c 
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TADLS S . 1 . 1 

r i l t o v e d V n t e r T u r b i d i t y , a s re:-<I on II., cb. T u r b i d i m e t e r a n d 

£I£L i r a K u i n e t e r . 

O n t o 9 . - ' ? .72 1 1 . 2 . 7 2 1 5 . 2 . 7 2 1 ^ . 2 . 7 2 2 2 . 2 . 7 2 2 3 . 2 . 7 2 

• s o u r c e l i a z o ' 
Tlacb ;!ach i t a c h H*ch 

I.'aj.o :.n:-o ' Fa 7.0 

1 A a h f o r d 1 I 0 . 1 2 0 0 . 1 8 0 

Commons 3 • 0 . 2 1 0 0 . 2 0 o . l 

k ! O . ' j l 0 . 1 0 . 1 0 0 . 1 

2 S u r b i t o n j 0 . 1 9 0 . 1 0 . 1 9 0 . 1 0 . 2 0 0 0 . 2 0 0 . 1 0 . 2 8 0 0 . 1 ' * 0 . 1 

0 . 1 2 0 . 1 0 . 2 6 O.Il 0 . 0 9 0 . 1 0 . 2 0 0 . 1 0 . 1 5 0 0 . 0 8 0 . 1 

'• 0 . 2 0 0 . 1 0.2^j 0 . 1 0 . 1 1 0 0 . 1 4 0 . 1 0 . 1 3 0 . 1 0 . 1 2 0 . 1 

3 V / a l t o n 

h Koinpton 

5 B a r n 
E l m s 

6 Hampton 

! 0 . 1 0 0 . 1 0 . 2 ' t 0 . 1 0 . 2 1 0 . 1 0 . 0 9 0 . 1 O . 5 3 0.U 0 . 1 2 0 . 1 

0 . 2 8 0 . 1 C.hB 0 . 3 0 . 1 3 O 1 . 0 6 0 . 1 0 . 1 3 0 0 . 0 6 0 . 1 

7 H a n w o r t h ] 0 . 1 1 0 . 1 0 . 1 6 0 . 1 0 . 2 0 0 0 . 1 ' j 0 . 1 0 . 2 3 0 . 1 0 . 1 0 0 . 1 

8 L o ° ' 0 . 1 1 o . 1 5 c . 3 3 0 . 1 0 . 3 1 0 . 1 0 . 2 9 0 . 1 0 . 2 7 0 . 1 0 . 1 ? 0 . 1 

0 . 0 7 0 . 1 0 . 1 1 0 . 1 0 . 2 ' j 0 0 . 2 0 0 . 1 0 . 1 3 0 . 1 0 . 0 7 0 . 1 

T l r i d c e 

9 H o r n s e y 

JlO Stnke 
l o w i n g t o n i 

: 0 . 1 0 0 . 1 0 . 0 9 c . i 0 . 0 6 0 0 . 1 1 0 . 1 0 . 2 0 0 . 1 0 0 . 1 

' J o i n e r 

: ' i i is 
1 O.U3 O . l U . ; ; l 0 . 2 0 . 2 7 0 . 1 0 . ' f 5 0 . 1 0 . 2 0 0 . 1 0.1k 0 . 1 

•*fi+m*tf**.+ «**-.• -**? 
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• ' i l t o r e d l . ' . i t c r T u r b i d i t y , a s r e n d on Hnch T u . r b i d i m e t o r a n d 

:;X II.ru'.oriGter. 

1 

">ato 

S o u r c o 

. ' . shTord X i 

^3-• '2 .72 

JTuch 
3!ai:o 

2 9 . 2 . 7 ? 1 . 3 . 7 ? 7. ."3.7? 

Hacfi 
:tn/.o 

8.3.7-' 

i la c h 
l ; a z o 

1 0 . 7.7-? 

J i azo 

0 . 1 O 0 0 .1 .3 0 . 1 0 . O S 0 0 . 0 ? O . l C 1 3 0 . 1 
0 '"urMton c :~ . c i c i " c : e r a o ".1.1 c c ' t -".3 c , r v ° 
•• '.-'ton jo.15 0.1 0.11 0 0.13 0 0.11 0.1 0 .1" 0.1 0.0? 0.1 
•'» Iloiiijiton 

5 :i; .rn 
l m s 

0 . 1 1 0 . 1 0 . 1 0 0 O . l ' i 0 . 1 0 . 0 7 0 0 . 0 8 0 . 1 O . l l 0 

0 .1 .3 0 . 1 O.l-'t O 0 . 0 9 0 0 .1 .? 0 . 1 0 . 1 ? 0 . 1 0 . 1 0 0 . 1 
1 

J :', ;:.-:ra|'f.on j O . l l 0 . .1 O.10 0 . 1 0 . 0 8 0 0 . 1 1 0 . 1 Q.2f< 0 . 2 0 . 0 7 0 . 1 

j 7 Hr im/o r t l i 0 . 1 3 0 . 1 0 . 1 0 0 . 1 0 . 0 0 O . l 0 . 1 3 0 . 1 0 . 1 5 O . ? 0 . 0 3 0 . 1 

;'• Lee-r i d - o , 0 . 1 ' « 0 . 1 0 . 1 ' ' ! 0 . 1 O.OO 0 . 1 0 . 1 1 0 . 1 0 .1 / ) O . l 0 . I 3 0 . 1 

9 I Tor MR oy 

1 0 Stf»!:o 
K o - i n ~ t o n 

.'.1 C o p p e r 
M i l l a 

. O . l o 0 . 1 0 . 0 * 0 . 1 

0 . 1 2 0 . 1 0 . C 7 0 . 1 

0 . 2 1 0 . 2 O.l^f 0 . 1 

0 . 0 7 0 . 1 Q.QC 

0 . 0 6 0 . 1 0 . 0 6 

0 . 2 2 0 . 1 0 . 1 ' ; 

0 

0 

0 

0 . 0 7 0 . 1 

0 . 0 6 0 . 1 

0 . 1 1 0 . 1 

0 . 0 9 0 . 1 

0 . 0 S 0 

0 . 1 ' ; O . l 

-ty*tir-»i!,%i<\y ng •* ' -""• -*wx?**r&*'*>^mft+**,-«.*'•'•>••*•• 
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Filtored '.';,ter Turbidity, :'e lTtionsbi ;? between roadlnjs 

on Jlach Turbidimeter •"* n d J"-L 1'.n-zr>nctcr. 

v. ratio .W. re.-dir!~ A\-. rondin; 
:!nc'a/ on !;:ch 0:1 ir.-ch 
:"a~o v.hra ".̂ r.o when i'.i.'.o 

= 0 = 0.1 

- \v . r(!."iMii,"; . ' v . r c -< ' i ; i , ~ 
0:1 K.-icIt on l l - c h 

v;l:on '.;,-::.'. o wlirn '.'.'./.« 
= 0. .? •* 0 . 3 ("T 0 . 

9 . 2 . 7 2 

11.2 .7:2 

L3 .2 .72 

1 . 8 

1 . 7 

' J . 9 

1 6 . 2 . 7 2 | 1.? 

2 2 . 2 . 7 2 . 2 . 0 

2 3 . 2 . 7 2 ! 1.0 

2 5 . 2 . 7 ? 1 1.2 

2 9 . 2 . 7 ? 1 1.5 

1 . 1 . 7 2 

7..-1.72 

8 . 3 . 7 2 

I O . 3 . 7 2 

1 . 9 

1 . 8 

1 . 0 

l.-'t 

0 . 2 1 

-

0 .16 

-

O . I ? 

-

-

0 . 1 0 

0 .13 

0 . 0 s 

-

0 .09 

0 . 1 7 

0 .22 

0 . 2 2 

0 .2S 

0 . 2 2 

0 . 1 0 

0 . 1 3 

0 . 1 1 

0 . 1 1 

0 . 1 2 

0 . 1 0 

0 . 1 1 

o.-'n 

0 . 2 1 

0 . 2 1 

1 . 1 x H.-izo 

l . - ' l x )<:\::o 

S t a t i s t i c a l 
{ I ;ean | 1.7 

i 

0.1 ? 0.16 0.28 1.2 x llnzo 

Note: Statistical Menn i.̂  based on total number of s-implo* 

and not on (numplin,^) dnys. 
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on Raw River Waters (£ Samples) 

GRAPH '8.1,24 '" 



.0 

o 

r- 'J 

o c o c 
• » • • 

r- IA c ir> 
,—. t"» rH H 

o 

rH 
• 

r% -3-

{•^ • 
t 

0 ' 

» 
»-l •> 

; • ' 

rH 

.•o 

i ^ 

o 
• 01 

rH 

CJ 

C \ 

O 
• 

rH 

-* 

rH 

iV 

O 
* T \ 

vc 

—•J 

V 3 

o 
• CD 

O -3-

f̂ - VO NT 

o o 
A) CO 

i S 

a 
« 
o 

•H 

-) 

fco 
c 

0) 
+1 

,; 
.1 

l r 

>., 
r i 

." 
i i 
w 
-' <? 

* 
;o 
0) 
a 
; j 

J 

;~( 
u 
•V 
r-

•H 
"M 

rH 

• 
»! 
«) t ; 

(~ -C 

(-
t . 
0) 

> -H 

-; 
M 

x: 
O 

• 
a> 
a) 

•J 

u 
•D 
b-

•H 
CM 

O 

T-l 
O 

* 
a 
OJ 

J 

t. 
rj 

> "H 
f^ 

1 

tl 
c 
o 
o 
N 
a 

a 

•3 

•o 
c 

n 
v 
b 
t< 

c 
o 
o 

.H 

tl 

u 
3 

t. 
o 

> o 
•H c 

—' O 

= > 

CJ 

o 
N 
rt r j 

\ • 
o • 

£ 

o 

c 
• H 

w 
a 
t i 

tl 

f 

r̂  
• 
• C", 

w 
l > 

• r.' 
• o o 

- r l 

+> 
w 

w 

H 

r j 

r-

4> 

t l 

o 

.? -̂ o «n 

O O CI C\ 

• • • • 
(V CJ tM CJ 

>/> CO 

o 

.3-

rH 

-s- r-, 
f\! r-l 

>,r m c\ o 
• • • * 

O O O rH 

c 
o 
+> 
rH 
rt 

^ 
» t» 

0) 
n 
a 
c H 

rt 
£ 
a 

rH 
[3 

KJ 

« m 
CJ 
B 
rt 
r"̂  

H 

rH 
rH 
<U 
3» 

'LJ 

fT 

r 
c> 
•• o 

o 
rJ 

to 
t: 

•H 
•-< 

^ •H 
C3 

•» QJ 
CJ 

J 

cy r-> 

• 
(V 

oo 

r H 

»A 

v 
a 
rt 



121 

8 
7h 

t»6 
Si 
ED 
a 
V) . 

. 

o 
2 

O 

O 

O 

:2 
to 

Statistical Mean =3-2 

Graphical Mean = 3-1 

1 2 3 4 5 
Ratio s Reading on Hoch 

Reading on Hazometer 

Relationship between Hach and 

Hazometer readings 

Special Water Samples 9/2/72 

GRAPH 8,1,25 



T \\\'.y. '",, 1 „ 1 2 

o;'.:-I S--F.i;>les T u r b i d i t y , i totn a s r e >d and r e l a t i o n s h i p , 

a T u r b i d i m e t e r and !' L IIn.r.ometer. 

3 n t o 

Source 

1 0 . 2 . 7 2 ->at io = (re.<rlirif!;s on) 

! 'neh Kazo •h ''M a z o 

6 

7 
8 

^ r o x b o u m e , w e l l 1 *?.0 1.6 

3ro .xbonrne, . ' . ; e l l 2 3 . 5 0 . 8 

Kerv>ton, e x ' w r i n u n t i l , i n l e t 2 . 4 1.2 

Kon;-.ton, ex; 'eriuii)nfcil, '>i:! l e t 0 . 4 0 . 1 

Kempt on , c x p e r i n o n t i i l 2 , 

o u t l e t n . 4 o . l 

7<ichnond, c o n t a c t , i i l o t 0 . 2 9 0 . 1 

:?ic''non<i, contact, outlet 0.23 0.1 

>:.' entii. : ; t s . south io.71 0.25 

J 

4 

2 

4 

4. 
1 

2 . 

. 1 

. 4 

. 0 

. 0 

0 

9 

3 
8 

S t r . t i s t i c n l Xenn 0 . 5 3.2 

-r.la Tx i rb io i ty d a t a cnwinnneil i n bri tc ' - .e*, and t h e r e l n t i o n s h i ; 

,:.'3en Kach T u r b i r ' i n e ( o r .-uid i"--L l . 'azometor . 

F i l t e r e d 
V a t e r • 

l̂ x c r i l ' r i n a r y 
-irioiitiil F i l t r a t e 

Store- ) i ; iver S p e c i a l 

i-.cr.o-ior J 0 0 . 1 0 . 2 0 . 3 0 . 2 4 0 . 1 0 . 4 8 1.2 1 4 . 9 0 . 5 
' . T u r b i d i t y Too 

! few 

" rach/Hnzo 
1 r s t i o 

1.3 1.6 1.4 1.2 4 . 8 1.6 2 .9 
4 

1 . 6 1.6 3 . 2 

CO 



10 

© 

c 
o 
IN) 

I 
V7 

I 
I 
0) 
c 
o M 

I 
\/ 
CSS 
o 
r-

% 
c\ 

0) 
E 
o 
N 
O 

X 

_J 

UJ ' 

0-5 

0-1 

005 

0) 
rz o 

04o0-Q j>o-ty U- I 

Hach 
0-5 1 

Turbidimeter 
10 

GRAPH 8,1,26 (Table 8,1,13) 

Curve of proposed relationship between 

Hach Turbidimeter and EEL Hazometer 

(readings in batches) 



io 

O) "a; 
c E 
o o 

T 
0) 
c 
o 

c 

3 

LU ' 

0-5 

r 0-1 

005 

g 

'•°d. U- X 1 
Hach 

0-5 1 
Turbidimeter 

10 

GRAPH 8,1,26 (Table 8,1,13.) 

Curve of proposed relationship between 

Hach Turbidimeter and EEL Hazometer 

(readings in batches) 



!j o 2 Tr ' c r 1'ortt n ant' Pt»~r-id.-V! ' < ty 

I n ' p rovi (inn c h n p t o r s t h o nniicppt ha.-,- bo^n d e v o l o "ed 

t ' . t n islov r.arsi' " i 1 t o r i a h i nl'> 1 c.) 1 , an-' t h a t i t s e x a c t 

b^-uivioia- to-i,'irr)fl do:'.:r;. d i r i~ no'iie o r ^ . t n i c clip'.ie-..tn J ilee 

riol'fr.tcnts, in:toc« i c i d ^ : ; - nd •.' onn ln x.'ajj noo.'od to be 

known, and t V t M'^ra wis no«>,' in u,>r: to i t . .7':) o r d e r 

t o ,*jivc a f a i r I r i a l to ;bovn ido . ru , i t wag l iooos. iary to 

u s e :i t r a c e r ;!r!"it":nc? hav in , ; I 'r . iotic.- . l .<i';nJ 'Ho.UICP as 

f a r a s p o s s i b l e . 

Tho popi ' l .^r l l.y oT t h e u-n; of nya* \o.t Jc IJCI-'IT '<>nts 

( o o n ' . ' i i n l n i ; :;iir,f;\ot.>n:.s) ~ \ • <*onoral n l o m l ' v - •-i <"""">.•-• ̂  . i , 

• a t t r a c t e d t h e a u t h o r ' s a t t e n t i o n . ''"H> L'.IC, oo*i:iuiirt ion o f 

a ,->im>ic si ' i"" 'C t. n;ii ..•- 1 nor <.*.'>.-* <"d ."rui'i 11,or>n tn.«;j 1 •• l'>'|0 

(• ' . : . S . O . , Soni • ••••her !9- 'S) to :'D,DiK> rnns in l '7-l ( . v ' . S . O . , 

i: rc l i 1 9 7 3 ) . -'> > n. ' .r ly a s lnfi''-.'5''» i t li.id !).\^i -I'-i^n by 

fi.-ju-'on tli.'it a w r v nniri 11 bu t dc ' " i ' l i Lo .••.mount nP u n r ; , " c a 

. ' i c i ivo m a t e r i a l wan " r c s o n t ,:v>'ii in *•')« f i l t o r o d u i*.or 

( " • : : s \ ; r t o n , 10f)6) , which in . - J M I J e»nl: inuin-» (a.-i much a s 

0.0.? ni . i / l ) a s 1M u v l d e n t by !•!. •".'J. ' :i a n a l y t i c a l r o s u U s . 

( •"Indie T a y l o r , l ' "71-73) "nd , \ luo r o - o r t o d by ' f . V . S . O . 

( " t h ?•: r c h , 1 9 7 1 ) . I t i s est.it::. t ed t b . t ono .-.uartnr o f 

t ho f i o p u l a t i o n oC " n ^ l a n d .-;nd ''.-. lo*t Hard r i v o r i c i t t r a s 

a s o u r c e , which n l r e . d y c ' m t t i l n i " ' n c e r t a i n p r o p o r t i o n of 

sou ,;rn e f f l u e n t , Xt i s t b o r o T o r o ovt r iont t h o r a c o n s i d e r a b l e 

p r o p o r t i o n of t h o p o p u l a t i o n mupt bo i n j c s t l n t t n e o s of 

s y n t h e t i c d e t o r . ' - o n t s . Out o f tho t h r o e main typo- ' of s u r f a c e -

a c t i v e m a t e r i a l s , nnrioly a n i o n i c , n o n i o n i c and c a t i o n i c , it-

ban boon eati tn.- ' tod th-.-t socio 9'''.' °f s y n t h e t i c de1:ei\>:ont 

p r o d u c t s a r e a n i o n i c ( G ; , r d n o r , 19!)!)). I " t h o .*50'M .ind e a r l y 

fSO'a, sewa/je t rc-a tmont p l a n t s o x p o r l c n c o d d i f f i c u l t i e s w i t h 

foaming and tho p>y->thotic Oetor^ont . ' i a l s o r e t n r d o d tho 

b i o l o ^ i o a l a c t i v i t y of s e c o n d a r y t r e a t m e n t procnui je . i . I n 

t h e m i d - r ; i ; c t i a n , t h o s y n t h e t i c dotor .Tont i n d u s t r y a lmoa t 

e r a - l o t n l y s w i t c h e d o v e r from hard ADS ( A l k y l 3onzone 

S n l p h o n a t o ) t o t ho more b iodo , ' : r adnb lo ( s o f t ) L i n o a r A l k y l a t e 

Su l ' i ho r i i t o (L-AS) ( T . r a s , o t n l . nd . 1 9 7 0 • 'fho changeove r 

soe'T* t o h ' v o b r o u g h t nboiit iin;.r"V' , ,irni: in t h o o t h e r w i s e 

d o t n r i o r a t l n , ' ! s i t u a t i o n , a.s f l / rnro M provo th.-i'. in U n i t f d • 

'Tirj/Tdoir., . bctT.'cc:? 19'"^ *^ 1971 i / ,T"v>n. t r ' I o n of nn1.or.ie 

s u r f a c t a n t s in PQW ::;;* i.r)cro->Dr>d I'ron l ' j . 0 to 1 -"j. ?. iivr/l 

http://ido.ru
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(fia r',nnt>_ OXOT) , but in se'./a./.;a works final of>"l.nont 

decreased from .?.0 to 1.0 m;:/l ('i.n.S.O . , 5':h March, IQ71). 

Anon-r the Mnnryal conpounds (supplied by !' irdman and 1'olrien, 

Mnnox House, Coleshill Street, Manchester, '. -n.'tland) , Nanoxol OT 

was chosen to be used as an Indicator. A!?S T O a mixture of 

very nany ciienioal compounds, con .irad ,wit!-. t!io !;nown single 

chemical entity in KanoBol OT (Sodium dioctyl - sul phesuccin.ite) 

which could be obtained in a virtually pure state. 

The net.'iod used for do tnoriinin-r M-iii'iXol OT concentrations 

K T S aamo as used by w-tor .Pollution Research Laboratory 

(19^5), Oroceouro ^o. 11, Vcvisod 19^5) . J'ortz, :>!,';l.-nd. 

The method is bj-sed 0:1 Lpivwoll and V <r\i e.co (1955) "r'd 

modified by Slack (1959), which u;;©s niet.hylono blue solution 

extracted in chluroTorn, reading on wvoet rop'*ofcomoter at 

6 50 Jw> '»'a.v« length. A t.y icu.1 c.i.libr.-iti on curve is shown 

in /jrnph •?. Z, 1 . ..fter some uort, tho limitations of con­

centrations determination, were apparent. So rainy substnacea, 

orrj.̂ nic and inorganic, normally found in waters, interfered 

with tho do'tovmina: io •• of the •surfactant component of synthetic 

dotoriTento that it was vary difficult to obtain an accurate 

value. at best, the not.hod p v p an estimate of the concentration 

of anionic surfactant in the water sample. The use of Manojtol 

OT as a tracer W P S therefore abandoned in favour of J'henol. 

Monohydric Vhenol, 0,-H_0K, an aromatic compound and 

one of the simplest rroup of compounds appeared to be suitable 

and a supply was obtained (supplied by May and Baker, Jin ,T.cnham, 

Knjjland and Britis': llru••: JFouses, Poole, f^n^land) . Jt ivas 

considered most suit-.ble, as it wsa representative of similar 

organic chemic .-Is, and was more roactive than the benzene • 

hydrocarbons, biodegradable in usual sowa^a treatment 

processes, r\nd capable of fine concentration determinations, 

It ia important in drinking water because of ta.-jte and does 

not appear to have bean invos ti/;.-.ted previously in this way 

in relation to slov sand filtration. Koroover, there is a 

continuing interest in phenol in drinking water, whereas '.. 

c'ater^cnta have lost their interest due to their bio-

de,Tr-ida!ii 7 ity and apparent non ftoR-lcity (used for dlsh-

W :•••/?':? "ip anr' eating u tens i "• r, ) , Alro V.11.0. Dt-ndardf) 

* ; •'"'} •''.?• 1 3 7 0 } -,\xid U s .r-^via.© £in.-^-?,h sa"rv;l«'-> {"$(*>%), n o 3 • 
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vory low limit 0.001 ro^/l for phenol. fon^equGntly tho:;e 

iro iwort-nt reasons to carry out oxprr ir-̂ ntr? with phono1 

ruthor than deter-ents. .'.lso K.V.H. (Vindle Taylor, 1971-73) 

word oxperiroontin& on laboratory scalt; u'ith biological 

rl«,*;r .w°.« t ion of phenols, so there v.-ss current interest, in 

on-nite phenol ^xperimpnts. 

3 .2 .1 Prop. ra l:jn:i of Tr.-.ccr .Solution __ 

Vocruso or" t!ie low concentration o'" t r ' c w r^-uired 

t'> be rto:3ed and b̂ cr-.ise of t'-o cor-voni O T T O '. i rfoniv, >benol 

in aqueous noluticii T;.»S utilise', .'-s fho 10> or R0" > 

joiutinns of phenol coul:! not be oht.isuV. fro-i Jl.o n rket, 

b> ens o of tlio •..•orlcV..,:;dc oil crisis, it v.-s decide1 to .nake 

the nfiii">ous solution of phenol in i.ho 1. ''ur.iory "or dosing 

pur uos.i.s. Xn the e rly st e- of the ox .<vimo.Jt.il "or' , 

tho pro i;ir-tion of a homo -ei'.eous sus.'iMi.'iou became highly 

n.rol'Joa.tic. 10^, 20 ', h0^ ,-nd 60> \:/V solutions -ooro 

;rio(.!, only to be mot vith failure. Aquunus phr.rc and 

oily |I!KIKO portions of the solutions became sio-iratei' by 

i.n oi'iiilyion layer in boti.'ein'i, after 2-'i 'aiuro of solution 

pre par:: lion. v'i;-orous agitntif<n by ••:c>ch:::ii c- 1 ro'ors 

helped only little. So tho co-:co;!t.r;\iion "a? carried to 

the point where only o;-.-i of the phases •..•::.*> forme!. .Tn 

this caso a solution of 5>-> V/V concentration produced a clear 

aqueoun phase .solution, and ttn COO V/V solution produced 

oily phnso solution, which was ultimately adopted for 

experimental purposes. 

S00 (;rnm of monohydrie phenol (CJlr0iI, molecular 

weight = 9-'».1l) were weighed in a 1 litro graduated cylinder. 

To this 1'OOml (about Z^i by weight) of fr.-jhly boiled and 

cooled double distilled water was added. Thp cylinder was 

then placed in a bucket of hot water, and the phenol crystals 

wore brokan and agitated with a thick ',-71.•:«.••-. (or stainless 

atc>el) rod, to make a liomo^roeous solution. The contents were 

tlifn brought to a 1000 ml nark by adcH»i~ noro dis filled 

water, v'!-irh wan 67 ml (makin- a total of 'Jl̂ . of the weight 

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
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of phenol c r y s t a l s ) t Tliia produced a pl iennl r jo lut i ' -n of 

2^0 ( j / l c o n c o n t r • 11 o.i, v.'hich wna t r : m : j f c r e d t o tho do^in,^ 

g l -3s n i in i r i t o r s f o r d'j.':in.r7 p u r p o s e s . Thr s o l u t i o n v.'.is 

s t a n d a r d i s e d a t tinio.J u:» jrivon in S t a n d a r d Metho-.'s 

( T a r a s o t a l . e d . 1971) • 

8 . 2 . 2 : 'o ;di ;^ of Tract.-r ' iur .ognsion 

" n : ' ! " ! ' ; Tank f ' - ip : ic t>.y 

A.-pa o.f one r i l l o r = .'3.20 :.: ( l O V ) l x l .H ' ; K ( ^ ) S 

a 5 . 8 2 m" 

';.-.fe o f f i l t r a t i o n s 0 . 2 t : i (o")/h 

VoUin.- o r v . t t c r f i l t e r e d i n 24 lira = .".82 ta" x U.2;;i/Ij 

x 2'i h r s = 27 .07 rP 

Uonccnlr.. . t i o n of phona l i n to:> s in ter - 10 ;:.'o'/l 

" a i . yh t o f .iiiuiio.1 c r y s t a l s needed in a day = 2 7 . 9 3 ~ l n 

= ' - '790 r.':,r> 

r ' . c ; :o l nearitiri in n 2 wee'- p e r i o d = 2 7 9 . 3 x ^!l = 3 .91 1-;i 

' V i n e SO'/v " / V f i o l u t i o n of p h e n o l , V o l . = 3 . f t 

0 .80 " ' ' ' f i r ' , , ' " a 

I'se tv.'o a s p i r a t o r b o t t l e s of 10 l i t r e c;>o:>c i t / , t o 

nsn a l t c r n a t o l y , t o r e p l e n i s h s o l u t i o n s e v e r y t-.o wpo'--], 

Ha t o of Dos ing 

? ' o l e c u l a r "-'t. o f pi-nnnl. f o J j . n 

I n t e n d e d c o n c e n t r a t i o n of phenol i n i n l e t w a t e r = 10 n i^ / l 

C o n c e n t r a t i o n of phenol aqueous s o l u t i o n = 80;' ! ' /V 

Ha te o f f i l t r a t i o n a 0 . 2 ni/h 

V o l . of f end t«. t o r per hour = 5 .82 x Q . 2 = 1.16 m 

o r 1190 l i t / h 

Doso of phenol nolution par hour = 1190 x 10 ,, na , ». 
, — a l ' t . 8 8 t . t i /h 

', • 0 *8 
S o t t i n g on pump t h i m b l e a Xk.88 

hr) = 3D.06^ 

Similarly at inlet concentration of 5 n:,<j/l (phenol), 

quantity of 80r' tv/V phenol sol. = 1190 x 5_ 

0 > 8 = 7.V, mi/l, 



retention time in filter tank 

A v e m re depth of inlet "atcr over sand bed = 5' (l»52 m) 

retention tine = 1» r>2 

0.2 = 7-« h » 

8.2.3 >edia. Influent Source .-'iir! Filtration rinte 

Builders -;rcfle sand '.''•.ic!: is cry much cheaper than 

the closely sncci'lecl graded snnd, was used. Fifteen months 

mature sand '..'as retained and used for the ohenol biodejjrridation 

pa:t of the experiiv.ent. It had an effective si^e of 0.25 wm 

and a uniformity coefficient of 3.'i (compared with 2.k used 

by the Thanes 'i.'ater Authority for nonsal slow sand filtration). 

