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SYNOPSIS 

Ishwar Chandra Agarwal, Ph.D. 
Department of C i v i l Engineering 

Ind ian I n s t i t u t e cf Technology, Kanpur 
May, 1 973 

Engineering and T h e o r e t i c a l I n v e s t i g a t i o n s 
On In te rmedia te Bate F i l t e r s 

F i l t r a t i o n of munic ipa l water s u p p l i e s i s g e n e r a l l y 

accomplished by employing e i t h e r rap id or slow sand f i l t e r s . 

However, i n t h e con tex t of t h e needs of developing n a t