The porosity o." sand was '<0S. On average IS" {o.'l^ in) bed 

of sand ovar 'i to 6 inches (o.l to 0.15 m) layox1 of gravel 

rested on 6 inches (0.I5 in) of under drainage system. 

Primary filtrate ;:s producoi! by the r.upld sand primary 

filters ;it the nuin works was used as the influent source 

throu-hout the length of the experiment (fi.T- 8.1.3). 

7̂ nte of filtration used was 0.2 m/h, which is about 

50> more than the usual rate of slow snnd filters of the 

Thames Water .Authority, and 1 00'J more than the traditional 

8 .2 .h Isokinetic Sampling 

Calculations;- Velocity of filtration, Vf = j} 

Velocity through ;pores, Vp = Vf 

A = 0 . 2 m/h 

p o r o s i t y " 0 :^ = ° ' 5 "^^ 

Vo loc i^y o f .sampling, Vs = V e l o c i t y through p o r e s , Vp 

• . • ~ ^ — ' or q = Vs x a x N a = sampling r a t e cm / h 

_ a = area of ho le in samp. 
q = 30 x J22 x 0^2_) x 6 6 p ipe ( d i a . = .3 nm) 

N » n o , of Moles = tih 

= 50 x Q.99 3 , 
- J.<> 

= 3i£8 cm̂ /nj-in (<«• 6 drops . to 1 ml) 

- 2 3 0 ''ro\->p/<rJ,n ~z 70 d'ro /?5.8 sees ^ 10 dro/2,^ reic 



Samplo h66 cm (in 500 tnl glass bottlou) in 

2 lira "' 10 drops/ 26 soca. 

Tir:o reouirer! to waste run the Sarnnlin;* T.IPS 

Tot.-l Length of sample pipe s 6' ( l .83 in) 

u i -meter = -}" = 12.7 mm 

Vol. of pipe = JcT x L = ^ x ( 1 > 3 7 ) 2 x 1 3 a 

• * 7 ^ 
Tlmo ne>'!iod to drain tho pipe = 23 1 _rt _„ 

37s8 = 5 9 " W 

231 nil 

* nO rain. 

3.3 Sc'io .̂ii "'e oT i.'x >crlncnt.'; 

I t t;.is re;- iroc! to record t!io variation of ho: • loss , 

turblc'lty and biode/jrariati on with nr^.' nic tracer .inlution 

at an increased velocity of f i l t r a t i o n . The ui<u:il approach 

iro'.nci.iy„ and t'.ja one prevalent in Brit ish slow sand 

f i l t r a t i o n practice is -3.8" (0.09 n)/h and "5" (O.JJ m)/h 

rc-spcctivuly. I t v;ns t!!orororc decided to study tho vr.rintion 

of vnrinii'; p.-,r.inotcr3 .-it unrated velocity of 0.2 n (3")/h. Tha 

t.r.'cer nolution useri v:ar, the sinr l e t form of or/:, nic compound 

monohydric phenol, CJlr0\\, bein/y reprnnoiit.itivo of organic 

compounds, whose do termination at lov; concentrations was 

possibles (although exacting and lengthy), L'xper irmdnts 

'.-^•i^ i -J 1' ""!"•-;.-.{* vita rin inlet conrPitrntJnn of 10 m/»/l of 

phenol, -As the f i l t e rn were in the open, no control of 

te^iaera turo was o;;crc)sed. The maximum d-;y w.'itnr temperature 

o ° 
rnn^cdfroti 17 C to 2'i C. The complete experimental schedule 
±3 shown In table S.J.I. 

TaBLfi 8.3.1 - Schodulo of Exporimcnto 

Urn JKlny r.'".to Inl<5t Cono. Hod (snud) thic!tnes3 ins. Length bf 
No.! ;:i/h tnr./l' Tost (east) Control (wont) run in day? 

1 

2 

3 
h 

$ 

6- ; j 

0 . 2 

• "a.:i 
0 . 2 

0 . 2 

0 . 2 

0 . 2 

2.0-10.0 

10.0 

10.0 

0 . 0 

• 5.0-10,,0 

0 , 0 

19.5 
1 9 . 0 

18.5 
1 8 . 0 

• . I.7.5 
• iy.O 

21.5 

21.0 

20.5 

20.0 

1 V . U 

18 

7 

16 

hh 

23 

http://reprnnoiit.it


Tho '.•.'hale sche-o o" "XixiriMents Mas divided into 

five ;ih.ia«iii ''h.-se 1 v.-ia to ace lin.-.tize the "liter 

or,';,;ni:i:ns ••.•it organic tncer;j"liition. The soc-id phase 

•j as to dose at prr»r'e icrj-ii.ie'1 concentration. The t!iird 

phase was to investigate the desorption effect of ;i r'osod 

bed. Tho Courrh phase dealt *..'it!i the CHRUJ ativo nfj'ect 

of dosirr; and fifth phase waa a;;;jin to determine tho 

dcsori'tivo o'Tect in a c-usislvtive sense. 

8.ty nr:i»c r inr-Tt-l Procof'iira 

/•o dijoussofi in section 3.3, the cxperi-nont:: wore 

Cr-rriod out under different i-riti 1 ennc'itionri o" 

ni-cHr.i:.ti7.::tion to filter n; : .niains. Throi\~houi tho 

ex; e r Incut , o::ly one conconv r-> t J >:: of ••'ic.inl of 10 rr.-/l 

•..as tried to ho mr. i:U;: i'?o-. '"ho fi'tar V:d slro'-dy iionn 

tatitad in earlier runs for hcadloss and turbidity, 

•-.it'-out 'il-.Eiiol, and the dosiri7 apparatus -..'as (esto-! '.diilo 

carrying oui the acclini.iti:ca t Ion run at the sann fcir.ic. 

.'.p-iror-ch velocity in all cases './an 0.^' ni/h. Th-> previous 

reduction capsulo /J2ar (spcci'.l ;if.f cement used i;it'- the 

pump) of Ion,: stroke type i:ith purnpin;; capacity 0-1^0 

nl/h was found to be rather too bij for the snr-ll do/jin,'; 

f.lot;s. It vas replaced by a o!nrt strode reduction -roi-r 

of C-'(5 inl/h capacity after the acclimat iza.tion (curn teat) 

run. bamplos of .iiiiei to filter mid I ho "iltT dê *-'-) V T - M 

collected. Also the tc;-:'jeratr.re of the dilute solution in 

tho filter tan!: and inlet wore 7ioted. Samples were an'ilynn 

for phonol concentration and pH. The sample analysis .-and 

temperature and PII readings £ave satisfactory ronultn in-

dicotin;; thn apparatus in perfect condition for further 

axporinionts. 3otb filters sample tubes were marked for 

the /irloua media positions. '. 

a . U . 1 Avail:;: Mention of tho Filter . 

Kvci thou,;h tho .fil~«r sand had been injured "or 



fi'tyorj nonths, it nover had previously experience'! a 

pi.^nol dose of 10 m^/l. Therefore to allow the Til tor 

b,-istr3rl.i to acclin.-iti^e and -rox*, the phenol (lose in tho 

inlet 'jater was only gradually and pro^ressivoly iocr^Mued 

~ro;:i .? to 5 to C to 10 rag/l. In fact, this proensa took 

much longer ^18 days) than anticip-.tcd, in conir.-st to 

M.V.3. (-..'indie TayJ or. 1971-73). 

S. •'(. 'I Onor tin.T -r'r 'c^'nm Tor .-. Tiltor ''un 

Oporr.tin/j procedure is di scuo.sed in four p.-rtrj: 

ot.-rtin- and lo.-.din,̂  the filfor, s;.-^lln:, an-ilyai.i;: i.'io 

3;.:r>lon, and cle-• nin ; the fil.-.or =-t t!.e on J o" the run. 

"t.-,rt '.:i,;: /.fter .•!scsr!.rii:il;i:: the prober romov.-il of 

.-.: c''•:!'t̂ '''.'c!c", levelling o* tho bc^ nurfaco and o-ihe-d! ••i.'T 

o^ the to;? fl.HWi.le pipo ( 1 cm b*lo\. tl:c sur."nce), the 

dr-'in v.-iIvs was closed i*ru} the proflsurs ciain valve o onod 

v'nr rech^r;;in,r7. The rcc'i.-.r^in^ filtered water wo.s allow ul 

firo'i'th the control valve, to the ur::!sr':rainaje c!:un:i!il, and 

allowed to rise through the fjr.nval und sand /;r- dual ) y , to 

!*•]:•: "i.-iCF1 the .-.ir in the piping and bod. %'hen tho roch;r ;o 

water npnoared on t!ie surf cc, th*j raw water inlet w i v e 

(fi~. 3.1.10) was opened and the lot; lift punp in priniry 

filter Iiou.se started. Vith the control vnlvo and rpĉ ;.r;.;o 

v;;lvo closed, the drain valve was opened and the control 

ynlve regulated at a very low flow (lesn than 1" (0.023 m)/h) 

" l 7 ' ' - " ' '•'"'• ;'"'"'". ~Vi<-> fi'si n-T'-r- w tinfrtr- +r> +.h<* desired 

level in the filter tank to"'? about four hours. The 

filtration rate '••> s kept at half (o.l m/h) for one day .'md 

then continued at full (0.2 m/h) after that. Phenol do sin;: 

of raw water connenced at half rato (."J mc/l) for tho firat 

day and then at full do.sicned rate (10 ra^/l) for the roat 

of tho run. The control filter operated without any phenol 

close. The rate of filtration was kept constant at 0.2 m/h, 

by tpakim: small manual adjustments in the control valve 

every few days? or eo. Tho headloas in the nanometer lubes 

was noted after rectifying any suspected airlock. The 

temperature of the inlet ww^wj.'j vno f;ed and SPiplcs 

collected. The start of filter run wan taken to be after 
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diapl.-iccinonfc timo. 

S.mmlin^; Table C.3.1 indicates th,-t tracer solution 

was dosed in No5. 1, 2, 2 and 5 runs. It ,->lso inc'iont03 

the bod do nth in oach run. Samples v;ere collected on 

alternate days or twice in a v«e!; depend in? ir.̂-.-n i.'\o ro-

quiroment. .'-ach tlir.c, thra initial headloss was notod in 

the rtanomo tor t.nbos and then smnple tang synchronised ot 

10 drops/ ."26 noconris, Sam.le taps were allowed to run Tor 

ouo hour for draining, «nd then S M I O I O A w»rr» coliechod Tor 

turbidity ,'inri phonol concon tr;i tion doter-ii suit ion. 

•Analysis; J'oasurenetit of turbidity w--s rondo icrja^i-1 f»l y 

.••./tor oam.lin-: to avoid -coagulation, Which could ;\ltcr the 

•'i.C'iro considerably (!'oldcn ed. 1970). Tho rust of tho 

.•.amnios uero hrou,:!it to thc^-laboz-a tory, nncJ wore dist.i lied, 

extracted in chloroform (if necessary) .-ind tht; rosultiiiT 

ijnintions roar- on spectrophotometer. The analy f ic". 1 pro-

QjL-ura adopted for phenol Jcterminrition was a modified form 

or method 0 £ 5) of the Standard Methods (Tarns at al. od. 1? 

whir;'1 •..'!•.?: uniHl j .-.fter consulting thp '.'nfcar x̂.irain.i) ion fyj-

p.i?tw.;nt o :* Thanes Vafcer A uthority, based on the oxporionoo 

of that Oopnr fcPN-mt. 

C. lir.nliy;; '"ho filter bed was cleaned for each ex'-crlr.iont 

by s5cra pin 7 the top 1 cm or 2 cm of <*;.nd manually to 

offoctiv^ly roinovo tho schniLitPideclce. The r'.ssnssment th •. t 

thf» filter wars clean was based on visual observation. Any 

disturbed surface was levelled and biological growths frora 

side wails was removed and oisposec. "i'ue rt'i»vnni. luy 

sample tubo waa embedded in sand 1 cm below the sand surface. 

8.5 Ohsorvationa , Difficulties 2nci:nteri;ri 

8.5.I T'iitr ition ' 

Tha visunl observation through tho /rlasn penels r̂ avo 

a onin information about, the accumulated biological thiponlta 

in tho bod. • Thenol determinations made from npproprinto 

samples indict tod an instantaneous value of concentration 

of 'substance in the flow. .Although tho trncor solution 

mado ?rnn phonol was often difficult to control, constant 
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m o n i t o r i n g of phenol c o n c e n t r a t i o n s o f t h e i n f l u e n t k e p t 

v.-\rt.'-.*:ioii3 t " a minim-xa. The u l t i m a t e e f f e c t o f t h e 

biorlG^re-1 .! I Inn of pheno l -..hethcr i n t e n s e o r m.-r^in?. 1 , 

s h o u l d nt-rt . n r ly m a n i f e s t i t s e l f i n b i o l o g i c a l b e h a v i o u r 

a c h i e v e d I'V ' , i e f i l t e r s . 

Jn I |io f i l t e r t a n k , somet imes t h e c o l o u r o f t h e 

u s t o r tijrrii'i! ,-;rofjn, w!,ich w.-s more m a n i f e s t i n t h e do A eel 

f i l t o r and t l n r i n ; r u n s In .sunny p e r i o d s . The w a l l s of 

t h o fil'nvn -iiioiimula t ed ;r<» l u t i n o i i s h i o l o j i c ^ . l . g rowths 

n e e d i n r no»'-'i>t >.-. •, and d i j p o s . i l a t t ho t ime of c l a a n i n / ? . 

"Ui ie t i i ios f''" • iifT tlo'iri.1 ' l i lce su r f r . ee a l ^ n o v.\:s n o t i c e d 

i n t.::o tn . i t f i l t e r . V-rounin.: o f sr.nd i n t!->e form o f 

p a t c h o u ;.t>>'r" n o t i c e d i'i bo th f i l t e r s indioritin. '- ; t h e 

iwesfti 'cu D' •••t>o p l a n k t o n . 

8 . 5 . 2 _S_J.II.-0 l . . j j _ (ob . i ? rv . i t i ons ) 

At 1.'i« Nt . i r t o f t l ie r un soine d i s c r e p a n c y i n t h o 

b o h n v i a u r tit' tba r.ir.nomo t e r s was n o t i c e d . I t was found 

t h.: t c'i r.' <••.'"' •''•<' i ' 1 ho.'i.l !n; t.'<; *r. two c o n s e c u t i v e mano­

m e t e r tiibcf-i .li'fJi'o. scii i n s t e a d of incrc.- .pe wit l i p a s s a g e 

o f tim.> i n M <•> i n i t i a l s t r ide of t he r u n ( e . g . e n c i r c l e d 

r e a d i n g s in 1 -.hlos 9 . 3 . 6 , 9 - 3 . 8 and 9 . 3 . 9 ) . The 

i n i t i a l Jil;-;!inr e r r a t i c ho. ' .dloss was t r&ced t o l e a k y 

.......~ ,( , .•„.] T:_ __— ^ .-:;rr.d -v ! : r ;n i r .~ +ut;- r.-:=">!,'»" 

v a l v e s t i , - ; l i i ly c l o s e d and s t o k i n g ou t t h e l o c k e d a i r 

f r o n tlio r e l o v / i n t manometer t u b e . The CIM.IJ1 . -JJ l ie^r t loss 

p a t t e r n in Ml" n e v e r a l s u c f e ^ s i v e r u n s can be a t t r i b u t e d 

to t h o biod*v;i"; idation in f i l t e r , i n c o n t r a s t t o t h a t by 

t h e aftin/r -if* tlio m o d i o , an r o p o r t e d by Moh.inka ( 6 9 ) , 

Di.-por (l?»'t 'l)t ' lo lne . i o t a l ( l ? 6 5 ) and Rimer (1968) f o r 

r a p i d f i l t o ^ ' i i P u r i n e summor months t u r b i d i t ; ' . e s of many 

sampled .from w i t h i n tho uand-bed wore n o t i c e a b l y h i p h due 

t o appcTntirt tJ » r o i l y m n t t e r i n t h e s a m p l e . I t i s t h o u g h t 

to be duo l-rt |:iatobolif>m of mic roTung i and a l g a e , a p p e a r i n g 

i n t h o s.im: Kr-i a.-s ond i r o d u c t . j . 

http://dijpos.il
http://surfr.ee
http://tn.it
http://_S_j.ii.-0
http://cIm.ij1.-jj


8.5.3 An.-UvrsiM (nbsprv.»iions) 

St tines th.; rod colour due to phenol extraction 

In chloro '"fir."! f^H'nv.'ay quickly after form tion. 5o 

the re r)ir![; i—r.io'-'i'toly after extraction '.voulrJ in such 

C.1.SC3 b<* higher tlvn if o.llowed tn r.iit Tor half an l.iur 

or s>o. Thitf is indicative of quinono ^n'! other netnbolic 

products rc:;i3tt-rin-; ai ;henols. 

2\;o trouble -J. -.: g-sner-'lly encountered in clc.-ning the 

.filler, i\nC there \J:--:; no cvlt'ence of .Tlgnl "leant occurrence 

of yiiort circuiting during the wliole . length of experiment;'.! 

period. An interesting observation in the» dticru.isin'.; initial 

'.io.vi'lo.s.: .-time:?' co:it i'.iuously. Tha i nc ret :••'.'.' ?K.cleriil 

activity v I thin the filter nii'.y !:;,vo ro::ultv»d in ' uri'~ying 

thu I'illor nr^.nic.cUy, c.n.sin'; the initi.il lioa'.'lotis to 

d<_'cro.w.:e vjihh plienol u33. This point ban boon explained 

fv..'.'-'''̂r in :;nction ?.2. 

3.6 'li ficnltir'g :'nc mintereil 

Th& problem f ci"1 in preparing t!-e '>henol solution 

free o" tuo ;ic;i.ir:-ti! |:!::'ses has been .imply described in 

; section J?.."2.1. Once 80v> V/V phenol solution had been 

proparod, tbere v>ns no difficulty in maintaining the 

solution in single (oil) phase s.t the Jntondad con­

centration. 

For overnight preservation of the onrtples, copper 

sulphate solution w;is added in some cises, after s.smi.'li ng. 

However i while analysing Much sample*, in eotrie cases, a. cloudy 

formation wns encountered after the addition of o-

;.. ..rninoantipyrona, resulting in very high values of conccn-. '" 

trr.tiona. .\1 tornntivoly the sample was kept overnight 

in lowering tbo phenol concentration (by 13^ on nn average) 

apparently dua to overnight degradation of phenol. This 

V M S remedied by analysing the samples the flame cloning, al­

though there tor? diff icu.1 ties duo to the long distance from 

'-' •. tfw site to the laboratory. .. . . . . . . 

http://initi.il


The wicroRiatoriri.-; rfosinj pump did not always pump 

'at the sot rate. Vlienever discrepancies occurred, the 

pump ;«lwr.y:i orred towards a reduced rn.te of pumping. 

K i s ur.a duo to the airlock :<nd was remedied by •working 

the pump at a nueh hirher rate for some time, which 

displaced the .'iir bubblos out of the purnp head. 

On nnn nr.c flioii, fcho pilot -filters control room p-.te 

'.-.'.•ij o^onod only 1o find -. pool of -..'ist-doop water in it, 

with no.it oC the tig'ui.ly closed empty san."le bot;:los C.lo;:tin£ 

in the vator. Th^ leak >.as tra.ced to ^n ordinary polythene 

tube connected to the inlet pressure in:-in. JJcinforced 

polythene tubes •)nro subsequently installed and worked 

satisfactorily :,gainst inlet and dosing pressures. 

http://no.it
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EXPERir-S'iTAL RESULTS ON CLARIFICATION, KEADLOSS 

AND TURBIDITY PENETRATION (M.W.B. WALTON) 

The experiments described in Chapter VIII were conductod In 

ordsr to test the validity of the concept proposed earlier, that in a 

slow sand filter notable purification was achieved by biodegradation, 

end that it is necessary to study the pattern of headloss dovolopaont 

and turbidity removal within it to be able to Investigate the pongibillty 

of uprating it. The total experimental results have been divided into 

three parts, ntaaely, headloss, turbidity, and phenol degradation, oach 

part having three aspects investigated: behaviour, in depth, With time 

end in each layer of the bed. In addition cspacts of initial hendloss 

cad composite effect of dapth with tiao on tho headloss end turbidity 

,vr_ sx.I havs boon prrccanfcool end cnalyocd. Aloo production of phono! 

ia »Iov.' nriid filisra Ii£.s been presented. 

2n this cheptar, the ojnsariraontal dcta on hoadloss and turbidity 

pottGfcrafcion are presented in graphical form. Of the total 21 run« 

studied, run nos. 1, 2, 3 end 5 were dosed with phenol in the test 

Slltsz. Run nos. 4 and 6 were for the desorption of phenol in filter, 

inr-ofiiatoly after a dosed run. Run nos. 1/71-73 to 15/71-73 wera for 

£ho norsal slow sand filtration. 

9.1 Bnpsrlaental Results 

The esnTeriaantal results at tho required filtration volocity 

nrcl tho inlet end othor concentrationo for tho turbidity and phonol ara 

i?zc:r.i in fcebulnr fom in Chapters 121 and X. AlfcejfoShor thazo D^O fchisrty-

oL:i fcrbloo giving typical reculto of tho control (wont) and pilot fconfe 

icr.at) filters observed during thia work. 

All hccdloss readings wore corrected to a otandard tempornturo of 

20°C, using Somen's formula, i.e. 
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20 20 

where H_ is the observed headloss, H„^ corrected headloss at 20 C, v_ 
T 20 T 

and v are kinenu 

9.3.1 to 9.3.12). 

and v are kinematic viscosities at T and 20 c respectively (tables 

9.2 Initial Headlong 

Graph 9.2.1 illustrates the initial headloss development in both 

teat and control pilot filters at a constant filtration velocity of 0.2 m/h 

for the six runs. The curve for each run and filter.can be identified 

from the legend. Tho curves clearly demonstrate a continuous trend of 

falling initial headloss. The trend is better pronounced and covers 

wider range in tha case of test filter. 

Tho fieczeeiciRcj initiel headloso An olow sand filter can bo con-

oic'ered fc-ciJ fcvro cr.gloa. Firstly ZXCJI t!iG point of view of dosing the 

o:;y::;nic tracer subctaiifjy, cjid caoondly frea the seasonal point of viow. 

L'hanol solution incroeoed tha biological octivlty 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 

filter for every subsequent run. Secondly, the six runs were conducted 

during wartaer pericd of tho year, starting from the end of February to 

that of August. Spring season and warm air contributed to the same 

phenamanon in the case of control filter. Obviously, in the absence of 

phenol in control filter, the effect is less dramatic and less clearly 

defined. 

Tha third aopact of the decreasing thickness of oandbad cannot be 

caid to b3 contributing ovJbotcntially to thio trend, as tha roouZts on 

Gjrojh 9.2.1 aro norm:! i cod with rosjsoct to diofcnnca 2rcsa tho inlut sand 

our£aca. 

In tha case of tost filter, Rose's equation (Rose, 1945) and ICozony's 

aquation do not match the initial hcrdlooo behaviour. Ao tha dosing and 

tho filtration proc^rad, the internal condition of the bad changes, in 

incr̂ aefid biological activity find Cp.cr.^nz^ retention of organic impurities 



JU'O 

in the bod, oo tho intorotitiol valoeity increases causing a grootor 

hydraulic roslotarteo resulting in shorter filter run9, and a reduction 

in Initial headloso. T>.a recent intensive contribution to the under­

standing of headloso by Sakthivadivel (et al, 1972) does not deal with 

this aspect of headloss, though sophisticated as it is. 

9.3 Headlosg within Filter with Time 

A3 detailed bolow, a set of curves were prepared-by plotting the 

headloss results obtained froa experiments during phenol dosing, immediately ' 

following normal, alow sand filtration. 

(a) Pressure curvos> headloss versus depth for varying time intervals. 

I'D) Total hoadloos versus time. 

(c) Hydraulic gradient versus tlma for various layers in depth. 

Gsravtoo (9.3.1-9.3.8) show tha hQGdloss devalopaant within tho rioyfch 

OK filtor at diffo^nnt tisca intervals cs the run proceeds. The bulk of 

hor.dlous in a filtor occurs in the top layer of the filtor and tho build­

up of hoedloco in nubcoquont layers i3 not significant. As the top 

layer of the filtor becomes clogged, there does not appear to be a 

notable shift in headloss development in tho lower reaches. The 

jphenonanon is evident froa the rather parallel nature of pressure curves 

in the subsequent longth of run. It can be seen that in a slow sand 

filter the top 5 cm of bed effectively removes the bulk of impurity 

flowing into tho filtor, resulting in a very high headloss in the top 

layer as shown in Graphs (9.3.1-9.3.8). As the run proceeds the headloss 

build-up in bottom layers of the filter is in fact negative. 

Graph (9.3.9) ohowa that total headloss in the filter bed when 

2>lotfcod againot timo producao an exponential curve indicating that thore 

;lo curfaco mat fosiaafcion, othoEtrisa it would tond to be a straight lino. 

S M o fcr>hr,viour Ao in contrast to that of a rapid filter, as obsorvod 

by Clooaby and Baionnn (1962). All the headloss curves in this grcph 

for do3ed rune (RV1, CT2, RT3 find RT5) have explicitly a shorter run 

than either tha two denojrption curves (RT4 and RT6) or the control filtor 

curves, suggesting that a high biological growth, has developed within 

tho filter. Tho control filter curvss are similar and grouped clostoly. 
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Crc?hs (9.3.10-9.3.17) Alluotrata va^iafcien of hydraulic grediont 

with tirao In different layoiro throughout tho £iltor beds, for tha toot 

end control filters. Theso curves ohow in a nltjnifleant manner the 

work dons by the various layers of filter bod. A scrutiny of theso 

curves makes it clear that in a slow sand filter the top layer is 

responsible for almost the entiro load. Tho lowor layers behave in a 

vory interesting manner, that tho headlosa actually decreases in these 

Ir.yora instead of increasing with time. This phenomenon is clearly 

indicatod in the phenol degradation runo. Au hondloss is a function of 

upjci^ic deposit, no significant chnngo in hoaJlons per unit length 

indicatoa Insignificant reaoval from wacor and deposition of suspension 

in tho bod. Therefore backwashing a slow uand filter would never be 

'..arthwhile. Curves for the tost filter, in phenol degradation runs, for 

tho bottom layers exhibiting decreasing hoadloua build-up indicate a 

poaciblo self-cleansing action in tho bod. Thia is in conformity with 

fcho due-'cr.aing trend of initial hoadloss na dlncuasod in Section 9.2. 

Ctso to cc.i2i'cion of phenol, thore appears to bis a lot mora bacterial 

i .rf.v'.vj.ti7 in cuherautsdecke and tho top Inyo,? &2 S!,ltoz, ccwoing conoiKiption 

o:? 1 -..',:, LP. not all, of tho incoming o::yron c:v1 urucl orgenic tepur.ity, 

C:".ir.r: :;-;>'dieting tho growth of br>ctn?ia in locos: Inyaro, which got 

wA;:lcs<>c;d roculting in rccovory of hend in ihor.o layors of the bod. 

-^.-•ivn*-v—>~~-~<**^r.'-rt^tr.';T:^'?-?%(i.*-r'W~. "". ~*-f*ry*;iJTv^?-r^^p'~----#*ttZK-rem*r*<+r**{<, ' 
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ilul _..':,""3.';x"ity Rcreoval Ir. Fil£o? Depth 

Tiio jfcaults of residual turbidity in tha depth of the filter 

obtained froa experiment!) wero plotted and a set of curves were pre­

pared as detailed below 

(a) During runs of phonol degradation; 

(b) During runs which follow immediately; and 

(c) During runs of standard filtration. 

Tha above threo aspects hnve been presented in graphs (9.4.1-

9.4.8) which show removal of turbidity during experiments in the test 

(aast) 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 (Pormazin Turbidity Units) at a 

particular depth represented Q O a fraction of the incoming turbidity 

r.t tho inlet hall valvo (E3 and K9). Thlc r-ay of itox«salising tha results 

^ll:.,.::z di:?oct ecapericoa botworn Cc-.ily fluctuating turbidity coneontrctior.o. 

'~.".:o t.~ r'.i;T.tu:*Q eo^roction h;v.i naZ boon attcorotoc! co tsh3 •wc&lLti&a of 

•::;•"';.::!>.-;jfcivs'o of tho oeaploa wu3 r^all, not osceoding 3°C. 

Tho data has been lorgoly interpreted ba.ied on the fact that clow 

ccncl filtration is also a dopth related phencmanon «»s well as time 

cn^ondnnt. Typical graphs and those for the average turbidity, covering 

c;s3ut Q third of the run ara plotted for both test and control filtors 

ci£n by cide to enable cojaparicon of their performance, showing the 

tU2bidii.y rwnoval through the unpth during a filter run, with normalised 

fluctuating turbidity at tho filter inlet. 

I 

Tho following legend has boon uoed to identify curves in the graphs 

C9.0.1-9.6.8) particularly, and in other graphs generally. I 

-. . 1 
T'O <=> ^O'jt f i l t e r 4 <2aya of tor tho onTirnonerasont of tho run, o t c . j 

•iT.O a ©eaCv-'sJ. f i l t e r 18 <3ayo of to r tho eoa^cnccKont of tho run , o t c . | 

C."°.,Rhn (9.4.1-9.<3.4) i l l u o t r a t o the parforennca of the t e s t and j 

c^ntxol SAlfcciro a t a f i l t r a t i o n voloci ty of 0.2 r>/h with, an i n l e t jphanol 

crwr^uftJTPtion of 10 c-g/1. Eoth f i l t e r o show a r i s e of t u rb id i t y in tho ( 

xlXZnr t.nrt;, n g.rsat )jnpmvr?*^nt in tho too layer ^nd Ithnn clso a 

wbPtfnfcinl gr^dunl improv-'inpnt of £-11 t r o t s in the> jront of tha f i l t a r 
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C_;>£h. 'Jho vholQ of tho £Alfcor ebpfch io octivo in raaoviKg too turbidity. 

Iliio finding is in contract to tho bchcviour of repid filter, in tthlch 

tho bottom layers are conoidusred ineffective for this purpooo. There is 

A\ZO an indication of battor clarification in the test filter than in 

the control filter. In the toot filter thore i8 Improvement in 

clarification in the beginning of the run, but deterioration in the 

effluent quality in the later part of the run. This effect is not clear 

in tha case of the control filter. In graph 9.4.4 there is an increase 

in turbidity in the bottom 6 inches of bed, especially in the later part 

of tho run. In phenol docod runs this was the.longest run and the 

Cocreaping availability of oxygen and normal organic solids may have 

caused dislodgementof bacteria in the bottom most layer of the bed 

accentuating the situation near the Y»ry *p«* of the run. On the whole 

the removal pattern in tha two filters is the same except that the 

test filter gets clogged earlier due to increased biological activity 

thareby shortening tho filter runs. 

Gxrilvn C9.<3„5 cad 9.4.5? elucidate tho posforEcaea o)~ tho toot and 

ecuti.-j?,. .';iltaxo ot a :?:!. 5. £;;;.; t.Ion velocity cS 0.2 n/n with raspset to 

tho cy-o:,i.rr̂ ice of phenol in filtor dapth. Tho residual turbidity 

csrroo PA-O oiMilcr to thoco of tho nhonol Coned runa oncryfc for tha 

following details. There is no indication of tho ejrpsctcd bettor 

clarification in test filter. Actually the teat filtrate has deteriorated 

as is clear from «jraph 9.4.6. There also c.pcaar3 to be constant 

iEprovcacnt in the quality of filtrate ao th3 run proceeds, which is 

nearer to the behaviour of the control filter durlnw phenol dosed rung. 

The soot noticeable feature is the increaso of turbidity at a point 

sia inches above the bottom of the bed CValvp E5A"5) which in contrast 

is the dapth of almost the best clarification for dosed runs. 

Graphs (9.4.7-9.4.8) describe the typical performance of the Cast 

and wo3t filters during runs of normal olow ocind filtration at a filtr­

ation velocity os indicctod in tho tico-tcblo on tho nojrt pngo. Eho 

• ̂ ô ielual turbidity cvsrtroo, rcpronranting n ?.so.ot-lnn of tSta iscĉ itig 

turbidity, withia tha cJc.̂ th of tho oaot end tho wnr^t filtoro nro c>awn Sen 

tha fizst third, tha saiddlo third and tho Ic.ot third duration of tho run. 

Th«3B curves are generally 5rpro>r"bllng thoco, an for tha control SJLltox in 

phenol (?oc?d runs, or thono during tha ir^.adintoly following runs. Tha 

sntiya dnpth of the bed ia «ntivs in removing tho turbidity of the 

wctfiy. Graph (9.4.7) drwn for run no.11/71-73 is for a run Inngth of 



hit 

'ill Cr.yz, t£ji£» hc^?sao to ba one of tho lor.joct ruao, o2 Q total o2 

21 m1:::: otv.Siod for thi3 purposa. V>jrco important fcctoro havo eon&issodl 

to RClto this run so long. With both filters covared, tho filtration 

ran through the coldest months (nid-ICovsEbor through to January) when 

the west filter was resanded icnediately beforehand and tha east filter sand 

was only one run old. In graph (9.4.8) a consistently batter clarification 

is depicted by the respective curves for wast filter, for all the thre« 

durations of the run, which could be attributed to the ozonlsation of 

fcha woat filter during that run 

Tirotcblo of Filter Runs with Operations 

Test Filter (2ast) Control Filter (tfest) 

Tiua Filter Phenol Oaone Covered 
Run 

£S?1 

to.?. 17 

33 

20 

": \*j 7 

14 

21 

29 

<35W. 4 
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25 
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• • - • • 3 

• IS 

23 

30 
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13 

30 
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* 

4/71-73 

Filter Phenol Oaone Covered 
Run 
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C 

c 

c 

c 

c 

c 

c 

c 

c 

3/71-73 

4/71-73 
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F i l t h s Run TlmCTblocontd. 

YiE3 

Aug. 27 

Sap. 3 

10 

17 
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Oct. 1 

8 
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23 
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14 

21 
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11 
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::-i.?. 3 

10 

17 

• 24 " 

Test Filter (East) 

Filter Phenol Ozone 
Run 
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, , ' ; 
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Control Filter (t?3ot) 

Filter Phenol Osona Covorod 
Run 

C 

C 

C 

C 

C 
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C 
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1 
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XC3 

r?Ll<i~.x ntn ^~Yccyio_cont3. 

Otest F i l ter (Sect) Control Fi l ter Rast 

Tixats F i l t er Phenol Osono Covered F i l t er Phenol Ozons Covered 
Run Run 

C 8 / 7 1 - 7 3 C 

C C 

C C 

C C 

C C 

C C 

C C 

C 9/72L-73 C 

c c 

c c 

c c 

c c 

c c 

r:ar. 31 
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14 

21 

23 
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12 

Z9 

23 
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16 

23 

30 

Otol. 7 

14 

21 

23 

J\K£i. 0 

5.3. 

•: 7,3 

. 2 5 

S^?. 1 

3/71-73 

S/71-73 

10/71-73 C 10/71-73 C 

. c • c 
c c 

' : ' c • . ';* - • c 

c c 

8 C C 

15 . -V.- C ' ''• C 



Tcct Filter (Caat) Control Filtor Wast 

S'Hr.io Filter Phenol Osono Covered Filtor Phonol 02ono Covered 
ntsn Run 

L)y<!. 7 8/71-73 c 8/71-73 c 

M C C 

?•*• C . C 

23 C C 

v~y 5 . c c 

?.2 C C 
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... n c c 
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is c c 
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.•:a c c 
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ic .• • 

31 •' 

£3 ' ' 
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^ o 1 C c 

• • o c c 

X 3 . ' "'•'•......,• C C 



v-t 

liva c::'z -'cColo centd. 

Tast Filter (East) Control Filter West 

Tiara Flltar Nienol Ozona Covered Filter Phenol Ozone Covered 
Run Run 
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Tost Filter (Sast) Control Filter(West) 

I'iaa Filter Phenol Ozona Covered Filter Phonol Ozone Covared 
Run Run 
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23 
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20 

27 
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•'.r'olQ eontd. 

Voi-.t Filter (Snot) Control Filter (t?ost) 

<.'iEo M.lfcor Phenol Oaono Cwored Filter Phonol Ozone Covered 
Run Run 
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', ,"Z ( ' *''.*.'**oc r ' 'owi!!, t.f,'\i*"t ^.liii"1 

Czc:z:-ia (9 .5 .1 -9 .5 . E) chow xazoval of tho ttniiCJ.ty during £11 t o r 

touts sn c-ha t e a t and control p i l o t Glow cend f i l t e r s . lv»o length of 

tha rim i s p lo t ted in daya along tho booo of oach grcj>h, and th» 

vor t i ca l ordinate reproecnto C- rCo , i . e . tho t u rb id i t y In f i l t e r 

depth a t a p a r t i c u l a r tlnio of the run, represented ao a fract ion of tha 

inccaircg tu rb id i ty of tho row water as noanured a t ftJio i n l e t ha l l valve . 

Cj»it; t.'cy of crproooisig tho ronulto ia useful for d i r ec t coinparison of 

'zxz::;^/'.\\:'j 'jiz-i-sval a t any ti&o of the run. Alco tho fi'U r a t i o C/Co i3 

s a i l e r t o t-:olght r a t i o CKS volumo r a t i o . 

1 s t . ^ r o t a t i o n of tho data la based on tho assumption tha t slow 

yond i ' l l t ifcticn i s alao a tiiao re la ted phenomenon. Typical curvas 

C.TG p lo t ted for both tos t end control f i l t e r o , on tho soma sheet , t o 

bo cblo to c e t e r a tha ycL'foracjica showing tho porcontdc-a of res idual 

•'..• .•.:."..'.'.•'.'x? ,-:i •:-. rs-ri cuoih Curing tho f i l t e r :rcr». G^vjVia (9.5.1-9.5.<3) 

;'.'..".•:•:•..• .':••> •::';.} ;:•.-.• r̂ .-lt'.i'.'iy fcfotwnl of botCi ;';.".?.i;"ca Cv:;U.;s .TJSiio of 

:.''. ' ' . . ' . : . j . Iona:i«s» (jr-: ;->h (9.5.1) t.li.'.eh la cns.Tcn^.c.lly far tho 

,.'-:•.': • •••.." •:•.;.".;» of r 'u;;ol b.icfcoir.la, ef£T.v:'io (9.5.2-9.5.4) c lcc r ly dt^on-

:•;••*.'.::) tr. J c:;:*.:.-rn ip. thn t c S f i l t e r . E'irrfcly, tho *-r::?.'rovc :oat of 

L;:Mt:?.::2 i;; j:::;o:!.dity revsovnl occuro in tho f i r u t rnd tho l ao t quar ters 

of tho run, end the middle half of the run on the contrary causes a r i s e 

of t u r b i d i t y . Tho rino of tu rb id i ty could bo a t t r i b u t e d to the dying 

end 31c!c<f~;!ng of b.~ctorla in the sand bod duo to insuf f ic ien t supply 

of oxygon i~3 Coc/2, t h i s view thus supporting tho finding as expressed 

in Scctlcn 9 . 3 . Secondly, the above curves oleo d o u r l y exh ib i t a 

c learor rater in bottom layers than the top layoro, t e s t i fy ing to tha findiK^j 

of Section 9 .4 , thus strengthening the view tha t tho wholo of tho bed 

io ongefod in tho c l a r i f i ca t i on process. On ono hand, c l a r i f i c a t i o n 

$r:pzz>voa in iho lower ranches of the bed, and on tho ofchor, hoed la 

saesvosrofi £ra <&o ccmo scogion of tho bod (Soetien 9 . 3 ) . KJO twa eon-

; :'.T.:',2rS.'7xg £.•:.'-,£ in could bo Of^)loinod in tho nolf-clcanaiRcj aafcara or fcho 

;^o:'~?^.fl;b^ petrification in a nlsv/ oGnd filfeor. 

6?r:rh3 (9.5.5 c*id 9.3.S) ohew tho t u r b i d i t y scr^yrr.l of tho toot 

r»y1 (-.Jn C3rct*?r?l f i l t c r o rtt'sring tho inwre^lntaly following ursd^nod rvna. 
r.i>-> envr/m o:: griohn illu^trrpto t^'o t rendsin ra mutod w.y. Tho.ro is 

'-'"•K'-,l linproT»vs'?nt in alf ir lf toation fin tho yen proc~o<5n, OJ?csj>t ths 

http://Tho.ro


1'il 

!: ' / ::v,.v.j o.? too zv:..} c,3 i£ &,VJ ogfosft ®2 £!A"„- '":$&g h;-.Q'ti.z?-:z Cr.3 

.•'..'-... ••] :.;; ri.v;-.v.«cua irv^.y^.r:^:) haa booii f-hi^rS £:\.-:2 u i t ^ o lv:-22 t o 

' i : ) ."..Vit cr.vrio? ef tho rrra, in the aboonej QS c.t\y g'jonol cboing. a i c o , 

a u e:x~w<j fos tlso ZQ'Jii Ciltojr ohow Q hitjho? fcv.?bieity than thono & r 

tho ecn^i-ol f i l t e r CKtwoating phenol appscroneo oceura ului»g with 

besetoria fiislodge^nt. 

Ct-nph3 (9.5.7-9.5.0) i l lwot ra te tho typical curves of t u m i d i t y 

"src"">\n.l An nornnl slow oend f i l t r a t i o n . Thoeo cnirvoa generally behave 

e.n f.ssro 2or tho cc:i'&rol £ilto;r, shoving grtu'tonl inprow"x:nt of 

fii'.crdUo u i th depth of tho bod and t toa of tho run. 

S.S r a b i d i t y He-aval An tha I^yor 

Gsx '̂.ia (9.6.1-9.6.Q) illucfcrata ra,:oval oC tu rb id i t y in each layer 

c:? t':o L;^CI b.:C, c-u.-.-is;g f i l t e r t e s t e on tha £•:.;.'i cvi control flJ,fcc3?s. 

. - ' >• : OJ ccch e.'rav'i io n'afctou in c^ya ei? t'.i?. loaiji^i ©.? ti»c .vr.i Dr.a 

.:'• ' v .-.-/..'...el ©.'rdinafca inuife.u.:r> tho yorccr.t r .?ciicat o£ tu:;hkC:Vcy 

. '.. :".a a layor, obtained by. fiivioiag tko ;;. ":,-3~nt fctL'.vjifcAfe" ifr-:oval 

.•"-j - L. L.r by the depth of tho lc.yor. Viho AC"C\ •;•?;) cjro co.U!ic"\v: 3 

"..•;--.-.-.",.-.:.5 to the posi t ion of cajpling probou j u y i r ) jjod, cm* c r rn r^ l l y 

t-:n <"..vth of the layer i s 6 Inches except tho tcp layor which la ^j" or 

: - . c-.iro the tu rb id i ty (removal) gradient f?or the bottosa layor of 

.•/.o t-vfc f i l t e r i s calculated as 

1 0 0«M + <W • (^5 + <*»> 
DiE6 

. . . CU, oiro tho tu rb id i t ioa at probo doptha B5 . . . . B8 and Oi- , i s 

'••4 e».<? jxrobo r?S (in inches) e t c . Tha sooulto foavo beon noxsanllood 

'»::!7*-f"-^ tf-'T:vv c;:o Cjawn 2br tho toot o:>;'3 (VP t̂-.'rel ;?iJ.6i:.?o c i r t 

7 :::'Uo f?r CM:"!,*/ ar '~: ' . i ifen. Grapho (9.S.1-5.3.0.) ufcow tho ei'-!",Tr) ©f 

•'/•.\? SiviMelAty -T-.-arU^nt i'or tho t'.-.'o ifiltoro :jh-T t"-ĥ  phenol (0C;K?(3 ,nmn. 

:. y n .>:"? c.bnt.'.v i^^n ;:?rir:i tho cvvrrron thr.t ih-* '-'J",,"> .liiv^r h;,.r! ci 

•a "V.-Vifc-ViJ.?.;.' hifl^o--; nr-fl,'.r>nt than 'chr.t ô f tvĥ  "'fS^c'^ J.^yovn, <ipf?or>.-tlo«j 

•••••:.-r.Mr'..1»isjrIj" hifTî  clar.iiciefi.tion An tho iop lr.ijMr. 'Ovin i7A.n«51ing nui??5ortn 



~.* r.\; \j ;.:?'con 0:0. LU ,<,'js£iei»a 0.4 and S.S. Orc'scalRtj fcko fcsufiro an 3 

i::"..',.lo ~.;:.ya: tusbiuity :TCE3VC.1, it ec^ bo ccan that ia tho EnjoL-ifcy ©2 

eiv.,o.i, tho curvo 2o? tho •ififilo Joyos is lewyraost with miniiaun) fcuirbifiity 

gradient. It suggocito that oithor thara is little turbidity removal in 

the aiddlo layer, or turbidity removal is mitigated by tho dlolodgcroont 

of bectaria in that Inyor. This explanation agrees with tho rinding 

o2 Sections 9.3 end 9.5. By scrutinising the curves closoly, It may 

bo observed that thoro is a faint trend of bettor clarification in tho 

to? J . W O J n~a ir.Si-rriox clarification in tho bottom layer aa tho run 

iv:.»n: c":i. Grapho (D.S.5-9.6.6) show the cwrvos of layers tusbidity 

>;•:•.'. -d'.oiit Soz tho toot ond control filters for the immediately following 

;;;.: 5 d runn. It raay be seen tnat tho behaviour of the curvoa ia about 

Cito L • T 0.3 that for the phonol degradation runs, except that tho negative 

tw/biuity removal gradient for tho middle layer is more accuntuatad in those 

runs ovrgosting hoavy diolodgeraant of bacteria. 

1' bio 9.3.13 (Hoadloss) 

. : i. 2/71-73 

". '.":'• >:? :;:l.̂ t.'M't;'.an « 0.23 ra/h 

';.;";) oi? i:iitffi:°»ioR " nr?;...nl 

j fc'oedlooa An i n c h , o a s t f i l t e r 
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Seds - Ver. 1cm =0-5 inch 
'"' Koriz.1ciV)=2inch RT1 

RT2 

R= Run 
T= Test filter 
C= Control filter 

1-6= no. of run 
_ _ J 

6 12 18 
Distance from inlet surface - inches 

GRAPH 9,2/1 

Initial Headloss Curves 
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6 3 \o 
Tt'irte in days 

GRAPH 9,3,10 (Run no.1) 

Layer .Hydraulic Gradient with Urn© Curves 
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GRAPH 9,3,12 (Runro3) ! 
^.aysr Hydraulic Gradient with T i ^ e 
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GRAPH 9,3,13 (Run no.5) 

Layer Hydraulic Gradient wi th Trme 



-Lfer I I L i 
1-23 4 5 6 78 910 12 14 16 18 20 22 2'* 26 23 30'32 34 36 33 40 42 44 { 

/\> 
Tima in Days E2E3C 

GRAPH 9,3,U (Run no.4) ' 

... Laysr Hydraulic Gradient with Time 
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- GRAPH 9,3,15 (Run no 6 ) 

Layer Hydraulic Gradient with Time 
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LAY£R. HYDRAULIC GRADIENT WITH TIME 
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T~.r6- ' • 7 
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1 6 

2 3 

;Ke f 
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-
: 
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- •! 
1 

! 0 

. 
0 

0 
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I 0 
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1 
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. 0 
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. i " 

; i . 2 0 

1 . 9 0 

' 2 . 3 0 

; 5 . 1 0 

j s . 30 
1 

; 7" 

! 
12.30 

: 3 . 3 0 

3 . 9 0 

{ r t . i /0* 

1 9 . 7 0 

1 

1 3 " 

3 . 3 0 

' t . 1 0 

• ' ( . 3 0 

1 6J1O 

• 9 . 7 0 

! 1 9 " 

t 3 . 6 0 

! | . 7 0 

; 5 . 3 0 

i 7 . 9 0 

| 1 1 . 0 0 
1 

u . t<. 

3.<>0 

' ( . 7 0 

^ . 3 0 
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1 1 . 0 0 

:->i-i z 
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Tcblo 9.3.14 (n: r.Qlo: ,p) 

•a Kb. 2/71-73 

Valva 

\ ^ D i 

i 

3 

6 

13 

17 

20 

Wl 

0 . 5 " 

0 .30 

-

0 .90 

2 . 1 0 

5 .40 

?.<30 

Roedlosa 

r W2 

.' 3 .5" 

2 .10 
I 1 
i _ 1 

1 3 .50 

, 4 . 9 0 

! 8 .40 

• 10 .60 

In Inch, 

! W3 

1 9 .5" 

j 3 .00 

1 
1 -,' 4 .20 

S.70 

9 .40 

11 .70 

weat f i l t o r 

I m j ws 

! 15 .5" i 21 .5" 

4 .40 j 4 . 5 0 

5 .10 • 5 .30 

6 . 7 0 i 6 . 9 0 

10.60 ; 10 .70 

13 . CO 13 .30 

j W6 

i 27 .5" 

« 4 . 5 0 

-

5 . 5 0 

7 .20 

1 1 . SO 

13 .70 

•ti^^Jtvi^.J^^ggg.* 

Hun no. 14/71-73 

t-'ode of filtration: Ragulao 

Zoth filters covered 

Vnlra 

0 

<3 • 

. u 
13 

35 . . 

E 

El 

0 .5" 

-

2,3,0 

3.C3 

4 . SO 

5.SO 
1 

endlong in inch , < 

; E2 

i 0 .5" 

; -

2 , 1 0 

3 . CO 

4 . 9 0 

7 .20 

E3 

j 6 .5" 

-

4.SO 

7 030 

9 , 9 0 

12.<!0 

saot f i l t e r 

1 E4 J E5 

, 12 .5" ; 18 .5" 

1 

(3.50 7 .30 

'9 .60 . | 10 .30 

11.CO j 13 .10 

. 1 4 , 3 0 . j. 1 5 . 4 0 ' 

j E6 

| 2 4 . 5 " 

8 .50 

11 .20 

1 4 . 0 0 

1 6 . 2 0 
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•2 bSc S. 3. If l KSor^jBr s) 

rtai no. 14/71-73 

Beadloss In inch, west filter 

Valve W2 W3 W4 H5 KS 

Di 
T3 2.5" 8.5' 14.5" 20.5" 26.5' 

0 

4 

11 

18 

26 

1.3 1.4 1.90 3.50 4.00 

1.4 3.0 4.40 4.70 . 5.80 

3.70 

4.50 

5.20 

4.90 

5.90 

6.20 

5.70 

6.60 

7.40 

! 6.50 

! 7.30 
j 

i 8.10 ' 

I 
7.30 

8.10 

8.90 
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11:' - ° P .S . I Cviyog. £as:^ £>Xty)_ 

Z'trst K O . 1 

Unto o2 f l l t r n t l o a o 0.2 sa/h 

r;icBol £ona In feucfc Ali tor = 1 10 mg/1 

I 
| * 

4 

1 9 

13.GO 

19. £0 

, 'tV'M.City (Scrawnl) Gradient 

f L'-J C5 ' P5 

7.5 13.5 19.5 

(-)0.17 3.73 

1.32 0.74 0.16 
.-* 1 

Porcont 

W2 

1.5 

1.27 

W3 

3.5 

10.20 

Co 

21.5 

5.20 

Phonol <2®:;o In too t (cnot) f l l t o r « 10 ng/1 

i ^ 

; 0 

3 

7 

• 

C4 

7 

7.0-3 

0.14 

4.23 
„,._ 

Turbidity 

C5 J E6 
13 

1.08 

0.33 

1.42 

19 

0.35 

0.33 

0.33 

(Removal) Gradient Percent 

W2 

7 

15.40 

5.00 

W3 W4 

3 9 

0 3.47 

17.5 0.67 

20.50 j 1.10 2.93 

ITS 

15 

C-J2.18 

0 

2.83 

KS 

21 

2.57 

2.33 

• 1 



?.'_>1QJ<»6'3 fo'.yog g-.a-MClty) 

?.\̂i no. 3 

Rato of filtration » 0.2 a/h 

Rionol dooo in toot (coot) filtor = 10 mg/1 

1 
1 RrsbO . 

"•"•^•VUJ. 

' V 3 ^ \ 

2 

4 

12 

15 

L'4 

6 .5 

5.27 

7.61 

3.95 

3.2-3 

TurbtMlty (P/ruav&l) 

!-:3 L3 

12.S 13.5 

0 .71 3.56 

3 .63 1.40 

0 2 .86 

1.75 O.SO 

Gradient 

W3 

2 .5 

<-> 

23.64 

C-) 

23.00 

Percent 

W4 

8 .5 

6 .34 

( - ) 6 . 4 6 

5 .93 

M 5 . 7 5 

WS 

14.5 

3 .70 

3.76 

( ™ 

1 (-)7.85 

r K6 

20.5 

0 . 8 3 I 

3 .95 

0 .45 

12.25 



::•?? 

S*?a-2iiS.«A.,<.yJr''7«-Ss^S£i± 

Rcto of filtration »0.2 n/h 

Ka Phonol doood 

I 
!J L\*t>bo 

1 l 

4 

1 5 
! 9 

r.2 

» 

:; i 3 

I 24 
i 

» 

34 

37 

39 

| 44 

124 

6 

7 .30 

9 .17 

9 .13 

a .43 

0.C5 

a.22 

5.92 

7.02 

9 .08 

u.ao 

13.45 

13.93 

4.45 

Turbidity (Romova 

E5 US 

12 IS 

3.67 ( - ) 0 . 4 7 

3 .88 ( - )0 .27 

0 .28 3.22 

( -14 .10 7.CO 

C-)0.?3 4.2.7 

. ( - 1 3 6 . 3 3 2 .20 

i ( - ) 5 . 3 3 9.<32 

( - ) 1 . 1 2 7.75 

I (-)1.20 6.05 
i 

j 4 .40 O.'JS 

! 0 1.07 

( - ) 5 . 7 2 5.25 

13.83 0 .55 

L) Gradient 

W3 

2 

( -113 .50 

31.35 

38 .80 

25 . OO 

19 . S3 

28 .90 

23.OO 

28 .30 

14.15 

27 .80 ; 

26 .70 

42 .05 

-

Parcont 

K4 

8 

3.67 

2 .23 

<->3.23 

4 .02 

0 .23 

( -J2 .60 

( -10 .67 

-

( -114 .38 

0 . 7 8 

( -10 .28 

( - ) 0 . 7 8 

-

W5 

14 

4 .30 

( -13.98 

( -112.20 

4 .02 

(-)o.sa 

5.73 

4 .45 

( - ) 1 . 2 7 

9 .33 

t-JO.53 

, 3 . 73 

0 .78 

~ 

' K3 

20 

1.82 

4.97 

16.43 

0 

2 . CO 

! ( -14.43 f 

j 0 .67 

0 .63 

12.28 

j . v a 

1.15 

0 .53 



g-2>lo 9 . 6 . 5 (Layor gugbl6 i£y) 

r.mi Ko. 5 

S-i'/io of filtration «• 0.2 m/h 

- " 

:>::-:. 

I </^\. 
0 

4 

8 

11 

14 

1 
19 
25 

E4 

5.5 

<-)1.27 

4.04 

(-)15.45 

(-)11.02 

(-51.45 

C-)0.73 

-

Turbidity Gradient Percent 

E5 E6 

11.5 17.5 

4.50 12.95 

8.15 0.37 
1 

l.OO 3.67 

; {-)2.33 , 2.S7 

l.CO 2.C3 

2.97 5.S3 

-

W3 

1.5 

(-U.50 

20.14 

39.OO 

25.0 

<y.u7 

21.60 

37.07 

m 
7.5 

5.78 

<-)4.o8 

(-)33.9* 

(-)10.42* 

0. ~s£ 

0 

(-)9.47 

W5 

13.5 

(-)5.45 

12.57 

36.75 

3.64 

O.G2 

6.66 

(-)4.17 

Wo 

19.5 

(-)8.33 

(-)1.25 

(-)0.72 

(-)5.53 

0 

(-)l.SO 

4.S2 

Table 9.6.6 (Layer Turbidity) 

:.l-:n i:o. 6 

".'.".tiT-iJ-on rate •=» 0.2 ra/h. 

.'.-..icaol c!oe3 in t a s t (east ) f i l t e r : 10 mg/1 

I Turbidity Gradient Percent 

34 E5 ES 

0 11 17 
m W3 W4 

9 

22 

1.3 i 3.12 
! 

1.23 ' 3.O0 

1.25 i 13.00 

5.S3 (-J7.10 

3.45 :C-J6.28 

(-J3.94 . 1.81 

20.03 

1.11 32.30 7.44 

R5 

13 

1.42 1.C5 

1.33 • 83.30 (-)7.S5 12.69 t-n.QA 
i 

l.OS I 81.80 f-)o.2S H14.53 <-)13.I5 

7.23 ; (-J0.63 l.*2 119.36 'HS.66 1.23 ; 14.48 :.fr-)21.60 ; 

1.35 : 14.15 '(-)21.57- ;(-)2.5Q Si.31 i 87o90 :<-)4.3l- .. 8.91 (~)?.A,W 
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K;?rjnrr>pr^x RESULTS ca PILSIOL DEGRADATION 

(M.W.B. HALTOH) 

In fchis choptor, tha experimental data on phenol degradation and 

phcr.ol f e t a t i o n in a olow sand f i l t e r , are analysed and presented in 

graphical to, Ufto presentat ion i s divided i n to threo p a r t s : phenol 

C^gi'st!:tion in tha f i l t e r depth, phenol degradation in the f i l t e r with 

£.'-:3, end tha formation of phenol in the f i l t e r . The t e s t s on these 

.7'iQnc;:Dna \;ozo the la3t phase of t h i s research. Phenol r*as dosed 

in run n o s . l , 2 , 3 , and 5 and l t 3 formation was studied in run noa.4 

end S v.-hoa no phenol was dosod in the t o s t f i l t e r . TTiese t e s t s wore 

ciz-rieS e«i to cscar ta in biodegrcdcMlity in slow aand f i l t e r s as 

ciiisrtf.v.-ci cr-vlior. a t o t a l of caven trJjlaa (10.1.1-10.1.7) havo 

:.~S.l r>.::^l P.v:-".-.t-:tlon in the F i l t e r Doath 

Gzephs (lO.1.1-10.1.4} i l l u s t r a t e curves for the degradation 

of «:!ior.ol in tho d^pth of tha f i l t e r . Tho t o s t (east) f i l t e r was chooon 

io 2:2 Cosed c t lO rag/1 of phenol, when t e a t Gnd contrcl f i l t o r ra tos 

v.3ZQ 0.2 p./h. Tho dopth of the f i l t e r bed ia p lo t t ed in incho3 along 

tho eb£cit;na of each graph, and tho ordinate represents P/Po, i . e . 

tha phenol concentration in f i l t o r depth on a p a r t i c u l a r day of tho run , 

Q3 a porcantego of tho incoming (applied) phenol concentration in tho raw 

wester a t the b a l l valve. The r e s u l t s are normalised to rainiraico tho 

Qffecfc, flea to unavoidable var ia t ion of phenol concentration a t tho 

in.lot. 

t"j:Uo infcc^mfclng tho data , At io aoocsad t h a t tho firnsntJi&.ioss In 

a ~.1r.:j r-z>d CM&iz i o rolatod to the fiopfch of tho bod, co troll oo to 

•£ho SATO of C&o jr.'n. In grephrr (10.1.1-10.1.3} typica l etirveo &?o 

iSsrcra .i?0£ "vnn 1 , 2 , 3 and 5, Sox tho t a c t f i l t o r , i l l u s t r a t i n g t?io 

r-.T!.tc>uaX ;?*?->:r>.o?. n t tiny valvo dopth, <?or a Par t icu la r fcima of tho zvn. 

Cwrrviz in Zhouo gr.~s.ohn "how a graat iiall xor tha top l ayar , desiion^trnting 

http://gr.~s.ohn


v...".:?Lv a la:~o eluyscQ ©2 tV Nsatatilc^ s?>2 r\K.«oi in fclto £CT> loyor of cciifl 

C: :;i'.vi 5 e.1 tlilc!:). Shia iiofcvious £3 einilcjr t o Ciofe of heciiosa 

t~«-o2oiy.r-jui in cocticn 9 . 3 , end txx&ifilty rcsoval in ooctiens 9.4 end 

9.6. 'JKICJTO io oubctantial dogrcitSction in the top 15 era (6 inch) (E3-E4) 

Cî d scae in the raiddlo oia inches (S4-E5) of bed. A close inspection of 

tt!3 curves reveals tha t in the aa jo r i t y of the caoes the lowast point 

en tho curve i s E5 end not B3, thuo indicat ing a phonol formation 

;;'.ioac3Qnon in the bottoa s ix inchoa of bed. Tho upward trend of the 

ciwvo in the bot tca ei:r ircchoo boccr^s r.aro intoxoufcing in view of the 

::••c;;*»vo2y of presauix) as reported in cocticn 0 . 3 . Xn:vx>ction of the 

; . rcj3 with respect to tho Icsw?th o2 tha rvn reveals tha t the best 

•:".."gradation i s achieved in feho taif.iilo period of tho run. 

'.Q.2 Thonol Degradation i?ith Tiaa 

<"?-.-!?.o (10.2.1*10.2.4) chev? wvrcoa fe* tho Criorafiation of phonal 

". ;';.•'..".•:;•.)?, ao tho rim jjcwsc.c;"..;. <̂ .\o cL'.c'y^io J.u £es? the Csta calXoe'ioa 

'• ;;ol-;~3sod jmno I , 2 ( 3 <rs:C. 3 . -;ta c':-:-"r::n e>£ tho graphs 

:..::.: :.-A"?o, the phenol canccataiSica i a tho i'iltcjr c ^ i i i .^er a 

•.;• :'.u C-..y <\2 tho run, ao a po^c;ti«~r;-T o;? too irtari ing phonol. 

Curves in grephs (10.2.1-10.2.4) chew an increasing degradation 

oS '.-'irr.ol daring threo fourth3 of tha run, but in the l a s t quarter 

'::•! v^o n*~, tho toojjd ccntimtoo only i a tws of tho fcux graphs, the 

o^'io.? ti:a cranio indica te oa inerwaaing pltonol concentration in the 

Zrnt (rn"2Hox o2 tha run, inclieating npscarance of phenol, which 

z—.'j hj bsceuca of aislceger.onfc of boefcexia <2uo to insuf f ic ien t supply 

oi? e r ^ n a end food. 

/ :3.3^Jpr^.r>?.^. :^"xar^ 3w?iK3 g t a P-konol Poalng_ 

rin .-hc-rTJ S-.\\cro a nc?s ev? e w e m S.TT> C~??r~A by .̂'..©S&i&g the sreouito 

.vV \v>:"sa\ trrc-ri"r:? e'ofcr.fcrccJ foe::! cy^n?-.:-*:^?. rtttr&Kg WM'SCOSI irena, nos.<J 

•'."rr'7. 3 . Prr-^o (10.3.2-v"<,0.3.3) iJ.XrT^nfto fc?ja carvon on rarsi-logpapar for 

~';-><jol vSc\nr-f:r!Jj t o tho flowing v?n$'.v?' -Ift £ho t ac t nnd ccnfcrol f i l t e r s . 

Curvna in grophi (10.3.1*1.0.3.2) rtoere eft-osntrntion of phenol 



•:•.-.• ::"-" Oa to3 2Zc:->te?; t?.:tvz f.n tea C-.-fih. of tho f i l t o r o , ebccirrcs 

::":l;.j i'.-^.tos cL;S*.h in i:ieItoa rxfl orc^r; to shoeing Cacorbod phenol 

iii i y/l. ncoult3 in tcblo3 10.1.5 cr.d 10.1.6 ero bassd on Chlorofoxia 

^ rc rac t icn n^thod and Direct Photaas t r ic ftathod for the determination 

o.<7 p i a r o l . IYIG curves in the above graphs (10.3.1-10.3.2) reveal a 

subs tan t ia l quanti ty of phenol formed by the f i l t e r . I t shows presence 

c£ forraad phenol throughout the depth of the bed. In graph (10.3.2) the 

^ a n o l E3courod in the control f i l t e r makes these r e s u l t s even store 

ericifcing. Clooo scrut iny of the curves for the t e s t f i l t e r indica te 

Uo do tho iiych of iizxiavm phenol formation, which 13 alao tho dopth 

o:7 : -^.:'-'-»-1 I'.iciiol degradation, during phenol dosed runs , aa reported 

An c.c'cica l O . l . In curves for the control f i l t e r (graph (10.3 .2) , 

ho.-'Qvor, tli'j Coptii of maximum phenol formation appears to be W6. 

Curvc-3 (10.3.3-10.3.4) i l l u s t r a t e concentration of such t ransfer red 

;':r.i:ol in fcho t*.:o bads as the run pzoczzCa. Abscissa indlcata T3-

:•.." J e:7 t!.o ru.i in c~y~s co.fi or£:".u:;io rop.vr.i:aiits ? - tlio phenol esacosri-:.-uion 

:.•.. : ,/L rv.; n ;.' .:.-:::".S'-'.-.J: C /f—i. C.-.v/.h LO.3.3 chc:.-3 crv.woo 2az tha-fcocfc 

.::.".. .:: , ' . i .'.•.:•.•:; u:V!;h .̂!i :."•>?. csno:: ..;z;~:'j.Xz:x, <f;::̂ :;;-<:;..r;.cd by Chlorro.̂ o^vn i-fcri^action 

-.'. -•"; ; .:" >'/ D:\r: •-T:: .""..3̂ v.' ri*'.2 r::;;:l:;>.3 beir.3 plofctad ro^rrr . tcly for 

;.•;'. : ;. Cr:\ > :'.0.3.<3 i l luTi rn ' i .3 cv.vyco for both tho tcr:fc ni;d &;o 

;."sl filter:.) b:/:o<3 en phoisol ccncontrctions determined by tho Chloro-

i!z:.'.i Czztsc.sti.on fwthod only. Curves in graph 10.3.3 e;:hibit a general 

cT- :?'rjrd t rend 03 tho r r a proceeds, ouggesting a higher r a t a of phenol 

•—r:: -;"',JS' In tho bogibr.n2.ng and a lovor r a t a of phenol t rcnofcr in the 

l.'.iici.? ?:s-Ti of tto run. Tho ecH3 p ^ t t o m does not seoa to be repeated 

-;.'• v:he ciiTTOs o£ r-.r.-h 10 .3 .4 . In both thosa graphs, tho pos i t ion of 

•'£ij curvc:i .Tor tt/t:3 io lovrar rtost general ly , ind ica t ing higher phosol 

c~-zT.-^n-tsctC:ta o t cay othor C3?th in the f i l t e r , thus svggastlng otrongly 

iho rsrasaoo o£ £r!io*iol t rensfor occurring in the f i l t o r . I t i s d i f f i c u l t 

t o t o l l tTta feCTJO scaooa os? th ia jBhontr^aoji with ony dagroca of cos^ainty, ' 

bvft Lt. An c;ai".'nrl (Shafc j?hc«3l Aa tbro"^ct! &y tho ccjllrc of boefcesia 

•".••-cA.-.'."̂  :""̂ '":,'..̂ 3;,.i'-'-i# cad a^t by Ĉ .o .'̂ .̂ :7nc-3 a>7 orjia p-oytieloo. 

0»?v;)3 .in «y.roj:5i 10.3.5 illi?ot;ro.t3 tho p-iZ'fonBPJSco o? tho f i l t o r . 

••"::ViJ2 xory^ct Z?i 'i5?o jyhcnol coro.rption 2os -ih3 unc^ossd runa , noa.4 <ircd 6y 

.'•'*•>-.s.'î ra rr̂ .r>T-\':r'ni.'1.:'!g tha t i ^? of tho zvn in dr.ys end ordinate 2,03?roccinting 

" ' i - " i l .eoscrii:?"-ion in t t g / l , sit th^i i n l e t rnd o u t l e t o:? the f i l t e r . 

*:rr»->3 ''*"•":;0' nn<3 ,5-::'0' in grpph 10.3.5 P-ra for tho wiz-rmd f i l t e r e d wntor 

http://co.fi
http://Czztsc.sti.on
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r.ir;:.'/i trip, Sos a l l Ci;o ££2.Cc:r fc-.Vj e>2 tho t:r.!fcei» t.'utCL' t.'.^ta, c i tha 

c: • 7) C:::-:3 GO oxjsarfcantGl t'ii£2;:-c.2 s m a <3 c:isi S. Cr.Tv-co C.3 cud S''*3 

CTG uor i n l e t water of e::poriE3atiil f i l t e r <2uring undosed jrwno 4 end 5 . 

Curva St77 i s for the ou t l a t of (control) eijpsris-antal f i l t e r during 

undosed rsn 6. Comparing curves 4t:8 and •Ct.~\0 i t i s c lear t ha t Walton 

Rater Works Outlet curve i s general ly always higher than the exper i ­

mental f i l t e r i n l e t curve. Assvaaing t h a t the concentration of phenol 

was the same in the two i n l e t waters of the oi^arimantal f i l t e r and the 

Kciton Korfcs main alow sand f i l t e r s fcsing the SEES source of primary 

2Al£i:aig £or both) i t io cjuita c lear t ha t ce^e phonol i s produced even 

by the uain slo-? sand filfcor beds of Walton Works. Locking a t 

curves 6:?7, 6r.:3 and 6v:;:o for run no .6 , the upper pos i t ion of ou t l e t 

curves for e ^ c r i s D n t a l end the naln works, fur ther strengthens t h i s 

view. This israorfcont finding i s supported by the descr ipt ion of 

pftanol t ransfer curves, e a r l i e r in t h i s s ec t ion . 
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ŝ e-s i:^]Ta€n'y 
?>uh no 2 J 



n:0 

E1E3 
6.5 

.E4 
Di inehofl 

12.5 
E5 

13-
.. E3 

• : ». • ,--•'! . i . ' -rvf- ' .v .v.! ' - . - ! '. ' ; '.'..^ ."..'-' •>* * O U ! /'• 



SSG 

10 0 ^ 

a. 
0) u 
« _ 
u> 

Scdo HQr«1cps2inch 
Von t,r>x'3cyc 

Leponb 
—s-Sclcly curve 
«-*s- 4 c-. aye urva 
•=-5-0CJaycurvo 
•oM-^yeurvo 
- ••.-.-^.^veurvo 

*':<]<. ay mvvc 

11-5 
E5 S3 

n e h ) 

P'̂ -ncl Dwcje^lon wit!- v ^ - ̂  ̂  h •' C y rv ' ^ ' 



ScateHor 1cm = 1 day 

Ver Log 3 c y i ' 

Legend 

_j_o—£—2 Curve 

i i J L J L J U. J L J — 4 -
'3 *3 6 a 

J 
9C 10-11 12 13 14 15 16 17 Q/i9 

"; '• • TtJ {DO.?*} 

' . ' 8 R A Q : J 1 0 , ^ 1 tf lwn no1 



223 

9 ' a ^ 11 
Td.(Days) 

^ D?a 
GRAPH 10 2 2 ? Run no ?., 

•ac'a'-?on v^ith 
"O'~o 

TITS Curves. 

,.^v <f-o«ri**rc«wr**'7,!«*>:'ir>»t*3*V~' 



*~p. 

S 7 3 9 10 
Td (Days ) 

JV- ; ' S R A ^ H ' ^ y (Run no 3) 
'*"• Phenol D^r^-v.^cn. v/iJh Tiros ••• Gorv.;33 



2>Q 

Scale Hor 
Ver 

1cm = 1 day 
Log 3cy 1 

1 
3 h. 5 7 a 9 to 

Td (days) 
11 12 13 14 15 1S 17 13 

S 2 A P H 10, 2 , ^ ( R r m n o 5 J 

so D^cr^dc^cn v /̂.jth < 3^9 Curves Ti. 
•I 



— •» -^"^ _ _ _ 5 " * _ ——TO i 

Z*-9 Days 

•<P ioey^ 7 D :^<rr 

sample undtst i l le^-

sampledistilled 

3 D 1 

5 Days 

ssdJSDcyL 
11 12 13 U 15 1S 18 5 6 7 8 9 

Di ( Inch) 

8r?/V?H 10,3.1 
IrH"^. no />f 

?h'*^v\ .pr-5-dudbn . w?"ih . d^o'Jh • curvss 



Gii2 

1cO 

y 
y 

/ 

f qLlDays-C-

J ^ 6 Days C 

'16 DaysC 

9 1 9 12 3 4 5 3 70 910 111213141516171B.1920212223 23 
Di (Inch) 

• GRAPH 10,3.2 
'.Run no 3) . 

;s>na3 Production wj*h cteD>h survr:.-



W^nt d 



l/.fiui d 



8&> 

1/ 6r / uoj].oijue3upo |0U3} tj-j 



CM 

d 

u 
(3 u 
a 

<3 
U 

I 
s 
I 

i 

•o a a 
% 

1 
In 

CM 

9 
o 

1 
o 

1 
o 
3 

« 

*> c <u 
l-l 
01 

a. 

o 
•|. 
0 . 

; 

r 
!. 

V! 

c 

I f 
r - l Ik 

•̂ . C? 
El 

O 

K 
r - l 
0 
S U 
£ 
A. 

m 
- 1 M 
i t i 
3 

•0 

11 
CI 

« CM 
M 

CO 
£d 

fll 

•3 
hi 

P i 

I D 
O • 
W C3> 

r - l 

in 
in • 
W CO 

« - l 

•» in 
w r-

o m 
a . r - l 

N 

J O 

o 
J O 

<o 
J 

3 

m 
i 

I ©» 
r - l 

m 
• ro 

< H 

v 
. r-» 

in 
. r - i 

O 

O 

•*< / 

a/ 
1 1 

\fe 

o 
o 
0 0 

vf> 

8 
«ff 

u-) 

8 
VO 
r» 

O 
o • KO 

r-

8 
d 1 0B 

8 < 
r - l r 

tn c 

O O 
co c» 
. . in •» 

ff> r - l 

s 
1 • 

r - l 
r - l 

O 
1 

1 
o r - l 

1 1 

o 
ro 

1 
r H 

ro 

? 8 
-1 r - l 

? 8 
• 1 • O n O 

rr o 
r~ 

• 1 
r - l 

in 
ro 

> 1 
.-< 

O 
en 

• 1 
i-< 

O 
en 

• i 
r - l 

8 
• i 

CM 

in CM 

• « 
CM « * 

• H 

"=* r - l 
r - l 

o 
o 
o 
r - l 

8 
<x> 

8 
« r» 

1 

8 
• 

o 
• r» 

V 0 

CO 
r - l 

o 
H 
a) 
±> 
10 
w 
c 
o 

i3 
M 
4J 

r l * > 
c 
w 
u 
c 
o 
o 

o 
c 

<M 

• r-i 

• o r - l 

1 
I r l 

•o 
41 

to 

•8 
• H 
0 
t! 
0) 

•> si 
0. 

r l 
41 

4 J 
r - l 
• H 
( X 

^ 
U 

a Q) 

~̂  
* j 
O 
0 ) 

^ 

• r>» 

• o 

i s . 

:e
n

t 
Pe

rc
 

o 

T - * 
o 

vo 
M 0 

H 

O 
in < 

rr O 
M * 

1 -

ro O 
4 

r - l 

Cu CM 

w o 

CO 

w o 

_ 
r 
L? 

£ 

I T 

& r - l 

"^ 
s* a 

•» 
a i H 

.C 
0 1 r r . 

•-) W 

3 
•0 
-r< " 
10 

S CM 
w 

» 
M 

0 
.Q 
0 
u 

0 . 

m 
^ ? 

• 

"S1 

. r - l 

O 
CM 

. CM 

* < M 

•-* 

o o 
r~ r* 
. • r4 CM 

CM 

O 

co \5 
. . O >n 

CM 

O 
en O 
» r~ 
. • O CO 

r - l 

2 S 
• • r-i r » 

r - l 

° 8 S. 
! > . . - « ro 
V D CO 

8 8 8 
r H r H r H 

O 
r J 1 O 

O 

) C * J 
r - l 

o 
• 

ro 
r - l 

o 
f» 

o 
r - l 

O 

• 

o 

o c 
i n i f 
ro r-

O C 

9, § 
* H C 

• • 

o c 

S 8 
r-l C 

o o 

8 a O * H 

• • rH O 

ro O 
• • 

in en 

en O * * 
r» en 

/ •^1 o 
1 

J 
1 

\ t 
i—Z 

O ro 

o 
j o 

r * 

v-1 

> o 
5 S 
i 5 

T 

s 
1 
1 

8 ro 
ro 

8 
r M 

a 

ro 

r* 

^ 1 

o 

r-
r H 

r-

i 
1 



i'-'SJ 

ill 

«• 
< 
a 

CM 

. o 
a 
01 

a 
u 
c 
o 

• r l 

09 
l < 

*» i - t 
• H 
rM 

"c 
o 

• H 

•u 
<« M 

•r> 

c 
01 

o 
e 
o 
u 

# H 

o 
o 
.e 
a, 

~ 

a 
Q •s 

f - t 

S a 
£ 
M 

M 

r - l 

• r l 

N 
«»»•% 

* » 
o 
O 

*»Hr 

i i 

3 
c-< 

ro 
. 

O 
n 

5 K 

4 J 
G 
<i) 
U 

u o 
a. 

0 
0. 
• I -
P i 

r - l 
^ s . 

iT 

r - l 

S o 
lu 
l-t 
Q 
Z> 

r0 
• H 

I 

V 9 

ty 

m 
u 

<» 
M 

r» 
M 

r-4 

M 

CO 

M 

r» 
[-! 

s 

i n 

M 

<» 
W 

m 
W 

r - l 

w 

§ 

5 
0 
I-l 

P4 

in 
. CO 

r - l 

m 

1 M r - i 

1 

i n 

• VO 

m 
. o 

o 

o 

• 
•a 
• 

" 
i n 

CO 
r - l 

i n 

CN 
r - l 

in 
» I S 

m 
• o 

o 

o 

-* / 
°/ 

' T3 

1 

1 

m 
O 

o o r> o) 
• . I S O 

CN 

, 8 
. i . 

* 1 •"* 
1 

Cft 

m 
. v 

CO 

• V 0 

CN 

O 
r~ 

« 

8 
• o 

IS 
* - i 

8 5 
r-< 

8 8 8 
r - l 

O 
•3* 

.d 

S 
d 

« 
s 
• H 

• o 

{2 
r - l 

r-| r-l 

0 0 
m . 

w O 
r-l * 

° § 
.» • CN O 

« 

° 1 
• CN • 

O r - l 
1* 
1 

s CM 

• o 4 

s CM 

• o 

r> 

CM 

r. S 
- 1 

r - l * 
r H O 

1 

r- eo 
. . in •» 

m o 
i H 

rf CN 
r - l 

: 
1 

O 
r - l 

. t -
CN 

O 
. 

CN ' 

o 
• I O 

CN 

a 
a 

I O 
r - l 

M 
I O 

8 r - l 

V 9 

CN 
r - | 

in 
CN 
i - i 

r - l 

. r H 
i -« 

f * l 

• CN 
i -4 

I O 

. t* 

o 
* <T> 

CN 

o 
• VO 

<*? 

* H 



0 
CM 

. 
o 
I 
<a 
*J 
B> 
H 
G 
O 

•rl 
U 
« 
u 
* 1 
»H 
M 
Cu 

c o 

14 

c a 
O c o o 

•a •a o 
% 

0) 

I 
1 

2 

I « 

s 

1 l/> 
w 

en
t 

o 

P
er

 

o 

IS 

r* 
o< W 

• 1 . 

& 1 

—t 

> 
u 

9-4 

8 
A 

a. 
t - i 

3 
•0 
•r i (A 
01 
K 

1 1 1 

-

1 '"» 
IS 

e» 
ri 

10 

w 

a 

s 

a 

r̂  
i-i 

_ ± 

in 
. •r» 

r* 

-I 
rH 
r-l 

in 

m 

O 

O 

! 

•a 
3 

in 

* r» • - i 

in 
. r-l 

r-| 

m 
. 

m 

O 

O 

• r | 

a 

•a r- 1 

8 
\D 
r-l 

8 
d CM 

o 
CO 
CO 

8 rH 

o o 

o 
rH 

tn 

O 
rH 
• i n 

O 

m 

O 
r-
r~ 

8 
<-l I rH 

o 
O 

6 

O 
•» 
o 

o 
in 
O 

O 

a 
I N 

o 

5? 

,. 
2 

*6 
o 
(N 
o 
o 

o 
fM 

o 
o 

o 
CM 

o 
o 

a 
<M O 

• I • 
o 

o 
lr> >-l 
* O 

o 

o 

3 
ft 
• o 

«? 

a 
t> 

CO 

•8 
rH 
rH 

a 
c-4 

o 
en r 
CM 

O 
r*i 

. CM 

s 
rH 

O 
•» 

R | "• 

8 
rH 

s 
rH 

o 

a 
CD 

o 

O 
rH 

• i - l 

a 
tH 

d » 

^ 
• fM 

© 

s 

CO 

8 
rH 

o 
o 
o 

8 
CM 

o 

s 
rH 

o 

o 
rH 
>-t 

• o 

8 
fM 

O 

o ' 
. r» 

rH 
rH 

o 
en 
n 

O 
r-
. r>> 

O 
rH 

CM 

O 
en 
•» 

8 
rH 

O 
rH 
rH 

, o 

o 
•a-
m 
O 

O 
CM 
r> 
. O 

s 
ft 

o 

a 
V 

• o 

f^ 

. CO 

-i 

1 
o 
"** 1 rH 

o 
rH 
• CM 

o 

r-i 

O 
cn 
•» 

8 
rH 

s 
o 
o 

8 
-H 

» 0 

o 
r> 
CM 

O 

s 
n 
O 

a 
m 
* o 

*•» 
. o 

rH 

0*1 
.-1 

. 



<rt 

r - l 

d •-* 
? i 
• r 

•3J 

_\ 
CO 

o 

t> 

O 

<3 
Si 

C 
o 
«-l 

M 
* J 
r - l 
• r l 

Cu 

••̂  
C 
0 

• r l 
4 J 

0 » 
•a 

c 
o 

a 
^ JJ 

s 
Q 
O s 
0 
u 

o 

(*=> 

* 

5 
r 4 

Q 
2 
Q 

K 
£ 
? • 

»-« . -w 
&. 

*̂ 
3 

) H 

• o 

* B 

1 

; 
1 

i 

c 
0 

m 
r - l 
r - l 
- r l 
4-1 
a 

-r | 

a 
H 
01 
4 J 
i n 

< 

»••« 

r - l 

\ 

0. 

6 

a 

r - l 

g 
<u 

A 
r - | 

3 
•o . 
a o 
« 

-

1 > ' J 
J ^ a 
' 1 

i n 
M 

T 
M 

r> 
M 

r - l 
N 

00 
M 

I 
1 

r> 
c? 

i n 

• 
00 
r-l 

O 
4 

Csl 
r - l 

o 
19 

m 

d 
i 

o 

o 

o 

» ra 

* 9 

• m 
W 

« T 

w 

f l 

It) 

o • 
09 

•-» 

O 
CM 
r - l 

o 
\o 

' iA 

. O 

1 

o 

1 1 

•-• 1 ~ 
63 J O 

{ 
O 
i l 

O 
j Q 

o n 
IS. 

__z 

. 
o 

/ 
£ / Q / 

I 
1 I / 1 

1 1 
: > 

l 

o 
r-C 
r - l 

d 

t>-

T 

o 
m 
r-4 

O 
u> 
r - l 

o 
CM 
O l 

o r-
O 

3 
O 

o CO 

o 
O 

3 
U 

( N 

O 

o 

e 

in 

r-l 

o 
m 
CO 

O 

O 
m 
0 3 

0 

1 0 

-* 

O 
in 
r-» 

t 

O 
Ch 
O 

•-» 

o i n 
( S 

- * V 

bi iTTTl 
i '" \ol 1 . 3 J » P ; :>> \ 
| ; - O 
f • * 1 

o o 

o 

6 
1 
i o t - l 

T 

d 

o 
I D 

o 

d 

o 
CM 

in < 

• 

i i' J i '6 
( > f 1 M W l « < i 
• • o <J rf ! <-: O 
O «-! O O , O O 

O O O O O O 

rt e> v n 
r-l r-l r-l f-4 • » « # 
O O O O 

-O 1} 
U U 

m o O O O •-( 
in oo O r-l m o 
CM r-i n PH O O 

6 6 6 6 6 6 

in o O m 
<• ^* fft 0 1 
r-l r-l O O 

• • • • 
o o p o • a 

o 
O m O O CM 
O CM vr en 1 O 
•"> - 1 O O 1 O 
• • # • 1 • 

o o o o o o 
3 3 
o o 

<o 
o 

O O O O O O m vo 
c o r ^ l | m in iH in r-i Q 
r - l r - l O O r - l O O O 

• • • • • O O O O O O O O 

3 3 p p t j ' O ' O ' O ' O ' O ' a 
O O O O O _> o o o u o 0 0 0 " f > * o n O " ! ' ' ' * ' f > l 

C O ' f r C M C M Q . - l Q r - I Q Q Q 

o o o o o o o o o o o 
O O Q _ O O C 

o o o o o c 
O O -c O f u U CM V7 l»> r-« C 

d d d d d c 

o o o o c 
»n rn <y r^ y !N :n vo r» rn r> 

** 6 6 6 6 c 

O O O O O 
n m ro CM in 

"» vj> \o o m m 

«H d d j»J d d 
— . — - — o o o o m 

n r< ro en o 
O «*> vo 00 ro <H 

r» O Q , 0 P O 

Q O O O 

r^ oo VD in ip ro 

rW O O ^ O O 

O O O O in 
f» r- O W O 

gi in « i n t ) H 

-•• o o |o d !o_ 

O O O Q O O 
•M a .^ in n <f - I O O O O O 

. 
o & <N ko co ^r 

<-* ^ M CM 

3 O O O O . 

i > O O <n CM 
•> r~ r-i i*> o 
> r^ <-) O ( O 
> o o o 

> m O O 
• oo I D r> 
1 r-l r-l r-l 

> d d 
•O 3 

o o o o «•> 
ro PO rn in Q 
CM n r-i o O 

O O O 

in O O 
oo en <H 
r-l O <-• 

p o o 
3 

18
5 

08
0 

13
0 

00
4 

c 

O O O 

a 
o o a m co 

m o o p 
r^ O O 1 O O O O 

pi 3 

O ro O "> CM 
rn ••? in <•> o 
O O O O O 

r-i •!}• r~ <j> m 
n ro ro ro *̂ * 

I 

[ 

1 i • , 
• ( • < . . . . v - - -

(9 
r - l 

f i t 

a 
r-l O 

9 * J 

a b> 

<1> r-l 

t
i
l
l
 

S
t
i
l
 

IS W 

3 * 
' % s 4 J 

<M <M 
O 10 

U JJ 
U O 

2'S 
o> a 

B g 
O 0 

'•-1 <w . p o 
o o r-i r-! 

"3 -3 
n » 

3 -O 
O O 



X 

> 

o 
« 

a 
u 
c 
o 

•H 
4J 
(S 

4J 

o 
•rl 
4J 
O, 
14 

o 
CI 
01 
•a 
c 
o 

•H 
4J 
IB 
u 
u 
a 
a 
o 
p 

o 
e 
a 

£> 

J 

< 
• 

'',"•".'• 

- ^ 

10 

A • 

o 
r - t 

a 
c 

•o 

C9 

•8 
-< 
o 
c 
o 
.e 
0. 

o 
z 
M 

Vl 

« 4J 
r-t 

-( Cx 

•*̂  
*> - 3 

. : a 
*** 
a 

3 H 

. tf> 

• 
s 
% 
« 

u 
a +J 

r-l 
•H 
<U 

r-4 
o 
u *J 

c 
o 
CJ 
w 

.-1 
V . 

<? 
3 

B* 

*— 
r4 

•^ 
I 
0. 

« r-l 

S • 1 
r-4 

1 
§ 
« 

• 

P. 
•* 

r» 3 

V? 

in 
? 

v 
* 

n 

m 
•0 

3 

q 
« •-< 

q 
r> 
w 

O 

r~ 

o 
S 1 -̂  I 

j 

ri 

r* 
M 

U7 
U 

U> 
W 

«» 
w 

M 

w 

<» 
a 

• • • • • - / -

8 
& 1 

o 

•d 
» 9 

O 

• r~ 
r-l 

q 
r-l 
r * 

O 
• m 

O 

o 

i 
i -p 

/-" l 

en 
O 
O 
d 

8 
r-* 

• o 

•-( 
r> 
m 
6 

1 

1 

to 

CM 

• o 

f t 

<* q 
d 

o 
r-l 

o 
o 

r» 
CM 

q 
d 
VO 
c» 
q 
d 
v 
f > 

q 
d 
r» 
r-l 

o 
O 

O 
r-l 
o 
• o 

r> 

to t -

8 
d 
IS) 
O 
CM 

• c 

o 
r» 
<M 

d 

CM 

3 
d 
en 
o 
O 

d 

o 
c~ 
q 
d 

in 
r-I 1 r-l 

q j q d d 

CM 
m 
O 
• O 

o 
r-l 

• O 

i n 
<3? 

o 
d 

o> 
r-l 

o 
o 

CO 
r-l 

o 

6 
v> o 
q 
d 
10 

<») o 
o 

f t 
CM 

o 
o 

CM 
r-l 
o 
o 

^ 

«H 
m 

o 
• O 

f l 

8 
d 

U) 
<H 

q 
d 

CO 
r - l 

O 

O 

V0 
r - | 

q 
d 

<* CM 

q 
d 
CD 
r - | 

o 
o 

to 
o 
o 
o 

CT 

3 
o 

-

Ĉ  I 
1 
j 
I 
1 

oo
s 

d 
o 
n 

q 
d 

CO 
t - 4 
- 4 

d 

u> 
fM 

q d 

i 

o 
r-l 
IN 

• o 
1 

CO 
vo 
q 
d 

r» 
f *» 
O 

o 

o 
i n 
O 

d 

8 V 

I P 

CM 
n 
q 
d 
V9 
r -4 

O 

O 

ro 

8 
o 

x> 
-i 

I N 
r-l 

q d 
CM 
CO 

q 
d 

r~ 
»̂ q 

d 

r~ 
O 
r - l 

d 

o • - i 
ro 

• 

O 

001 

• 
o 

19 
CD 

q 
d 

»N 
fO 

q 
d 
CM 
i n 
O 

d 

CM 

4 P 

CM 
r-
o 
o 

in 
m 
O 
o 

(rt 

8 
o 

•> 
M 

I 
v 
a 
c 
o 

u 
ro 
M 

5 
o 

CJ 



o 
D 
o 
iJ 
d u 
a 
Q 

v-J 

R 

0.) 

a 
hi 
Q 

•a 
u 
e 
o 
u 

a 
a 
5» 

ct 
<M 
U 
O 

t - l 

s 
5 

o 

li 
t - l 

a 
0. 

CO 

1 <0 

1 ** 

en 

O
O

T 

O 

n 

irt 

12
5 

CM 
r-t 

* 0 

r* 

r-

e*> 

«o 

f » 

CM 
t-l 

CM 
00 

Irt 

CM 

o-3 

; i a. 

I ' 
Id 

§ 

8 ° 

OH 

a 

! 

o 

•*) 
•"? 
of 
. . . H 

4) 

t ^ i 

0 

r j 

<) 

i 

«? 

* £ 

3 I 
( 1 ; 

| • 

I 1 

- t 
\ -? 
Po 

;3 
if* 

o 
g 

«D 

09 
m 

8 

15 

CM 
n 

. 

A 
I 

** i i 

09 
r-f 

3 1 

-1 
I 

IM ( 

* i 

CM 
CM 

O 

0 0 
r-t 

<M 

3 S | 

in 
-* 

* 

<s 
CM 

«* •H 

l / > 

•-* n 

v 

V9 

j 
** CO 

r̂  

en 

r* 
r> 

in 

r» 

w c> 

. 
I - I 
CM 

CM 

5 
«/> 1 **" i 



'?/?, 

DISCUSSION O? R3SULTS AMD C&ra'ZLATICM OF Ercp.'-reana.sW'.TOH 

21.1 piocusnlon en initial Headlogg 

K»3 co;;nward movon::>nt of water in n olow sand filter la so cjiBall that it 

-:_w c;.\2ol'j ho cortDiouscd a laminar flew throughout the bed. For dotormining 

~:o isiitial hoadlooa when a filter Is elonn we can use the Kozeny Carman 

'. .•.•---'-on. 

H a 

2 
5d Vf (1 - f)~ / 6 . \ Di 11.1.1 Vf (1 - f)2 / 6 . \ 

Kg f3 \ do / 

:• :..: :•:.:•• €:••:• \.-^.~ vi.C.cnct^J, 1.0 I'^/ia fj ,1t 20 °C 

:- :••; C:>; ;r\o:; c".a:;^' o^ fV; i.'AMi<3, I 0 3 I^/.i3 

'•'J in 'ijjci r-p^.::ofn'A vulsc'.t-y 6.'̂  fLtifc.'-rofciojj, m/s 
2 

3 io the (jz-cvitational ecculoration, 9.81 m/s 

2 io tho poronity ratio of olefin filtar bod 

Co is tl'.o cZSoctivo dloKOtor of grain of filter oand, n 

31 CX.atmGO into filtor from inlet surface, a. 

?. r,/jt ^'.titration valocity, 40» pereeifcy, 0.25in effective size and 0.50m 

3 K 7.0-3 Q.3 , (o.S) 2 / S \ 

2.03 . 3SS9 3 0,.11 {©.<5)3 \ 0 . 2 3 : : 1 0 " 3 / 

'.„".,.", ••'.•-''.-: the: ccSii.il and ^ . r r r^ . i . ' joA Ini.Zlrl hcr&Xonn ?.oz t ho runs 

'.'•.'J .-•'•''•r'-f ,T;JJ "'vrjifc s"->::•-;. " ^ P I'-:;;.-.!?;/ Cr,..r-,,,*i o^ar.C:?.9n «."rt5 '.-r&doly for 

..'.'•.-.:-, t'.-.i x-i.U.^d fco -JTO'I-'IO <"•'•?•? Aly r "<>.iC/'rr'iory .•?rou.Vcr< i n t h i n ca fe 

:",-•' -VAC! ?ilS<~-^. Aefc>v>l h-'iirv-•) i 'l '-..'.qni.C.f.flfr.ifcJ.y hio>hor (•-•bput fc'-'Acn 

i:'. • "̂  .•) '*•-" <tSr" £>T^ . V . o ^ «?) r-7ij/'S:Aan 1 1 . 1 . 1 . 

http://ccSii.il
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•'. : '.-/ .••:.;,;• fea August VScv; c o v e r i n g cyrr-Aug end :)U>M£;Z Etsnfchrj, t-hAeh 

•i ;•"..; kAwlocjAeal cctlvL'cj A»i (JIO £ A l t i r a end sr.i-oing uo l2 p u r i f i c a t i o n 

r?.',' i.0.3:; cuad £ i l t o r o fay dcrjz-tiriAjjg t'ho c logged ojrg.jnicc in tho p o r c o . 

" : o hicrt i n i t i a l hecdlouo wn bo dioeuoaod from two a n g l o s i - I f t h e 

;;o2»^Afcy of fctio bod i s cons ide red .11 ft, dua t o oono J:*" ."-Jldual c logg ing m a t e r i a l , 

A^Sond o£ <3O0, thon tho hoc&lonn by e q u a t i o n 1 1 . 1 . 1 l o ra iood t o t h r i c e l t a 

-.-."JVAOUO voluo. So oc rap ing h o l £ inch l a y e r for d o n n i n g tho bod has n o t 

• }:-x>CrxyJ t-fcc> d.viirod r o n u l t , a thA<:!;or l . iyor 1.5cm o r oven 2.5cm should be 

'J.'.-J t o pi'ncSi't.'n a clconoir bod fit1--] r e d u c i n g tho i n i t i a l hoadlono and l e n g t h e n i n g 

,'~\: iryji. 'ih( ifo Mioy a l s o bo ct>'.;i ( J i l t pc nofcs-atlon. The bulldt>ro ownd iiw**d in 

•̂-",io i:ilfc'ory \v.'.<2 a h igh uniftatruiiUry (wg f i c tua l ly non un i fo rmi ty ) c o e f f i c i e n t of 

,",.5, end (in o f f o c t i v o a l s o 0 .2 :} . (•;;I.;:!» 1 1 . 1 . 1 show* t h e of f e e t on Band o l z e 

;;.:.;jC-.i.-l'aution wi th 3 .5 0 

Grtph 1 1 . 1 , 1 . 

iii'ttx^isv-'j cjf,!--.; -' uu UaisiO£-wAty CooSSisiunt 

0 . 2 0 . 6 1 1.4 

Grain e l s e , d, nm 

1.8 2 .0 

. " - • .̂- !>^iAa'3 O A P T - I ) , Ir-Glftc/Mid ;?f rrhn IiAr.-Si wnA.ToCTjAfiy cooiTAciont (3.5) » 

;-~ .'?;Vj„ 1A.A.X. SVJO p~cco::n<: «# f-'i*"'; ) f;?;\At!n mAwd Afl£*> t h o «3o,?£h of tho 

'.v.."ft'••.? (^cn.rArj? An wAnd fhnS o nAr-? m ^ l jTil^cr doon no?, nt.«r,"tA;>, rr; dooo 

'1 -r^n.'.d £AA?-."?), .iruTr-n Q '.itrty?? ;v?:^-hXllzy, \:Lth eonr-ocu^nfc por-oAMlAty of 

• --,.•-•;-t~j;,-| £ n n i v v ^ m i o n •y^n^'>:'/"^-"i:.v\ w l l irs-o vh-'71 .0'\n!:h rci? tt»i-» fvjnd. 'JMs 

,:,:-.-.Xzi-', £ho .lii 'innlinonp of tho .'i'uV) J/'.vu-n bclo:? t o o iwhaiiitndocka. 



G:r.->i 2.1.1.2 e h c j i s g CHTVQ o f tho r a t i o <j vcrauo unifoiriaity e o o j f i s i u v j 

,;) r.;.-;.", boon crawn bcu;..3 on Sozsula (Huioaan, 1974) 

D = d (1 + 2 log U) - f d 
9 o o 

1 1 . 1 . 2 

Graph 11.1.2. 

Uniformity v/a » Curve 

t.'hore D is the specific diameter of sand grain in mm, 

d is tho offoctivo oiae of the grain in nan, 

0 is tho uniformity coefficient, and 

*? is the ratio between the specific diameter and the effective diameter. 

° Specific diainater ia defined (Kuisman, 1974) as the size of an imaginary 

grcln from a uniform cnnd of which a certain weight has the same gross 

curfaca area cs on equal weight of tho filtering medium under consideration. 

In Graph 11.1.2, t-.'hon tho uni^aroity coefficient io raiood froa 2.4 to 

*3„-%' S"!o "\f incroenon :h'$n 1.75 to 2.0 and tho value of (D ) incrorx;oo frca 3 
3 

;-.s <3, -ZZino e x f a c t i n g Is i n Dcxoy'o Ira*, 

H o Vf P i 

"-j^t.T^ .'3 XB ~\& h<=vi31oea 

V.? ATI •;>-> v e l o c i t y o.<f f i l t r a t i o n , 

'.'.'• P i !•>-•• ri^oth o? f i l t e r , ;uid 

• S .1c g co~ ~;'<:et-:>t of p e r w a b i l i t y 

1 1 . 1 . 3 



r'o'o 

.": " 153 (0.72 + 0.023 T) gJ f5 B a n/h (KuiaB;.in, 1S?4) 11.1.4 

(1 - £)2 

The favourable impact oxpocted t h e o r o t l c a l l y did not happen i n the 

olow sand f i l t e r , because o f the high permeabi l i ty constant working out 

t o be 8 .4 tc/h. High permeabi l i ty i s good for tho rapid f i l t e r but bad for 

the slow sand f i l t e r , as i t a l lows f ine p a r t i c l e s t o escape i n t o the bed, 

which depos i t on the sand surface and remain there for as long as there i s 

no back washing. 

In CorEan-Kozeny equation ( 1 1 . 1 . 1 ) , tho p o r o s i t y function i s inverted 

conpaxed to the permeabi l i ty constant equation ( 1 1 . 1 . 4 ) , and thus p o s i t i v e 

v a r i a t i o n i n V has negat ivo o f f o c t on the i n i t i a l h e a d l o s s , s i m i l a r to i t s 

e f f e c t in Darcy's equation ( 1 1 . 1 . 3 ) . 

I n i t i a l headloss curves with depth as shown i n Graph 9 . 2 . 1 . are not 

l i n e a r a s expected by Carman Koaony or Darcy'o equat ions , but are 

exponent ia l , nsore so for tho t e a t f i l t e r , i n d i c a t i n g progress ive c logging 

o:? tho f i l t e r from bottom t o top, probably aa a r e s u l t o f s i l t penetrat ion 

r-.i.\ tho br.c'ca^ial growth, duo to hic?hor 0" r.nd phenol tSosing yor jaec i^o ly , 

....J i.:i::~ ru^te c leaning by cuzSnco ocrv./oiag ertly. 

: ,1 .2 . Headloss Development in tha F i l t e r 

Pressure curves (Graphs 9 . 3 . 1 - 9 . 3 . 8 ) c l e a r l y e x h i b i t an over ­

whelming b u i l d up o f headloss in tho top 5cm of the s low sand f i l t e r , 

sugges t ing correspondingly altroat e n t i r e suspension reisoval, p lus 

•y^Horous micro-organism growth, in the top l a y e r . There i s no ind ica t ion 

o:; a negat ive head developing a t tha end o f any o f these runs. This can 

i n a t t r i b u t e d t o ample depth (1.52 ») of water ovor the f i l t e r . Thus a 

roaconeble depth o f over ly ing water has helped i n two ways : - f i r s t l y i n 

lengthening the f i l t e r run by increas ing tho t o t a l onergy, and secondly 

in bot tor phenol degradation by increas ing tho contact t ime . I t i s 

r^-nrancd t h a t tha orran ic n>2£:tor growing i n fcl-ao ccad pores end the organic 

z'-^.'.v-x in cunpcsrAasi i n saa victor i 3 hierh.ly eor^sromiMo and duo t o tha 

j.y.T-'.'-?.•; i~n i s fccacilc."; • tho u&l-X&a g e t eoo»j?c:~-"v3 enuring rcducad •pcsnoebilifcy• 

-"..: <:*J-) iscS, Qr.yocH.aXly tho too Ir.yor. 

.*£fca enrvon i a grra?h 9 . 3 . 9 exo cAMlnr to en orcponontial curvo, and 

'r-.'io 2r/-?.T;-Mj.'.ic grrfi.icnt cuz'.»~o !:QZ tho top Xcynz i n graphs 9 . 3 . 1 0 - 9 . 3 . 1 7 

-?>OH aln-D-t i!io o.it.irc? bo^dlonn An t.bn ton Ip.yot. I t i n a l s o c l o c r from 

':-M'-"~ gr^?^" thpfc '-br> J.orirj«-ji. o<7 ~>>.n .Cn.r *->'n STit f i l t e r was considerably 

'r-hox'^t \*i?.m yir> ph***o\ ••y-o.n air"*5. .y»»̂ T*o.V-ir>r3uc'.''*l Molocica?. a c t i v i t y in 

'•'•'so top li\ysnr nnfl wi th in t>«o £A.1,5:p:r CAU-"O(3 2rr+rz ^oedlorn dav^lbrw.nt in ' 

http://Qr.yocH.aXly
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:'•.• , .:.,V.'-. "•:.'. Wso2oicoirof i t may So concluded fcUrjfc fcho hoadlOLio fcov.-.leturjne 

.-'..'j v,.""> •'.::•'•} i a y o r o f a c l o y oand f i l t e r l o c a r o o f a b i o l o g i c a l £!ho?:ci::::on 

• v ' i c": ;»iPS0 b i o l o g i c a l growth p r i n c l p l e n . I t i o appa ren t t h a t a t o t a l l y 

:;..;•? eo.T:;olctlon f o r d e f i n i n g t h e head losa In o olow sand f i l t e r ia 

LV.-rtV'd t o be evo lved . Iwaaakis (1937) fundamental fo rmula t ion 

— m ,>C 1 1 . 2 . 1 
dDi 

(whora C - concentration of suspended particles in vbluma per volume of 

wator, Dl • Cepth of filter layer, and A • filter (or impediment) 

coefficient). 

*"* ^ - • - 1 d j 11.2.2 
dDi v 

dt 

„. ; j . :?.; tr '~ r . ' / ."ciJic f.J73aA-s and t l o tho S&ltzcXloa fc&sn)» ovon though 

<•..'.;.•.•'.- XX'J b:.:!r.'& on i)ia :i.1o>? n<<.nd f i l t e r , on ly a c c o u n t s for tho p h y s i c a l 

,,.:,!. „>;, '..-..•)v/i^uic r.sp;icco o f f i l t r a t i o n , t h o u i u o l y uaod Koaany Carman 

C^-iv1) e q u a t i o n 

B_ • Sf Vf ( 1 - f ) 2 J6_ 2 

dv3 t h o Ratio 's (1945) equa t ion do no t havo a g r e a t d e a l t o o f f e r and s u f f e r 

Sxofi Wio oniS3 sho r t cc r J .ngs , even though t h e s o l a r g e l y a g r e e wi th r a p i d 

S i l t c s h a a d l o s s e s . Even r e c e n t mathemat ica l models p r e s e n t e d i n t h e 

o i a t l o a , f o r example ( Ivas 1960) 

a ' > 
SO 

/ 

\ 

r i 
ro 

2 3 
(1 - f +«r)< fJ 

(f - c r ) 3 (I - f ) 2 

.:.••><-• v;©fe bo c\j>plic£ t o t h o b i o l o g i c a l l y dovo l s^ ing hoadlooo in tho t o p l a y e r 

oQ a l sw uond f i l t e r . 

.r\•".'iiT54"J.cy o f o rp^ - ' - r c curvos i n grcpho 9 . 3 . 1 - 9 . 3 . 8 indica tor) an 

ksnX-jftt.SKcnnt croon t o f heodlons dcvelop-rant in t h e r s s t (bolow tho top 

13??'ii) *3-Z t ho b ^ d . In t h e h y d r a u l i c g r a d i e n t curvrr i , f o r lny??rs: bolow t h e 

la»> Ificra -:SJ qrfvsbp 9»3.JO - 9 . 3 . 1 7 , tho ro in ^efuvilly a- tnn.fi^ncy tcwxrdn 

': ;cav •<y of; .V.-tf .in "•>»-•> ; i iddln of tho run, Ao r. rlow r??,nd 2 i . l t n r i a no t 

U-c's •.:'•'•'?*"''» tho i n t e n t i o n in tho*. DO fi>Pt>oh'?iftn p jpy ld n^»»~tr,f!to i t , and 
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jii.-'ZG'ZozQ, no hoadleso in ths doopor layers, because of suspension In tho 

incsaing water chould theoretically duvolop. And the depth of a slow 

oe.nd bed (below top 15ca) should always be free from clogging and the only 

heedloss occurring there should ba the initial headloss. However, tha 

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 lea 

layer, when the slow sand filter is started, the schmutzdecke and top 5cm 

of bed are only partially capable of dealing with organic impurities of 

w~ter, 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 filter becomes a biological 

reacter with new bacterial growth. The bed is at its peak biologically 

when these bacteria have adapted and are growing exponentially, usually 

about 0.2 - 0.5 of the way through the run, and oxidises any organic 

impurity either coming through the water to be filtered or present in 

the 2Llt3x es a result of bacterial metabolism. This growth may proceed 

boyoi-.d tha cij-iznci.'ctcl phase, into tho oncogenous grov/th phase, leading to 

d.,;?L'_s'fc'..is bucc.ui::".c.i. L«2 '>.->ro end at that tiaa recovo:ry of heed is witnessed. 

;>?-._:: tho end oil '-.'.ID rvn, nchmutzdecke itself takes cere of tost of the 

:̂ .c-.d.?c ;.:•onz':iioo cjr.cl tho bacteria within the filter are starved of 

:rior:,:l 2ooS ar.d oxygon, thus dying out and getting dislodged and maintaining 

tha recovery of head. Thus, the kinetics of purification within a slow 

send filter are quite dlosmiilar to that of a rapid filter. 

Thu3, a olo;/ react filter can be divided into three regimes from the 

hoadlocs devalcor^nc point of view. The top 5cm, between top 5cm and 

15ca, and tho rest of the bed. In the top 5cm, the rate of headloss 

• development i3 very fast, exponential with time and is highly affected by 

tQEcpercture and organic contnet of incosiing water. In the middle zone 

(below 5ca but above 15cm of the bed), there is development of headloss 

at Q much olowor rete, it ia nearly exponential. The third zone, that is 

tho xaat oS tho bod Cbolow tho top 15ca) nsnlntains more or leoo constant 

nro.TTaAty, on too biological mSScct ia aolS adjusting, self clcsansing. 

• ••-•.'..'Ah-: ho;:61oos c'.orclo;--z-nZ la the third aono io oignificant only whan thera 

ip gror.t i'luctuafclon in tho organic contnot of tha incoming watar. 

?o.ir:man and Wach.T (1970) expsrimant&d on filtering Chlorella through 

3n e'coo dune oend at Vf 0.04 to 0.25 m/h. Sand size was not given, but 

b^.Td on p^rercwbllAty reto of. 27.3 to 37.5 m/day, tha dune sand de'calculateo 

to "on aro'î d 0.2!m* Th-s ajip-sri-'̂ nt'! approximated to slow sand filtration, 

.. thowcrh thofio-t-aro not identified as such. Ft̂ pld filter theory did not 5it 

thoii" results-an such, but At ad^jately doscribod tho results when 
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i. sO.ifica to alley for an onponentiQl hoadloso rr.l̂ o with tiias in tho 

cxarwacQ layer, and may bo useful in formulating a mathonatical theory. 

Vloed has described the biological purification in terms of 

autotroph® zone and heterotrophic zone; Huisman in terms of upper layer 

and lower layer, but this view has not been expressed by either Huisman 

(1974) or.vloed (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 if living algal cells 

could be regarded as merely particles, and fitted into hydrodynamic 

equations. 

11.3. Turbidity Penetration 

for measuring particle concentrations in water before, during and 

after the filtration, several techniques like radioactive tracers (Stanley 

1355, Ivso 1SS2), chemical constituent woasuremants (Kohciika 1969, tiiller 

',371) and the organic particles panotsration (Stolltcnn et el 1970) havo boc.n 
i i 
ti-ed, but the mast natural and prccticil £a tho turbidity asasureEant, 

o 

v.::"?:jcially after the introduction of quick (90 occttared light nephelo-

.Dtos) and- fine turbidity measuring (0.01 FW) Hach turbidimater (Jeffery 

1971), based on formasin standard (FTU) proved to be the most satisfactory 

of the artificial standard (Ivo9 et al 1968). Turbidity in a water 

supply source must be considered from the poit of view of discharges of 

ir.c\\strial wastes, find growths of micro-organisms la addition to the 

s>oraal clay and silt. 

The rise in turbidity of overlying water by 44% in the test filter 

and by 39% in the control filter can be attributed to the growth of algae 

and other biological growths, which is a normal phenomenon in the open 

filter tank3 in the presence of sunlight. Some of the turbidity may be 

Sua to the inczoosed growth of phenol degrading bacteria. The growth of 

al^ro contsi&utos to tho incrcaoo of turbidity, but the incroaco of 

tu-TMeUty should choc.': tho vjiwwth oJ algao by cutting tha ponefcratiori of 

DH>r.:'.~fct in tho overling vratosr. Ono interacting jrooulfc that say bo 

dcAiccd is that there in no nignifleant oSZoct of fcho'phenol on the algao 

growth of tha test filter, oven though thoro i3 49* phenol degradation thoro. 

Grcohs (9.6.1 - 9.6.6, 9.5.1 - 9.5.8., 9.4.1.- 9.4.8) shew 

ov'vtential turbidity removal (by /-bout hnl.?) in tha schroutzdec'te and the 

top layer. Also, in the srma rsono g>raj>h<3 (10.1.1 - 10.1.4, iO.2.1 -

10.2.1) Dhcr.i a great deal of phnnol removal (87<) of tho rosidual incoming 

Th-inol). Therefore, contact tirao fcotwcwi incowing noli dr. and this vitf>.l.-
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• -•:..: (G«/.-i:..u£n£::c!iO and tha top 5czo o£ slow sand filter bcu) io o2 effect 

C!.̂ .-:i2icrij(,'0. Xn toras of filtration velocity, IrcfluanSo wA'ch hirihor 

total fjolltio (onpecially organic solids) can ba treated equally well by 

lowering tho filtration velocity and increasing the corrocponding contact 

tis:3 for tho rooi<2ej»ce tirne). In terms of sand characteristics/ sand 

with hiyhor 'do* (equivalent diameter) will provide a greater permeability, 

enabling tho doopor penetration of micro-organisms which forn the 

oehuutf.docko in the top layer of the filter, resulting in higher contact 

timo, but thia will cause permanent damage to the cleanliness of the rest 

of tho Alitor roculting in higher initial headloss. The variation of '0' 

chould not olgnificantly affect the porosity or headloss, as according' to 

tho observation of Allen Hazen (1692) (quoted in Pair et al, p.665, 1959), 

tho rt'jittt.'.ijco to the passage of water offered by a bed of sand within 

which tho grains are distributed homogeneously remains almost the same, 

irrcG£3ectivo of oise variation (up to a V of about 5.0), provided that 

tho 'da' rctaaino unchanged. 

'ifitr.c qmhiia clso suggest a continual filtrate iBprovoi»nt with 

C:;.'\.i, .̂ ..AoVr.iUKg that tha uholo bed is active for fcurfj£e»£,ty "".'.loval. 

'i.1^.:, .".• •-•-'.:>?.o\\z o>7 the slow r.usid filter is interesting r.:'.vn er.: jJcrrod with 

the I. -'.'.̂M.-; [v.fc&orn of the filters. V.liile there io insignificant 

hr ',li,. '.: r.-rvolo^^nt in the rest of tha bed, thoro ia diotinct turbidity 

removal within tho oaroe depth of bed, which can be attributed to the 

biologicnl purification of a slow sand filter in degrading tho turbldity-

cteuV.iig porticlo. 

To chosk tha distribution of removals and the variation of filtrate 

turbidity along the depth of bed, curves for the test and control filters 

era drown in graphs (9.4.1 - 9.4.8). From these graphs it is observed 

that tho effluent contained little or insignificant turbidity almost from 

tha otort of tho filter run. The turbidity of incoming wator varied 

botwoon 1.4 I7TU and 0.44 FTO, and that of the effluent between 0.8 FTO 

cxd 0.03 UTU. So it may be concluded that the turbidity of incoming 

' t.'Ofcosr io varry low, and nrobebly consisting cf vary fijjo porfclcloo, bearing 

in al:id fihafc ifc han psnead through conrco priwary Siltsntion. Xt any bo 

2~rr»ocl fcJiafe tho auad oir.o in tho 3 low otad filter ch&uld aofc sasH.-illy bo 

fine* fchnn nuer,3aaxy to avoid unduly short filter runs,'end feho Margin of 

ae.f.cby e'&oJ,hin% by increasing the bed thic!:nes3 rather than docronoo 'do'. 

Thin liicy o von ooom irore logical for clear incoming wztaz to bo cblo to 

filtrsr Sent, Put in such clear r2w wate~s, the grerj* lâ jor̂ .ty of tujrbid 

jarfclclrf.i would bo colloids and very fins suspsndfid y.rticl^i,, which would 

y-jv.^irrk^ tfoni into tho bed causing clogging of tix* antirn Jsod, nnd aso'ting 

ourf-.ci nô r.ainq in-^f^ctlvn as a defining procedure, of>d tĥ sr̂ forcj thn ; 
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:.v..':si-w!Jit*? s" uoing 2Inez g~rincd Bto&lua then £3 strictly acccoiJcsy aoy 

not be txcio rained. Kcvovcr, tho ovidenea that a part of tho colloidal 

impurity is removed in tho olow send filtor can be attributed not only 

to the intorfacial forces which are proscnt, but also the gelatinous 

surfaces of tha bacteria and biological growths within the filter, 

phenomena which are evident in coagulation and responsible for removing 

dissolved colour and colloidal turbididty. 

Graphs (9.4.1 - 9.4.8) show bottor clarification in the test filtor. 

Thf.3 ccn be attributed to tho incroasod bacterial activity due to phenol 

dosing. Tho enhanced biological activity within the filter was able to 

degrade the suspended organics izore extensively, and led to the removal 

of Inorganic 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 the clarification, and the length of 

the run due to the level of biological activity in the slow sand filter. 

This is a strong rsason for the inappropriateness of mathematical models 

which do not tako into account tho concentration and proportion of organic 

consti&tiont: oS tho incoming wator, Sos tho dzloruinetion of hcadlooo 

cavcloauont in thy slow ecjid filtor. Conoiclojrirsg the analogy of trickling 

filtoro, tho liquid thoro in only £0 - 20 occonCo in contact with aicro-

organioms to bring cbout biogrodution of the dissolved, colloidal end the 

susponCed organic impurities in the wasto water. In a slow sand filter, 

the total number of organisms are comparatively much smaller but the 

contact tima is much longer (about 100 tiroes) for bringing about adsorption 

end stabilisation, the maximum rata of stabilisation occurring at the 

cvlcro-orgcnien/liquid interface since diffusion of organics through the 

biological film is slow. 

fCost of the curves in graphs (9.S.1 - 9.5.8) can be interpreted as 

'V* chepod curves, more so in the case of toat filter, indicating better 

clarification in the first and the lo3t quarter of the run. The soma 

irond of lowar turbidity gradient during tho middle period of tho run ia 

evidenced in the layer turbidity gradiont CIKVOS of gra^ho (9.6.1 - 9.S.S). 

ZZ to Boot intorooting to aantion horo tho diocuooion of eoctioa 2,0.1 who.ro 

it vo.a coon fchnt the bop.t tfogmdrtion &S p'a^nol w o nsliiovod .2n tho aidtfto 

pnriod of tho run. Soction 10.2 dealing with phenol dogrcfintion with 

tires alfio outlinno a bsttor phonol dogrnrlition during ths firct throa 

fourths of the run. Additionally, t;h?n ssĉ wtinicing ths hcadlonn curvoo in 

graphs (9.3.1 - 9.3.8, 9.3.10 - 9,3.17), it 4s of grent interest to 

i'lnd tho recovery OJC h<=cd.' in tho .bottom layoff) of the filter with tho 

..'•'nxocirrir.fi.ot the run tiron (Section 9.3). ^ 

http://who.ro
http://'�'nxocirrir.fi.ot
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C o i n i n g thoce £indingo together from thrco d£::\j a ££;•*;< i of tho 

.".:.. iJloco, tho tu rb id i ty removal, and tho phono! dogi-eC^iea* I t 020x900 

S»at tho maximum phonol degradation tuho.u plflco in thu wifidio of the 

mm, because thoro lo maximum level of bac ter ia and bio logica l growth 

within tho f i l t o r a t tha t time , and thore in recovery e l head with 

eoi'ro^ponding de te r io ra t ion of eff luent tu rb id i ty due t© dislodging of 

baceoria and i t o motubolic products duo to nhortago of oxygen and other 

becaorial food. Thio view la furthor ctrongthened by the r e su l t s of 

incrocfiod tu rb id i ty in tho bottom moot loyor and by tho eftnrtftning of 

tho r-oDod run3 in thn toot f i l t o r with etimv;uonding ineecrifiB in the 

ei'i'luont t u rb id i ty . Tho tu rb id i ty increntit) of eff luent in A alow sand 

f i l t o r a t tlroos io s imilar to tho effect in a t r i c k l i n g f i l t e r , wherein 

fa i r ly high concentration of (suspended iinliriH in tho form ©f displaced 

b io logica l film appears in tho eff luent , requiring sedimentation, in 

tho end i t may bo utuimiod up tha t tu rb id i ty removal and phenel degradation 

aro good a t t r i b u t e of r.lou r.and f i l t r a t i o n . 

.U.4 Phenol Dscn:::.e~:Z.Loa 

K10 microflora and microfauna in a 11 low fi.';nd i'iifcop, biodegrade 

Zl-.o ohi.nol end other oryr.nic coii)poun<'<D in culut ion, infed aimplo s a l t s , 

u t t e r end carbon d iox ido , while uuing tho chemical compounds as nu t r i en t s 

Cot c e l l growth or as f.ourco of onert*y. I t has not been proved tha t 

orro cul tures of members of tho Poeudoconas and Arhromobaeter and some 

cc&or gsoupo, u t i l i e o phonol as the GO1« ear&on source (TafeaK e t « 1 , 1964» 

tirsjoy r.ad Turnor, 1£S1» Cnekalowcki and tikflrgyneOci, 1948). Rome other 

c"'sv>rn cuch as Bactl luo, Micrococcus, Mcflligenoa, StreploujkJwua and 

rinwnbncterium who alno colonieo clow ennd f i l t e r s have been ident i f ied 

C3 r^cnolicn-consusiing (Ghocto c t a l 1954, fcynn, Powers, 195§). Recently 

&10 t.'ascK Pol lut ion jrococ.rch Lahore tori, oo (Jonoa ond Carrington, 1972) 

::rtr\ ••'•he C'etrrooolAtei t.'r.co? Hnr.rrd (Windlo Teyler, 1971 - 73) fcovo. reported 

•~ v ---..i.'v-jV'.irn srcuU".u on cJewrrf-nSion of pheuoln Say mised euifcHFon, 

'i.i>-- ; ' : ; ' • : ' )! (?-:-r?OT-«T".6Aan rr'ewlfco. £6? 6Jio ps^r.on* vissh r>??o niisvn i n " , . • 

;;:-^h.-i ( ; . 1 .1 - 10.1.4, 10.2.1 - 10 .2 .4) . 

fl-h"; ;:,>5li".n'otiiTr.tion period of ten deyn v.'ftn longer fehna expected, for . 

vvf.'.'-M,";:;'."̂  .-ei-owl of JO mqA p'renol. About <i?"i ©2 tho p^oaoi tfoeed c t 

3.'5 1W,1. ^-",T .TPmovori n.Ctor 4 days. Phenol WiW.".! efte^Sori nlii'^r't 

:\TV-VT"4 -,>™.i.y n:?£or r^oj.'jc/^-./.fsr), end thoro*V>??n pnAitively la*-.' poncantrftionn 

• '{ <?. saw/1) o? .">h>nolri r."p."o<;o/3 in a nlow n*>n4 J?.<lSn? -i^nnl^•-V) imrrovd on 

.̂ h^ £l.?-fc .^.Dolicption. However,- n wo(9"J. .rmld. iJAltosr Anoeulriaod with n 
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<.;•':.:.•• . j o;.' ,'\ &?,llv" eon t ' J tool; 1% cLyo fca !>i».'.a'j ctjw'a Cho r-,.;. .",^-:..'J lex.;! 

.^' _.:.VJ;»-1 fco ?. 'HJ/I ©.*.* IwJ.c:/, i'rju influx;'.: ajnoctitizctim 10p:j/l 

(Cj^vlios-, 1C09). Tho poo? por£ormanco of ehiu Ct l tor In tho i n i t i a l 

o'ccc^-i enn bo a t t r ibu ted to tho inedecjuotQ contact porlod ot tho f i l t r a t i o n 

XL.?..\ QS <J.5 D/JI (2 ijnl/£t2 - min). 

Sa on accliw/ifcAnod run 96ft of a phonol Coco of 10 mg/1 wao removed 

(at CO °C) ct a f i l t r a t i o n r a t e of 0.2 m/h. At 0.2 m/h of f i l t r a t i o n r a to 

i£ uau not pooaiblo to dogrodo phenol complotoly, go for offoctivo 

f:>ni-vidation of ouch high docoa of phenol in tho in f luen t , n lotvor ra to of 

Siitirafcion roust bo UfioU. In Koat of tho runn, a n ta to of in^ tob l l l t y 

occurred in tho l a t t e r half of tho run, and tho phonol concentration 

«'. yj_i3 foi l bolow i t a provlou9 lovol , prouux^-Jily o l the r duo to var ia t ions 

o i i.'!.-:ol u t i l i s i n g bac te r ia in tho f i l t e r , or r e su l t i ng frora differences 

Aa iv-io of oxidation of phenol duo to tho lowor concentration of phonol. 

•ihic) !va..viour of mined cul turo bac ter ia io in contraut to that of pure 

culit:rc bcckcsLu. Viio ronult3 compare woll with thoao of ijaw'Chculcal'o 

;.>.M»vl c r . l o uctLvmrfi r:\v.Crjo crGctm-nt p l u i t (kynn and Pc.;o?r,, 1SS5), 

v i..•'.<. ; Served W.Vi-1'.'; rhc r? ! rc;;:3vr,l i a isi^ltviit with 2.3 Mij/X phenol (ct 

. ' » : > . - ^\.'.•.•: (.*.-. 17; :.l'-"'v ,.'i-:'-'>:>). 

; ' ••"! . : 'v. :1 or.y.;-ii ^ " . a d io 2 ug/1 for every 1 IH.»/1 of plvsu-j?. r^ii;." :jt,r; t l an 

;:'• v.'.X!. \;.\<;n ond fioJ't.Kin, 1951). Bo9od on tho rofiultu of iiuiiduol phonol, 

m c^"<:>-o of 7 piirernt of phonol dose wao going to tho bod af te r the 

rcjj^i'.tui'oche (and top 5cm bod). S6 on an average thoro wnn a deoond load 

oQ ©î A"-'-̂  ky cbont 1.3 mg/1 of oxygon, in tho bad. I t con olro bo a c c c ^ d 

uMi h;Ujhor concentration of phonol could ba tranofosrod to tho bod a t 

t&::~:3 in tormit tont ly coining la rger oxygon demand, renul t ing in ancrobic 

cascitiv^n in tho bottom lnyor of the bed. Evon though tho biochemical 

o:r/«3ca eY»\-ind of tho brd ur.a not datorminod opoc i f l ca l ly , thoro was no 

cvicrrnca of oRopfcie conditions in the bed. 

Ucto o2 &cgxc.QM.?.Qn por hour, and tho roal progrooa of degradation 

vXXst civ !«?.o6Avo e&p.tra?. tHzus, in tho p i l o t f i l t e r , havo boon ohe»«n in 

f.°-;-5 13,-3.2. Kin n:)'so woasS.-iafcsdt, da and db in tfto thgao !?cc?ir.\->o o2 

.;:.V •?, o'i ovr.XH;:?.cd anftcis Aa Hcp^ion 11.4 iZoy fcjjo «3ogrp»incAon cguatien, 

'.^•i .'.pffr^nft ,""ii!."co o" organic wof.tpj: An a olow annrj ^il'r-.n^ nyr-r:!-^ 

•vn -̂Jh-) r'"r-':T fl.rT-'.s"Is nubPt-^ncno tha t find thni.;: y.-iy ;).nfto ^n^Xo^Ang ^rtnsr, 

'̂ u1 ^>A a.-qrsni.̂ .wr. Ch'iM^nlv.-in, i n ^ o i r mitfibolic cyclo, thnt wito aho 
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-.••;-::.::•• n:G tho bod Atcolf thois hr.bitr.e. tho ergrjiicwo utiliso oogenic 

z-.jiZZ.ox i~»C tiioir mineral oort.tono GD a courco o£ oK';??gy through a coric.3 

of biochemical reactions. Spscific ennym^o, which ere large protein 

molecules and produced by the living cells, oynthooioo organic matter 

into living cells and eventually to a more steble mineral level. The 

organisms convert the organic nitrogen, into ammonia nitrogen initially, 

into nitrite nitrogen afterwards and finally into ritrate nitrogen, and 

this progression is capable of chemical determination. Oxygen dissolved 

in water, or released by aquatic plants during photosynthesis is used 

by the organisms for respiration, during tho pirocono of decomposition.' 

In the first stage of aerobic decomposition, which is applicable to 

r̂.enol degradation, largely carbonaceous matter is oxidised, and the 

cirovMt of BOD exerted in a unit of time relative to the remaining to be 

courted, is substantially constant (Fair and Geyor, 1959) and appears to 

ba sufficiently constant to be generalised in mathematical terms. 

r>̂ :r__-ilzSion of th3 Doc;z£aat£.on Equation 

!./„:.i ;?J10KO1 degredaiion reaction in a olow precor;n li^o aeration, 

" U :.-._: .JV^I, disinfection and cluc'ga digoction, end tha reaction kinatics 

u:.\) C'uo deof.Tiaont o^n,rction3 vr..r;lng with conditions. In tho type 

cyucition vidc/dt = ktf(R) for reaction Jcinotico, c represents the concentration 

of tho material of interest, &(R) is soma function of the concentration 

of tha substances concerned in the reaction, and k the specific reaction 

zato constant, is Independent cf the substancos covered by ^(R), but may 

c-tjsad on temperature, time end other factors. Simple rate processes can 

bo classified according to the mathematical order of this differential 

zs.ta equation. The phenol degradation reaction in a slow sand filter is 

a complex consecutive reaction where the rate of reaction is largely 

independent of the concentration of phenol, within the limits of usual 

iafluoat concentrations and therefore it can be considered that phenol 

f'.'icn irot pr.rtAci?ato in tho rato ctotonaining stop/ thun the rata of phenol 

?"•••; —;~?-\QR in IrjeS-j.̂ ndont of tho concentration of phonol in wafcor. Tho 

;;": • .."'., f.^sadntton reaction con cl.oo bo integrated oo a fijrnt ordor 

.I'-v-iilon, &r.->-'.a6ont on tha connect Cim, but Andopondcnt of phonol 

r.-^,.-z-:-r^.zc.tL~-A (but not Eora then 10 sg/1 usually), nisailor to the fir3t 

r/zT-r^ E2D carve, or olailar to tho br.nic law of Voir, (1948) for biological 

•ZXlt^zr, who c>.sf3uii3d depth of madius as tho t.imo Si.mcti.on, and formulated 

.,...-„, ."vjT.-i.̂ .loitAon ron.thcn-atioff.tly in toziM of Int orc^r Itinoticn. First 

s;,x:ir :-J.wttcn hav-a Iv^n sub-î cruontly used nuc<7f)'"n/?uli;- (.vden, 1964), 

.rolling frr.ctlon c3 jr̂ rujlning 300 to tho liquid zrt')Lt.i~r.z--j ZXe>o, \ '' 
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r . , 'j':o p'tor.ol fio^ct'.-j?_losj i s a fcino (v-.'^sc'j.-afc c lou j'ouefc&ea, tho 

cas i t cc i c i . o i s ox ffaafe^^ntcil eor in idoznt ion . Ksrroovojr, sra£o &2 

f i l t r a f c i c a , dep th of o v e r l y i n g wate r i n tho f i l t e r tnnic, and tho dopth o f 

f i l t e r bed could a l l be i r t e r p r e t e d i n torrou o£ c o n t a c t t ime. Contac t 

t i r « i n p l i e s t h a t t h e r e i s no r a t e l i m i t i n g »5.c? r o t up by phonol d i f f u s i o n 

a t t h e b a c t e r i a l - w a t e r i n t e r f a c e . The d e g r a d a t i o n r a t e s in w a t e r , 

cch-'Biitsdacfte and t h e f i l t e r bed a r e d i f f e r e n t , presumably becauso of t h e 

b c . c t e r i a l p o p u l a t i o n c o n c e n t r a t i o n s . D i f f e r e n t r o t e s o r e alDO oxpocted 

bocr.uso sorw3 b a c t e r i a a r e f ixed on sand s u r f a c e s and r.orao a ro f r ee in t h e 

; ; • ' - ,T , whorees sand p a r t i c l e s p rov ide a good uur faco t o which tho b a c t e r i a 

c; n c i t c x h end grow. 

Xn t h e fo rmula t ion of t h e deg rada t i on e q u a t i o n i t i s d e s i r a b l e t o 

csnyi'c'ar t h e o v e r l y i n g wa te r a l s o , a s sugges ted by t h e r o s u l t 3 . In the 

r u - i i o n t^ak o f an a c t i v a t e d s ludge t r e a t m e n t p l a n t * 39% of tho b a c t e r i a 

t : . . r j lizzun t o c sg rade phenol (Lynn and Powers, 1955) . In view of the 

r.-jsvlis on tha phenol removal , and t h e h e a d l o s s dovalopment i n tho top 

*.:yor of t"ia - i l t 3 i » hz£, t o p of t h e bed up t o 5cm depth hao boon cons ide red 

r~ • ; •.::1'J.*.S vs'.:::~tz£?s:i(3 f e r f i r . i i ng ou t t h e con tceS fcirao in fichuiMt.ndocSsa. 

'..•':.-, c. :",' . i ^ c r i ':? r. _rrky r.v.;?.';-~'ioc! by t h e vory heavy c o n c e n t r a t i o n (cbov.t 

.:'i :';"•.".) oS t ho b;c'-.r.:iz i n tha top 5cm of bod , ond then qu i ck ly d e c r e a s i n g 

" / . ' i c. ;v«i belo--; t h a t l a v e l , a s i s e i o n r from grajvh 1 1 . 4 . 1 . , baned on 

•iV J I O 1 1 . 4 . 1 . 

?r.3.T.-s n.4.1 

.?. ce'-'CTT'craarscs vsssos DEPTH (bacteria pnr milligram of sand) 

1 ;;- r ^ Di 

j o'J - l " 

I 
? 2° - 3" 
( 
i 

^ T W 

* 
Run No. 4 

38,000 

22,OCO 

3,<3C0 

2„SC0 

1.CS0 . 

. - • • 

• 
Run No, S 

38,000 

35,000 

2,900 

1,300 

S00 

* 
Run No. 6 

24 ,000 

I S , 5 0 0 

2 , SCO 

1,100 

?oo 

Average 

33,500 

24,500 I 
1 

2,900 J 

1,600 

1,200 

•>£• >"m Cavalier, 1969. ( * his run nu^born) 
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Tho following pesos are dovotod in G3tcMiohlng quantitative 

relationships between tha principal variables end obscrvad performances, 

as experienced on tha pilot experiraentel 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. 

Degradation Equation 

The Degradation Equation can be considered a balance equation, 

therefore. 

Total removal = removal (tank) + removal (schmutzdecke) + removal (depth) 

- removal (tank) + residual x removal rate (schmutz) 

+ residual x removal rate (depth). 

<• input x rate (tank) • residual (schmutz) + residual 

x rate (bed depth). 

? - P ° P f dt Ht + ds Hs (1 - dt St) + <Sb Eb (1 -fdt Ht + ds 3a (1 - dt KCr)>."j 

11.4.1 

or P Q - p = p [x + y (i - x) + z (i - /x • y a - xj J J] 11.4.2 

« P [ X + Y U - X ) + Z { I - ( X + Y - XY)/] 

= P { x + Y (l - x) + z (l - x - y + XY)} 

— p (x + y - xy + z - zx - yz + XYZ) 
o 

or P - P 
o => x + y + z - (XY + yz • zx) + XYZ 11.4.3 

p • .-• - . • • • • • ; . • • 

• o • .. • 

Kguation 11.4.3 could be further derived to another form, 

1 7 |— o x + y + z - (XY + yz + zx) + XYZ 



£SO -

o -(X + Y - r Z - X Y - Y Z - Z X + XY3 - 1) 

- 1 - Z - Y + Y Z - X + X Z + X Y - XYZ 

- (l - x) (l - z - y + YZ) 

or P/P » (1 - X) (1 - Y) (1 - Z) 11.4.4 
o 

where P • Phenol concentration at the inlet (E8> o 

P » Phenol concnetration at the effluent (E6) 

X • dt Ht 

V > ds Hs 

Z =• db Hb 

&Z " ^ CT.fcc!ac:'.on raio constant in the top wator, determined empirically, 

Q.C35 W 

BS o Contact (or detention) time in hour in tho top water 

da = Degradation rate in schroutzdecke and top .05m bed, constant determined 

empirically » 8.66 h 

Hs ° Contact time in hour in schrautzdecke and top 5 cm bed 

db ° Dagradation rate constant in the (rest of) depth of sand bed, determined 

empirically, O.S8 h~ 

Kb = Contact time in hour in the depth of (rest of) filter bed 

Using cbovo degradation rate constants, equation 11.4.4 could also 

J>o writton ca, 

?/?„ " (1 - 0.065 Ht) (1 - 8.66 Hs) (1-0.53 Kb) . 11.4.5 

or ?/? 

or P/P 

or P/P 



q-r^ js lg to d t , d3 end <£b (Ro^oroseo '-Valoo 1 0 . 1 . 1 - 1 0 . 1 . 4 ) 

d t : Average r e s i d u a l phenol («>) a t El (or E2) 

" 7S9.QO = 50.6% 
15 

Average degradation In filter tanfc 

«• 100 - 50.6 - 49.4% 

Ht " 7.6 hr (1.52 a 9 0.2 m/hr) 

dt - 49.4 - 6.5% or 0.065 h~ 
7.6 

ds : Average residual phonol at S3(or E4) 

» 67.88 = S.7S0 
10 

Average degradation in top 5 cm bod (including schrautsdoeho) £0,6 - 6.79 

" 43.31% (If P ) or 43.Ql - 86.58% 

° soT" 
Ks = 0.1 hr (Di •» .05 m, f = 40%, Q « 0.2 » hr~ ) 

ds - 86.58 - 865.8%~ 8.66 h"1 

do : Average residual phenol at E6, 

" 33.28 - 3.69% 

. Avorogo d e g r a d a t i o n In eha r o o t o f A l i t o r • 

'•«=' S.79 - 3 .69 o 3.105 

o r 3 .10 «» 46% . 
6.79 . . . . ' . : • 

Kb a O j ^ = 0 . 8 h r (Db = 0 .45 - . 05 •» ,00 m, £ ° 402) 
0 . 5 

d b ' " i i _ ° . 57.5?> ° 0 . 575 ~ 0 .58 h 
. 0 . 8 . . . • • . • • • 
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2J:O 

'JZ^'.I Phanol Reaoygd, 

Q ° (.05 to .35 m/h) T » 20 °C, Dw " 1.52 o, Db • 0.45 m, 

<3t ° 0.065 h~ , ds = 8.66 h"1, db » 0.58 h" 

Vr>Ln<3 equation 11.4.4, 

?/? = (1 - X> (1 - V) {1 - Z) 
o 

• Q m/h 

0.05 

0.1 

0.15 

0.20 

0.25 

0.30 

0.35 

Ht hr • 

20.4 

15.2 

10.133 

7.6 

6.03 

5.067 

4.343 

Hs hr 

0.4 

0.2 

0.133 

0.1 

0.08 

0.067 

0.057 

Hb hr 

3.2 

1.6 

1.067 

0.8 

0.64 

0.533 

0.457 

X 

1.97S 

.see 

.659 

.494 

.393 

.329 

.282 

, 

3.464 

1.732 

1.152 

0. £56 

.693 

.580 

.494 

. 

1.836 

.9?.B 

.619 

,«64 

.371 

.309 

.265 

P/Po 

-2.058 

". COl 

<-).020 

.036 

.116 

.195 

.267 

P - P 
o 
P 
o 

3.058 

l.COl 

1.020 

.964 

.884 

.805 

.733 

?.-,̂ oorature Effect 

Ko attempt was made to evaluate the complete temparaturo effect on 

f̂ .ô ol degradation In view of the difficulty of maintaining temporatura 

oiatzol on open pilot filters. Tho following discucoion in ucoful whon 

Jrrjf>ng to corroloto degradation with toEvooraturo. 

tJith tha increase in tcaoaraturo, tho xatca of ror.ction dt, do end 

C"), and the resultant total phenol removal nhould increcoa. A vory 

o.p?TQ?Jx>Rta rule, (Vant KoS£ forrhsniun) accepted in connection with BOD 

r̂ r.ou.romant is that tha rata doubles for each ri3o in temperature of 10 °C, 

orprmsed in mathematical terma aa 

k/Jc 1 + Ck <T V 11.4.6 
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fi.-l\-,-r.-) •? Ao tho tĉ pfisrnti!?;.' cad tha cubccript oero denotoo tho troforoKea 

•vnluc.o of Jw fcho rofco constant), rj-om obsut 15 to 30 C, tho valuoo of 

C; o .046 por dogroo C. (Fair end Geyor, 1959). 

Another approximate rulo is that biological oxidizability of polluted 

water incrsases in the vicinity of 20 C by about 2% for each degroo-

Contlgrade (Therlault, 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). 

V.'oll known Strootor and Pholpo (1925) empirical relationship, K -
(T-20) T 

IC C could bo considered to bo used where K and K ore valuoo 

of rate constant at T and 20 c, and C a temperature coefficient for 

biological filters. 

Limitations 

Tho degradation equation la ucod for finding tho total phenol 

s,;::-,rsv.-:l la tho clow ocmd Alitor for tho various ratas of flow. It Is 

c.l: i. - -•^•Accbla to varAourj Ciptha, o2 tho filtsr bod, end thoco of 

osr--\'ji.ng wo tor in tho fiiltnr tank, or for dotormining tho <?ffoct of 

Sl::.y.:z ;:--,::ai„Ttom in tiLSSozont comblnationa. 

Zha degradation equation ID however limited in eppllcatlon to the 

ontont, when X or Y or Z is loss than unity. When the product X is more 

than one, total degradation is oxpected to occur in the filter tank water. 

LTion tho product Y io wore than one, schmutzdecke (with 5cm of bed top) 

alor.o Ha indicotivo of total phenol rciaoval capability. Similarly, more 

then txiity product Z, suggests complete degradation in the depth of filter 

bed ifcoolf. Tho degradation equation is usable for the normal probable 

rises in futuro rates of alow oand filtration. 

The toot rooulta exhibit oome fluctuations in the values of dt, da 

nnd db on difforont dayo of tho run. There is no clear trend of 

21ucturstion; and fcho rato conntonta based on mean magnitude, hevo boon 

ssariidnmd good enough £or uno An tho degradation equation. iinotha? 

w:.t>X:\Grt:&Qn noticed! Ac ctnto o2 Anndoquafco flora and 2nunn £o c.et&vnfca 

g-n-*~•?-.*}.on An Icon unturn Siltcza in tho beginning, and a lag period 

ooffl»T.Ting during ncclAw".f-,Anntion phnoo of tho filter £oz a particular 

concrjrtjrntAon oZ tho p!?cr>ol. In noma instances the value of dt, da rnd 

Co, cIAn'AnAnh an tho ;r?7Crnfc-.?o of «>fradation increases, probrbly jrrrjulting 

grom 'SAfiJojrint rater: ar. dincunprrl ,?rovlou^ly in this section.. 
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11. a KVJ.TOI tC^aourou'ant in Undosod Rv.Ma 

Dasod on the enalysis (Section 10.3) of graphs (10.3.1 - 10.3.5) 

for tha runs immediately following tho dosed runs , thoro was evidence of 

•cubotcntiel levels of phenol (around .01 to .5 mg/1) in the t e s t f i l t e r 

SCEOIQS, end low but unwelcome levels (around .005 - 0.1 rog/1) of phenol 

in the camples from the control f i l t e r . In these runs, phenol was 

measured in the overlying tank water and in every layer of the t e s t f i l t e r 

bod. Zt i3 a lso seen tha t the samples from valve E5 (6" obovo tho bottom 

end about 14" below the top) , contained the maximum phenol concentration 

in tho bed, and t h i s was the level which also caused maximum phenol 

degradation during the closed runs. The reason for the appearanco of phenol 

in Urn f i l t e r water samples, when none was dosed i s not t ru ly known, i t 

say bo that adsorption of phenol on sand grains took placo while dosed, 

which was desoi-^ed l a t e r . There i s now good evidence in t h i s roopoct for 

act ivated carbon (Pahl e t a l , 1973, Knickmeyer e t a l , 1973), and that 

Tcbbulc (1S71) hes described the procoss of degradation of col lo idal and 

n.".v"v.n c:rr-ii$.c3 in a t r i ck l i ng f i l t e r , in tQ:*--c of dur.osrpfc.ton and 

:•.: ':'•.;.$.:'Ql&on. To'-rov"?, thoro io no ovi&jnco in tho l i t o r c t u r o tha t oand 

•', ..•.•.•:'.;>';, o:-: r,X13.cr. aui-fseos have any edcosptlvc-douorptivo ;>::•'.';.' jirCicn for 

sir; r.'.:'.3 .\d2uculc3 such 03 phenol. I t c^s-v.ra tha t tho I:i.T.;uicn of £jhonol 

levelling are complex. I t i s posniblo tha t a por t of tho phonol solut ion 

t'hich di f fuses in to the biological c e l l remains unut i l i sed and reappears 

•long with the biological c e l l as phenol. I t i s a lso poss ible that algae 

ant! tho f i l t e r bac ter ia aro transforming soma othor chcaical conotituont 

S.nio hy&Tcquincnes or soma phenol der iva t ives , which r e g i s t e r aa phenol in 

Oio dofcoiraination. Or i t could jus t be a case of decomposing ce l l leaching 

out p lcnt phenol. The well-establ ished 4-cminoantipyrine colorl tsatr ic method 

wi t ! by Btt ingar e t a l (1951) and described as a c l a s s i c techniquo by 

Bn&xQ (197<5), i s not without short comings. This procedure along with 

phenol, determines a l s o , the ortho~ end roetooubst,i.tuta<3 phonolo and unfior 

•^.ro^vy r»3 condit ions, thoco paranubotitufced phonolo in which tho oubotltution 

;1.n n frvrtjonyl, hclogon, oot&onyl, or oulThonic oeid groio (Tcenn o£ ol 1971). 

',/;;• •"•' -V;/, So ovorcara th.ln d i f f i cu l t y , G1<C {r.cn l i rwid c^oKi^c^c^j) 

'^r:ia, 'wn woo s tudied, coEjoa~cd (3rJ;or aP;"3), mvtcv.'od oj^finAvoly iVc.'zor 

i»nd Halo 2957), find used rocontly (Baiird 197^3). I t wc.z chovm tha t fcho GU? 

£r;r.;>nirnio t-.\~rs e f fec t iva in identifying pho.nolic c?. Serial Ir.orr.ozn ar.ccnt 

m p.n?3 s> chiorophanol. But GLC is usoful only for concoatrntiono of phenol 

M*;V>'c tti^n 1 aig/1, «nd for /Jr.? .?h?r;o.l d^'torrtsv-itionri ( lpr>/l) , 

A :'-lyo-'.T::i?y.?ij<3 chloroform ovt.TPciion ,'rcocfdu.TO n t i l l appr-zzn to bo tho 

.•••'•; 'i }.n wilv.3.o2 A i n XF-WX2 - i c t i o n a . ' • • '• • ••• .-
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Xn eoavonticnal water coagulation treeteont it in elaArTdJ fcli^C 

boccuso of thoir opongy nature, floe particles hava a voi^ IGSVJO ousSceo 

area, capable of adsorption of dissolved matter from oolutica (Tcbiult 

1971). Extending this theme into the slow sand filtration, it can bo 

argued that the spongy nature of slimes, bacteria and other biological 

growths, over and within the filter adsorbed phenol whilo doccd, in 

addition to the probable overwhelming diffusion and its use by tho bactoria 

for energy extraction, and desorbed it immediately afterwards during 

un£osed run. 

Phor.al Presence in the Control Filters 

The 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 tho control filter was 

similar to that of the normal Walton Works slow sand filtero, the detection 

of j>:ionol in thoir affluents'is intriguing and very interesting. Thcro is 

ĉ iccMico tlist cocc.y of plant organic setter eiin cavco cJ.o'iiî Asca'i 

cv:j«r:3sfc:r<-*Aon o£ phonolics in water. K:o 'JiTJUns'-burxj-Pona c'jiiit '.~~loz 

JV^iority hc.3 recne'.', Sly ?ound the charactaristic uadicinol oC.ous of j?h \:al 

.̂"toy a hoavy ri!ji off from rainfall. There are no induniL'Aal ua;:tou 

cntaring the reservoir and the usual phanol concentration in tho roaorvolr 

on the Allegheny river shed was O to 6juq/l (Hoak 1960). Koak also 

ouspected the presence of tannins yielding phenols duo to biochemical 

cbcay, end cantionod tho Mellon Institute study, where oa'.t loavon 

cucrjonfisd in river water produced 12504 g/1 phenol in 10 Soya. At Beaver 

Falls t'ater treatment plant in Pennsylvania, phonol van poroiotcntly 

tbtectc-u for all 197 days in the concentration range of 0 - about 100^ g/1 

(:a.nney I960). Unfortunately, neither Kinney nor Koek mentioned tho method 

of phenol determination used, and did not differentiate botwocn voriouo 

jnenolD, quinoaco, otc. 

The pzroconco of a higher concentration of phenol in tho cffluont of 

,-.vQ ->i2,0£ conS.TO.
1. .<?&?. tor cowoarod with that of the infiuonfe {tf:*r.?h 10.3.5) 

D--t)7"3t3 prroflu-ĵ .̂ aa <s2 ̂ jonol in the olow 3£Jid f&lto.?a« ©s *ho iy.*jMSacSi©n 

o? ,i corjarjid :.\;r>.''.:::.-̂ri:jg v.a jjhenol in tho detorsaiisntAon. Sha noanona "or 

;>>raol production hove alrondy been discussed in this onction on^lior. 

A.V<"bo-.'nh quinonan cr.G hydroquinones are also reported to itora on tho 

avzf.cco of activated carbon (Kullm, 1974), this dooa not crpaoa? to account 

2o:-' rny nimAlE;: fo.-rrafeion on biological surfeces on onnd, 

nocsriily tft̂  ->oplc of plant nbpnolics ha3 gainod oo much Asioo.rtonco 

*h,nfc a full book, 'Too .Biology ox Plant Phenolics', by J.R.I.. XnV.:ox, In 
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;:=hoi,',:lc.il io bo printed in .1975, by tho Inofcituto of Biology (Kallanby 1974). 

Phenol Standard as a Parameter of Water Quality 

In&pection of graph (10.3.5) and the foregoing discussion in this 

section indicate the concentration of phenol, in the effluents of test 

control filter (and possibly the main Walton Works effluent) in terms of 

tans of micrograms per litre, as against the International and European 

cfc.-̂ nderdo (WKO 1971, 1970) of 1 g/1, with no apparent evidence of 

uncbeirable teste and odour in the Katropolitan Water Boards water supply. 

ibis mcy be regarded as enough.cause for introspection about the basis 

of thi3 Dtanfiard. 

A limit of 1 g/1 of phenol in drinking waters was set in 1946, 

because extrewely low concentrations tended to react adversly with 

chlorine to form odorous components (U.S. 1962). The concentrations 

harmful to health are many tlmas more than Chbse which impart taste or 

odour. It woo -cxroisd (Kcll̂ sr 1938) that 15 - 1CC0 og/1 of phenol had 

no ©bssrviTble Q(lS:isi on rufco £or o::tcnc!cd ooriods. Up to 5CC0 mg/1 

concon'd.'.-r.'iion oizasrtcd no oxZect on thoir dilation, cboorption or 

motebolism. Eov;ovcrt 7C23 ag/1 ceueod still births. 1 eg/1 wa3 reported 

not to seriously affect most fish. The standard was set, not because of 

its ill effect on health, but due to a criterion established for aesthetic 

purposes. This doss not eppear to be based on strong evidence from 

iitozratura. According to the Standard Kathoos (Taras et al 1971) 

c'llcxisation of water supplies containing traces of phenols, may produce 

©Soniferous and objectlonal testing chlorophenols, like O-chlorophenol, 

p-chloropher.ol, 2, 6, dlchlorophenol, and 2, 4, dichlorophenol, and in 

phono! detection, phenol itself has been selected as a standard, and any 

colour produced by the reaction of other phenolic compounds is reported as 

phonol. The methods for determining phenols have been described a3 being 

caoag tiio mast oonoitivo orgonic analyses available (flurttscholl et al 

l;\0)o TBJO Xan IfcaAt hcu boon justified in trying to avoid unpleasant 

'Cvinr; in chJ.oir&nnSocl uc.tozz, and with a view that soae phenolic ccaaound3 

CS2 cnrisle of boing toxic when ingested ovar a long period of time 

;:.T0 1370). . Hc.fovrar, a year later (WBO 1971) described phenol as not 

conntituting a hazard to health of the users, but its presence affecting 

c.cc-'ySrbility for domestic 3upply. It appears that serious difficulty hes 

b ^ n ^psrd.^acd in the determination of low phenol concentrations, end 

duo to dir'oatinsfttction with tho acceptable* m<»thodn, nesw techniques hsva 

boon trie^ -(Afghan et al 1974, Fountninr; ot al 1974). • - ( . . 
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Zt c. orroa fron £:^ foregoing discussion that not too strong ovidonco 

.in i:vc.!:li:'als for the Justification of 3uch a low phenol concentration 

cfejsCsyd in clrirCiing water. There is also an element of unreliability in 

Ato catermination, and it is likely that many treatment works are already 

di3re££irding the allowable limits. There is a strong case for revising 

the phenol standards upwards, especially in view of the decision taken 

by tha Technical Review Conaiittee of the 1970 EPA (Environmental Protection 

Agoncy, USA) in dropping phenols from the standards, due to practical 

difficulty in analytical methods experienced by most water works. 

11.6 {.'orating the Slow Sand Filter 

The turbidity removal results for the test and control filters have 

boon presented in secLiua 9.4 and discussed in section 11.3. A detailed 

study, of the sevaral efforts made to improve the rate of slow sand 

tfAl^.-iioa hes bsen described earlier in Chapter 6, which reviews both 

!:;\̂ ;c of tha £>rguiaent. 

:":..--\-$. on -ilia results of test and control filters for the auccosuful 

.-•:;---3Vf.l of turbidity (comparable to the main Walton Works effluent), and 

•;•.";:) r;rV/;c.~Sie.l level of phenol degradation (96% degradation, of 10 mg/1 

•V.v y;ol concentration, at 0.2 m/h filtration), it is felt that wherever 

influent turbidity is between 1 to 5 mg/1 silica scale, a filtration rate 

of 0.2 m/h could be safely employed in the slow sand filters, with scope 

2oz oven further uprating. 



Xt c.j.vc;c.o £<r©ra £;o foregoing discussion that not too otoong cvitonca 

lo avo:Ucblo Ccz tha gratification of such a low phenol concentration 

standard In drinking water. There is also an element of unreliability tn 

its determination, ond it is likely that many treatment worko aro already 

disregarding the allowable limits. There is a strong case for revising 

the phenol standards upwards, especially in view of the decision taken 

by the technical Rovlw Comaittee of the 1970 EPA (Envlronwental Protection 

Agency, USA) in dropping phenols from the standards, due to practical 

difficulty in analytical nothods experienced by most water works. 

11.6 Uoratlng tha Slow Sand Filter 

The turbidity reaoval results for the test and control filtors have 

been presented in section 9.4 and discussed in section 11.3. A detailed 

study, of the several efforts Bade to improve the rate of slow sand 

filtration hes beon described earlier in Chester 6, which ;rovii:uo both 

cicc.c of thQ c~£v::ant. 

Sescu oa K u ronislto of tost and control filters for tha oueccDPful 

"cioval of tuirMsSity (coapareble to the Bain t.'clton Korlca affluent), and 

tho ŷ bctiintiGl level of phenol degradation (£33 degradation, of 10 mg/1 

phenol concentration, at 0.2 m/h filtration), it is felt that wherovor 

influsnt turbidity is between 1 to 5 mg/1 silica scale, a filtration rate 

of O.2 m/h could be safely employed in the slow sand filters, with scope 

for even further uprating. 
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PRACTICAL APPLICATION PITO CCJv'CLUSZOflS 

12,1, Practical Application of This Ro.ooarch 

This research having conoidarod tho procoocos and rates within 

ol&'.i H«nd filters Is useful In JuofclCying tholr cpplicability to throe 

c-lt"-:Xi.onei rural communities, for dovoloylng tcvn3 and metropolitan 

oi'if^S, In addition It lo useful whon conoidoring upratlng and 

pj>z£?ylng organically polluted Influent. It also contributes to the 

pfi,,ilA^ of a phenol stanard In drinking water, as explained later In 

this flection. 

;'"• \ "-•".'. xaitirsB 

'.•'•'> :r<;:r! ocono haa been considered for India , wharo csccpfc for 

';,'!}', ':c-.-;;o cnC c i t i e s (more than 5,000 and 100,000 papulation rrc>r;;r-ctivoly)» 

f*'"! rrr-.-t of the communities, numbering over half a mill ion sro 

Mill'• <?'"", with on average population of 900, needing a slow sand f i l t e r 
2 

.-.rrvs of only 19 n (at a f i l t r a t i o n r a t e of O.l a /h , and 50 l i t r e s / c a p / 

c• \rj e ^ c v i o t l o n ) . So, for water f i l t r a t i o n capci ty design, in a l l 

ft, r-T> £9,T a v i l l nco , end in great majority of the cases for a group of 

V;Mr_T~, i t w i l l not bo tho r a t e of f i l t r a t i o n , bu t fac tors l i ke the 

Z!'J;'-)Mlty and tho ainimura s i ze of a slow sand f i l t e r tha t wi l l c ruc ia l ly 

<•/-:••••'?'. fchfj dsc ic ion . Tho slow oand f i l t e r haa been proved inherently 

"<;?>2->"5p3 Sox reducing bac to r l a l numbers, and i s simple In operation and 

*'• r.LrR, Tho recant ntrong <2oubts on tho e b i l i t y o£ chlorine to complctoly 

.""••: vSAwfrj tho I iopot i t is vitruo and tho po l io v i rus (Vcbor 1972, Shah a t 

k.'
1, 1012), osi& 'Ao doubtful pyononAMea ©2 wt.ng ehloriJration epparatus 

. <•';'. >^o^to,!rily i s a vi i l r .go, E~.y bo cr'*\xtl~& onSSicient roocon to placo 

..-••;.3 trwr. zarr?r.;.'i!-'iiM.Z-r on g i l t e a S i s a . '<T?to ols:: oand f i l t e r with 

s:-%v'. :•? jT'Xozd £or t o l l i n g with bnetcria e v i d e n t l y , theroforo, bocomoo en 

;.-•'•„" nV/ nfcfcjrsicti^o ehoJ.ee for ruro l arcaa bnned on r e l i a b i l i t y end 

rv'c-r.^iy, frwc.tsO.iy r .ctrr *.hc 1973 o i l c r l n in , ftSi^ concoct oZ tho 
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c*;'•.'•• .rrvafcion o.» sotieurces has develop u. tl.iilQ cddroooing Q gathering 

o.v onginco?a, on a Br i t i sh point of vic-r oS education and teciiaiug of 

engineers, Prog, Contos (1974) eraphaciocd tho urgent need to i'ind taccno 

of making biggor engineering systems which are isore economical in tho 

use of raw mater ia ls and natural resources. Bearing t h i s in mind, i t 

con bo omphasiuod tha t the slow sand f i l t e r doss not require chemicals, 

so tha t by .avoiding coagulation processes, energy i s saved duo to loos 

ultimata hoadloaa, much less wash water i s wasted, only 0.<H of tho 

Silt ' jrod wator compared to 4.0% for a rapid f i l t e r (Pair o t a l 1959), 

lc./3 c ^ u i p ^ n t end machinery i s used, and b e t t e r d is infect ion can b» 

achloved with lour) chlorina (Kuisman 1974). In the context of oupplying 

potcblo wator to towns in developing countr ies , in addit ion to ouvings 

on tho rccourcfj as mentioned above, i t permits the use of import 

fincaco, which would otherwise be diverted to technical regulremonts of 

Zi:ni.Gi f i l t r a t i o n , £or essen t i a l commodities. The choice of a ulow oand 

iiluosr, to bo cbio to cave on natural resources, i s the adoption of a 

c" .',:'.gn o£ Uicjli vi.l-jvanco to r^odern couU^tionrs. 

V.'.rX&c-j i t in London on tho Wir.i'::n, New York on tho Kutfcon, To!jyo 

en tho ."li-.iic.: os Calcutta on the r ivor Ganc-ca, the metropolitan c i t i co 

aro usually locatod on r ivers which have t rave l led through induo t r i l l 

rogioivo of tho country, and are thus carrying heavy indus t r i a l and 

orejrmic po l lu t i eno l loads. To be cblo to uso raw wator froa Duch 

CjZctiosated curfaee sources, i t i s iraporctivo t h a t o tx i c t OR«J oatonaiva 

troatffionr'_ /rocooaoa bo employed. Tha tu rb id i ty and phenol degradation 

rnnal t - from t h i s rcooarch have shown tho high officiency of tho clow 

cend f i l t e r , which forms an important pa r t of tha multiple b a r r i e r 

tc>cia!A«3».9 to deal with ouch grossly pol luted rew wator. Tho rooults 

oS CJ:o o::or>Anation of London wotoro, cprccd ovor aovcrcl docatloa (Windlo 

'.:•: -jlox X071»?3, ottd eho proviouo t-J.W.3. I'.'.-pcirte) r/joah voiry highly o£ 

'.-."•. ̂  v.tXl'.Q? &2 £ho rr.Mijlci bsr.r.lor 3v.rA:-:\'-e.-,.«v,.oa with tao ala>? onnsS 

. •;. :;•:;.-??; -en zmvlmri.' ^i,) L^.-C.lsig ezal cr;:o :?.-.3.tonto with Jcnn feiiun 0.1 

v;-i'"J oi.' 5n?A;x|.i''!:lftj' (o i l ica ccnlo) corapnrc.a uAth 3.0 units) (oilicn ocalo) 

.a tii) accc<?Ji.'.>S)lC3 l iw i t of intcrn-atiomil c t:\naaxda (WKO 1971, OS J.9S2), 

nv'1 ?•?<,?*''} (1?7? overvgn) oempl-in .froo of co.TAform organisms eajwarod 

•.;VV>. .55"! o.7 rrri;of,.-'b.1.n intarnntionaJ. ctrn'3<v:d ('.''iTO 1971) and 'cho "twrroa-in 

:r>.'i}'^."!\ •'••TO r.?70), ir>- highly srogar'? <̂3 '-JTrouighout tho -^orld. Yhn Isoy 

to ".hir-!, :'.£ .v->nt.yi, ,i;i in fcha .bui l t - in yflxmtilo qua l i ty of bloXogicnl 

n'rei&S.cntiovi o.'.; ••h" njow nond ^iJ.tcrn, uning c vosry lov; tu rb id i ty ("bout 
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;•.. j VAI.1 !,.!' ',::n ; -v.lo) ini'lucnfc i.utc? firoa the rcoid CLXb.'-zri (;;y Oho 

l::lG."»:tr;-';.': .-), i;hich oro cu^l&cd froa iirprovod and bie^oj icnl ly 

r-dritcsinod ocfctlod reservoir ZCM wator. Tha r e s u l t s (WlRdlo Taylor 

J.971-73) tihf.w Chat threo otorago rooervoirs , the Walton, Qanon Mary 

end Queen Ellnrboth I I Reoervolra, el iminate 92.6% E. Coli nnd 88.6» 

Cuirbidity of the Thames water. Advances in limnological control can 

now holp eliminate oven tho undooirable qua l i ty features <3uo to the 

thormal otrof. lf lcat ion by providing inexpensive engineering instal l '* 

-t:-.onn UsiaW-y 1971). 

Taoau ii.r-t.iropolitan c i t i e s , facod with the pos i t ion of bolng 

r.itu iwcO «n a heavily ui;od r ivor , but housing a l so the laryo 

coi:t..ntratio»B of an indus t r ia l ized aff luent soc ie ty , keen to have 

i r i i u i n g «•.;'.;<•» of o highly diccrifainating spec i f i ca t ion , and ablo to 

pay uho duo j/<?ice to achieve th lo , can do so by taaXing uoa of the 

unwr.tchud b io logica l purifying qual i ty of the slow aand f l l t o r , nocoooary 

to pir^ucto a pnlir.hed wator, in a whole mult iple b a r r i e r ofcratogy. 

C:•::.'•'.•:•'•*. '•• -• ::"-'J_ .'-•'",-l'^.;?g^PA£.nJLfchoJPV-aol. Standard 

. . . . :- d/.\'i.'f nc.:;'jl'cc oQ 1:'.;~ f/\";C: zr>& control f i l t o so nfi n £LXt'j:i/:.itia 

v.' O.ll ./h na diocuscci in n a t i o n 11 .3 , are compareblft to thoco &£ 

'..:,: ::.',:.V,., h.-::^<i on norszl olc.j r:.sv* £J.ltor3 a t a f i l t r a t i o n ra ta of 

iVv'JV - 0.13 I'/ht There woo opeorently no untoward effect in tho 

h?-.idlc.ifi development or the relevant length of the f l l t o r run a t t h i s 

h.'/.S»ov veloe&fcy ef f i l t r a t i o n . I t l a , therefore , f e l t tha t there i s a 

.::-~rw:g cr/.'o for increasing tho f i l t r a t i o n ve loc i ty in alow sand f i l t e r s 

f:t> 0.2 i/h» c.n uiacucEcd in occiisn 11.6, where tho inf luent water i s of 

1;-.? twi.biJi^v («; 3 FTU). Thla ntcp reduces the f i l t r a t i o n area and th« 

csi;t o f cort:"fe?uetion to aliwct half. 

llci t.vA'-us with high content of organic impurity cefi bo nuitcbly 

-jr.ri.vicd by ulew oand f i l t o ro without any chemical protroofciiiont. Phonol 

(," •?.Tc:̂ r.t:',3a i?cruXfcrj of thlo rcccarch QEO a t?itnos3 to thio 2net and aro 

r.'\H;v'-.f:•••;J v.'A65» (."^•-.il in section 11.4. 

'„:•>."> ::'""'-'.c~: 7-?-:"r/-&©« ©2 £ho*K>l in wakes haa liisifcatieRG £r;va??evo<l by 

. V ?<"i ,!.."'..l C1 • "uair;un. Zn ntiiJltion clstf onr.d filfccs-.c }kivo k.on chown 

.,.; v>;'n .̂"v.;:3 ^3 produce material which r e g i s t e r s ao pV-iol,, by tho 

;"•-;-p*i\:.3 i:.\"'"-»v!) determination. Thoroforo, xoconoAc'^yrr.^lon nhould ba 

-j.V-^ ':o '''-.o C ' 9 JJmit of 1 t»g/o o* phonol, Gither to zr.l:io i t , or to 

r».'-v9<; ??.''.-v.-:?..<. vo c r i t e r i a (o.g. ten to ;??~<3uction pftny ehJtorinntion). 
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(Q) ?ha sampling technique has boon dtncuosod in detail elsewhere 

(.loan 19S7). Howovar, it is felt that the prosent sampling technique 

ROCua further investigation. It would be intorestlng to see the 

irorovoment by trying composite sampling daily on a slow sand filter. 

From this it ic easy to prepare graphs for concentration versus time 

2or occh oaisplo tcp as shown in graph 12.2.1, and a histogram of 

concentration frequency. 

a 

S 3 KC3 '::C c£C0 CJCD 0AV2 C/vY 3 

I 

FREQUENCY 

GRAPH ? 2 M 

T-,-1 T --••••>p(3 ^'O.l rcmova eny f a u l i y eoncontrr.tAon dofcomAsintAons n t a 

^rs".'-&>?. s t$.r»">, *.'hich '••erg' An ov idooca , a t t i iuon, d u r i n g tha conduct 

n \ t'-;^ p f >r:nnfc i jwisrijnpnto. 
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(ft) rihO j.>.?i'.".c£Jt otut"y did not investigate the variation of tho 

c ••';."/"•I'iien conufc;:;ito for the top watosr (dt), for tho ocIioutiidccUo (to), 

;.-;:1 £e? tho bod (db), with temperature. Study of tho effect of 

fcc,u.«JC£OturQ io psrecticable in tha laboratory, under controlled 

e»H(fitiono, end could prove useful in correlating further, the 

degradation conotanta with velocity of flow (Vf), depth of tanV water 

id.)) And the bed dopth (Di). 

(c) Aport from the Metropolitan Water Board of London, there is 

lifeSlo ovAd^nco of fundamental research on the biological aspects of 

fcho ulow cund filtor. There is need for research on the capability of 

fchu nlow sand filtor to hendle many other important organic compounds 

tviiAcli avo in wido uno now, e.g. surfactants, pesticides, organic 

£ortllit;ur3 and tho petroleum oil etc, as discussed recently in the 

&yu»ji>borough Symposium (Jain 1973 a, b). 

(d) Tho p?(_L ent methods of phenol determination &a givon in tha 

;.;;::•":*>." {:::'U>.OC;J (Vc.:.\ia et al, 1971) seem to be rogiotcrlng quinone 

; :f. i',- "..';•;'•;; ©'•-!• ••: f.xrivatives as phenol. There io nood to davalop a 

i •:.'.,<;Z vhivii C•'.*•• -k"4i.ar:s tha concentrations of phenol Qj:clusivsly with 

c. .:;'.•:• 

(o) Tho chief roeron for limiting the amount of phenol in water 

capyliOB is tho foar of phenol reacting with chlorine to form chloro-

phoriQlcfi roculting in bed tastes and odours. There appears to be a 

Inxyo clocsr-nt of cpoculation about the minimum phenol concentration 

uiiieh roacta to fora undesirable chlorophonoles. Research on this 

cryet nhould bo moful. 

(f) Bpcnuno of not backs in the successful operation of slow 

c.yjG £Altora or rapidly operated slow sand filters (Kardile 1970), and 

cA SiF^n occurrence of ancorobie conditions in the lower layers, ond the 

,,, ,-'..̂.i,(.,a of utj3.»hAeo:D» At csvy?.ax3 that a study loading to bettor 

i< ':'••;• ••••"c-Una o2 Co, V end Di and thois impact on V£ and tho total and 

j;':y. :':-yini\c\\ ©srcso.Tjic possotituont of z&w water is desirable, 

in) Thoo.rotAccl otudies relating to the dominant biological 

3«-,'.'•'A'v-i;i.on and ui'î hr'Twtiical irod?J.3 governing the haadl030 development 

•.̂ r)i)'-; .V1 cf.T.TAod out tc. bs able to improve 'ihe functioning of alow 

;,:-<ir.i A'i.'Ujcjrn, 



' .) ::s :\D c':-.. _-> '."• •••:.:>;• s-.a fcj r.*:o fccs'^ triv-li -:«.,-:.il fi;:: c :".v.k* «^.„:v.;is 

•"•'• ' ; i ';•• \-.\.-/: ::*ou irut:^ > to solc tc j ircto c-f c r - . ^ ' i i c ^ t.-:l£:i ^ ; a 

of f lc :? . ITr, •*-.\y c£ Srî -hoE- r c^co o_ SJ.ov? fcJioro i s I c e s t i x o iTor 

adequate cnicrc. ' .cn. 

This can only ba cchiovcd by t a u l t i p l o p i l o t f i l t e r s (each a t 

d i f f e r e n t r a t e s ) , '.-- vosy long irosbrii*ch p r o g r c c ^ s due t o l e n g t h of 

runs ( seve ra l wea';o> and need t o e s t a b l i s h s t e a d y c o n d i t i o n s (phenol 

e c c l i r r a t i s a t i o n ) , and i m p l i c a t e r u n s . 

12 .3 Cs-".elusions 

Erased on this study of tto pilot scale slow sand filters at a 

i;::iu-.>orU3 near London, the following conclusions have been drawn. 

1. There was overwhelming phosiol reiioval (37a of incoming residual) 

in -£sa ac^-at^dscke £nd tho tcj Sea of sand bed. 

Ho 'Sjfjito r.r;.:i'5 csiioiic:^'. "i.'.o pitcR;1).! ctoc.'.Tfifi.-.-.fcioa in tho zcot of tha 

..'C;is J-?"^ ox tho ins.* ii:-_g ĵ .v.i.iv.'.-.l.). 

3. 'i->.2~3 ia consitarcbla £"»o«ol el; niredaiien in the overlying tank 

t.'Eior Cby ciout <C90), tharoforo, incrocsed depth of tank water affording 

EO.TQ contact time may be conducive to the organic degradation in the 

f •* I'-'-." 

4 . The b o o t phortol Cograclatlon was i n t h e n i d d l e o f t h e run, with 

r^co'. 'cjy of Iiesd, end t h e co r roc j and ing i n c r e a s e of t u r b i d i t y , p robab ly 

duo t o t h e d i s l o d g e x e n t o f b a c t e r i a and o t h o r b i o l o g i c a l g rowths . 

5 . A EatfcoaafcAcal ctadol t o doceuibo t h a pheno l d e g r a d a t i o n i n 

'S'ly.s n l o j ocmd H&ltoza haa been dcvo2o<sed. Tho t o t a l d e g r a d a t i o n i a 

•;-":-. ..;•:-''. o:; cf'.s—.•..":•;•_•',c:.̂  i n t h e t!vre;> rogiiroo of t>.a olo: / oend f i l t e r . 

;•..•) ;',:i v.*.-.: "::' -2?? CCSO ovo.?ii7;,„.q» r c ^ o r , t ha o^Voir i a I ' d - :t) 2oz tlia 

3 ; ; ! - ; :KV ' . : ^ : ;O ; ^ CVJ Co? Sen oi: J>?c>, and shcj t h i r d i a tho 2 j l » Jx + I M K J ) ] 

<?oi: t h e *5:-.:2 t 'eoSh, CJto cbero.eTntion i n onch roglsao i g tisne v a r i a n t and 

ir~y J » * r ^pra turc! fioyndont. 

6 . ~23~> r ro ra l t s o ? p h r r o l fiogrr.dntAon 2rd t o . the c o n c i s i o n the.t 

t v , ,'?iJtojr Aaflucntn w i t h high o r g a n i c con ton t (y j t o 10 i g / e ) can be 

(.;>•'%-'! "w;?ulljr ttfrvitofl -t-?Ath tho .n.loj rinnd f i l t u i r . • • • 
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7. ?:&"-a too <:.:~?.i:-j oC -?uv.ol colut ioa to ntop;>ad, tho lo-gfch of 

Et^j in OJO fcoefc (nc.T-) f i l t o r was 2 - 3 t isno tho average run, end 

there ceo ovidenco of tho presence of phsnol ovarywhere in the f i l t e r s . 

Phenol in tho ovorlying wafcor ( tes t f i l t e r ) woo around 1.00 (ig/1, in 

tltc f i l t o r depth covsral hundreds r g / 1 , diminishing with t i n e , in the 

primary e f f l u e n t around IO or l ess t»g/l. However, there was also phenol 

a t tho acin uork3 o u t l e t , a t several tens wj/1. This s ign i f ican t 

concentration of phenol wa3 detected in the control f i l t e r ef f luent , and 

sevsral times Eore in the t e s t f i l t e r eff luent during runs immsdiatley 

following tho dosod runs . 

8. The in te rna t iona l otandard of phenol in drinking water a t 1 i»g/l 

aac-33 nv.-izxS rev is ion , in view of tho d i f f i cu l ty in maintaining f i l t r a t e 

a t tha t lew level end the p r ac t i c a l d i f f i cu l ty in low phenol measurements, 

casS tho ebconco of cny strong experimental documentation for fixing 

A c^/1 phenol standard. 

So Z7.i.or,i 'jJ:o cr/r~.:to hesdloco ccsiv-.'a in tho top layer of tho f i l t o r , 

'.",-.'..-;': :"-:::.'.'•: •'..'";£ ,. o rrt n: •.-. •. j;v;-.i'.1 function of t i n o . Tnosro i s ins igni f icant 

:•; • ".'•.-. ••; jT.Xld ip in tha ren t of tho f i l t e r end whatovor i s b u i l t up 

'."•"'r.'.:.̂  {:'/') ;T.'..!r::t h^l5 of tho run tanc.i to rocovor in tho l a te? half of 

t*>2 EV.I. 'F.'.o I'oscny-Cc^rwnn equation can only doocriba tho net effect 

in tho lowor layers but not the building up and recovery of headloss. 

10. During phenol-doced runs, the lencjth of the run in the t e s t 

Alitor w<*s conctCozcAly shortened, duo to rapid hoadloss increase. 

This can bo in te rpre ted as en lncroaso in tho b io logica l a c t i v i t y within 

tho f i l t e r , thus proving tho inadequacy of tho pronent mathematical 

tcsCalcs of f i l t r a t i o n end tha nesd for a new one Incorporating the 

magaitucl3 and proportion of organic compounds in the inf luent of the 

olow oand f i l t o r , tfith conecguont,biological product iv i ty . 

11 . 'Jhora vaa grresi t u rb id i ty removal in the top layor, s imilar 

2f3'_ftJjo he.ifilooc fiovo?.3^. - a s crd tho phor.ol dogrndation. But tha :; _•' 

•JvrrbieLl.fcy zc~.ovnl vrn contini'-od with depth, nimilar to the degradation, 

I>ut ze.thog difloirailcr to tho net hc^.dloas. 

12. Thr> tu rb id i ty t-.'aa bent rereovad in the f i r s t quarter of the 

;.-"n ond cho phonol w.o b«ct degraded in tho middle of tho run. The 

ijuirrw->n of t u rb id i t y in the middle of tho run may bo a t t r ibu ted to the 
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t":'r-,lar"; ;•-. ~,s. o2 Ix'eiajrici end biological growths preparing to enter tho 

cicta of cui'^epnotto respiration. 

13. From all the data and the graphs It emerges thr-.t the slow 

send filter, from the point of view of phenol degradation (and possibly, 

therefore, 2roa the point of view of organic degradation), and the 

turbidity removal, is not a surface filter but a depth filter. 

14. Slew oand filters, with influent turbidity less than 5 fTU can 

bo succeasijfully operated at a filtration rate of 0.2 m/h, and possibly 

even higher. 

15. Docause of its reliability and simplicity, the answer to 

rural water supply problems in India is found in the slow sand filter. 

Considering tho conservation of resources aspect, it is well suited for 

cbva.loping towns. As it is able to produce a high quality polished 

wefcosr "roa grorv.ly polluted and reused river water for the affluent 

C•..*;.-i.*;-;:;; a>7 u: 'i.'-rocolxien citi£3, its unique biological purification 

ii;.."::•:: wis plow To.rcd ffiltor a suitable element of the multiple barrier 

t;-/chj;l<;,,:D. 
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APPENDIX 

3riaf Specification of Components 

(a) Filter tanks: each measuring 3.20m x 1.82m x 2.72m deep, concrete 

wall thickness O.75m tapering to 0.38m at the top, glass observation 

wiEuaws 0.45m x 2.1m deep. 

. (b) Sampling device: Aluminium plpo 13mm Internal dia. with 3mm dia 

'j>-:.Zcory of holes, embedded in cone wall, fitted with brass sample taps 

Sma dia. 

(c) Pressure tappings: brass pipe 6mm Internal dia tapped into 13mm 

Ciii-oia pipe. 

o o 
Ci5 U.-.oi'ur-OtyJrs rcacjo -10 C to 110 C. 

!:)) 2a:.)i:.ig pucp: Kicro s t o r i n g puup series I I , 100 R.P.M. standard 
-2 

r:;iv;j 2iii Iioad and valva, short otroka 1,723, 690 N m , 230 ml/h capacity, 
-2 

fitted with reduction capoule gear, max. pressure 689,476 N m short 

stroke, capacity 45 ml/h, with variable speed 0-100%, supplied by Metering 

?wi.j>s Ltd, 83 New Broadway, London W5 5Sd, England. 

{£) Connecting pipes: flexible p.v.c. reinforced, semi-transparent 6mm, 

12mm internal diameter, supplied by Gallenkaap and Co., Technico House, 

Sun Street, London E.C.2. 

(g) Control valves: 5ca needle valves used for filtrate and recharge, 

33Kia for inlet flow and 25atn ball valva for influent control. 

Ch) Arroirotor botfclun: ?yren, 10 litxo capacity, rubber otoppor, glaos 

:Tv??cort;, crppliod by GallonTiREK) and Co., Tochnico House, Sun Street, 

Somen, 2.C.2, . 
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re:~,&'c&!\TCaB 

SYMBOL DEFINITION MLT UNITS 

a 

al 

o2 

A 

b 

C 

Cd 

d 

db 

do 

&; 

Q 

Db 

Dl 

Dm 

DO 

Da 

Dw 

e 

E 

f 

So 

g 

hd 

Sit 

htt 

Sin 

M 

iio 

lib . 

MB' 

-1 

(-) 

(-) 

area of hole in tho oample pipe 

Ives filter coefficient 

Ivoa filter coefficient 

inlet curfuco area of filter 

gocBiotric constant rolating to the 
grain packing 

turbidity (PTU) at a certain dopth 

phenol concentration using Chloroform 
Extraction Method UDing undlotillod sample ML 

2 
diameter of sample pipe hole L 

_i 
degradation constant for the filtor bed 

of£octiva ciiio of oand grain, rai 

Co^x^H-uttoa conotcii'i 2oz cchwufc3<2ocho 

£:.[-:a.i^.':J,ovi cjacicafc £OJ: tcnli water 

groin ai-nstcr 

d'-?th of sand bod 

oiutanco into filter from inlet 
curface in inch 

distance into filter from inlet 
ourfaco in m 

grain diameter at inlet face 

specific diameter of grain 

dspth of water in the filter tank 

particlo diameter 

Stokes-Einatein difCuoion coefficient 

porooity ratio of clean filter bod 
(volvoid/unit vol.) 

pojrerity of cloon filtor medium 
\;o 2 • 

gzc°w',-ionr.l accolaration, 9.81 a/a 

hon&XocD £>.-23 to para dojanition, m 

hrv-d.loco (at a cortr.in pt in tho Silfcor 
totfll headlooo reached at the end of 
the zun 
hor.d.lona due to surface deposition, m 

fro:*di.o"*' (total) through filter bed 

h'Vdloso of olefin filter 

contact time (hour) in filter bod 
cJVJfcpet time (hour) in schmutzd^cko 
find.the.top Scmlaynr) ' 

T 

L 

T" 

T" 

L 

L 

L 

L 

L 

L 

T 2 -p"1 

L T 

(-) 

(-) 

L T 

L 

L 

.-1 

L 

L 

L 

L 

T 

,~. ;-.M-̂ ' »^v^-^,«*fra»t^^ •>'̂ iâ B»»»y*WWm!>aj|MJM't!]SatfJ>̂ .'.-
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St contact time (hour) in the filter tank 

water T 

I fotee ef interception (-) 

J gradient of grain size/distance 

relatienehip (-) 

k rate eenetant at T c (-) 

ko rate eenstant at 0 C (-) 

ka initial headloss at surface, m L 

kt rate eenstant of surface headloss, 1/s T 
2 -2 -1 

K Boltlnann'8 constant ML T dog 
K Kozeny eoefficient, variable with o (-) 
1 length ©f filter tank L 

L length of the sample pipe L 

ID exponent, of velocity •(-) 

n inertial action (-) 

n eaponcnfc of grain size (-) 

N nui.<l>L" oS holes in the sarapling probe (-) 

p Puciafc awii'ior (-) 

2 Dt.c'jvS Svr.n filter coafficlont conotant (-) 

p_ D.it ?L>S Eves filtar coefficient constant (-) 
3 

P phunoi concentration at a particular 
depth, i,;.'i/l ML-

•3 
PO phenol concentration at the inlet ing/1 ML 

T 
1 

q campling rate L T~ 

Q flow rata ox filtration rate volumetric L T 

r, arao/vaiupr* ratio of coated filter 

grains variable with CT (-) 

B Reynolds number (-) 

s opecifie surface L~ 

3 epoolfie surface of clean bed L~ 

S concentration of suspension, vol/vol (-) 

8 inlut eenepntratlon of suspension (-) 

t obaoluto fcrroparatur.e °K (-) 

to olcnaed feiwo of filtration, s T 

T tcsncSQkwo in C ." •.'""•'•. (-) 

Td timo Q2 tiro ?un in day T 

u ocifcllng velocity LT 

V uniformity coefficient of 9and (-) 

V, aoorsreh velocity of filtration, u/h LT~ 
* -X 

V vnlociv"-*/ through poras LT y velocity of sampling LT 
8 

•1 

/ A t . fv.* ••^w.*J**MrV«~^k*'^«*,*,,W"5'rf':,,V1* ' 
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X 

y 

y 

z 

a 
0 

Ap + p 

A. 

A 
o 

u 

v 

P 

P 8 

U 

** 

uLtlth o? £Alfeoir fcaif& 

oi.iroHt'Bfe ff voloeicy torm 

efcaohent of spherical surface te rn 

ds Ha 

sJjpen^nt of cap i l l a ry spec i f ic surface 
term 

acouir ©P dotachraont coofflciont 

bulking factor for deposalts 

danaity wf suspended matter 

f i l t e r pr impediment coeff ic ient 

i n i t i a l f i l t e r coofflciont 

dynatnie viscosity at 20 C 

kinewatiP viscosity 

mass dg^nity of filtering liquid 

pairtieie donisfcy 

Lr.-.c££ip tr.pzntt, vol of dojsasitod . 
coiid r-PC iv;iit f l l t o ? va l . 

cbjolos? r,?f"=ifie degaoit 

satut*«eiPtl valuo of ^pacif ic Soposit 

shc^a IfSPtor of grains 

ra t io betwoon speci f ic dicunoter and 
effective dianuter 

inconsis tent values of hoadloss (ignored) 

ORtrageifltod values of head loss 

L 

(-) 

<-) 

(-) 

(-) 

(-) 

(-> 

(-) 
-3 

ML 

.-1 

W."1 T" 
t2 „"1 L T 

MX. 

ML 

-3 

-3 

The ebovo natation has been followod in the text. Some 

unavoidable differences from this nomenclature in the toxt nr« 

cloozly noted aa and when thoy occur. 

Hoto»- Tha dafea in Chaptoro 9 and 10 on headlooa, on4 >.-

ficpSh of 2iltos i)L*db03 Jf) in irsclico bceauno of oxioeing foeilitica 

wirl relating tho \>i)?)i t;iC*Ji provAoun Cata, 



t? width o f £ i l t o r tank I» 

2: osj^oncnt o f v o l o c i t y tosa (-) 

X dt Ht (-) 

y oxponent of spher i ca l surface term (-) 

Y ds Hs (-) 

2 exponent of capillary specific surface 

term (-) 

Z db Hb (-) 

a scour or detachment coefficient T 

0 bulging factor for deposits (-) 

^p + p density of suspended mattor ML 

X filter or impediment coefficient L 

initial filter coefficient L~ X 

P 

v 

P 

P_ 

0 ^ , , ^ ,~ o . - 1 

a 

dynamic v i s c o s i t y a t 20 C ML T 

T" 
3 

2 - 1 
kinematic v i s c o s i t y L T 
rnaso d e s n l t y of f i l t e r i n g l i q u i d ML 

p a r t i c l e den i s ty ML 

cpociSt.c &n?ior,i.t, vol o2 dopor.itod 1 

c o i i d jj>c;r uai'i S-lltos v o l . (-) 

f.Vo.V.-.Uo c;;>cci££.c c1c:io;jife (-) 

0 catujretion value of ny.;cific default (-) 

r̂-,j chaoo fector of grains (-) 

^ ratio botwonn epocific diamoter and 

effective diamster (-) 

* Incon&iotant values of headloss (ignored) (-) 

** extrapolated values of hoadlosa (-) 

The above notation has been followed in the text. Some 

unavoidable differences from this nomenclature in the text are 

clearly noted as and when they occur. 

Note>- Tho data in Chapters 9 and 10 on hoadloao, and *: 

dopth of filtor probon la in inchos because of oxiofcing facilities 

and relating tha wosk with proviouo data. 
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Q 
3 

ca 
3. 

era /h 
cm /min 

CF 

dro/min 

dro/sec 

El, E2 . ..E8 

hr 

lit/h 

a 

mg/1 

t/h 

win 

Hi 

aid 

t\T 

i:V 

na 

at the rate of 

cubic centimetre 

cubic centimetre per hour 

cubic centimetre per minute 

control (west) filter 

drop por minute 

drop por second 

sampling waives cum pressure 
test (east) filter 

hour 

litre per hour 

metro 

milligram per litre 

atotro par hour 

ninuto 

LUiili litSO 

million litro a day 

njA.Uiaufcito 

millivolt 

nanoEatre 

N/o 

en 

p 

Rcf 

sec 

TF 

u.d. 

vol 

m, w2 

w.rj.o. 

c:,:?<,o. • 

...W8 

newtons per square matre (lN/m --* 1.019 x 10 

overflow rate (filtration rate) inch per hour 

hydroson ion concentration 

roforonce point for headloss measurement 

second 

toot (eaat) filter 

undor drainage 

volunia 

sampling vnlvoo cum pressure tappings tha tha 
cont,?ol (wo3t) filter 

World Honlth. Organisation 

Wr.ifcon watorworkn outlet 

micron 
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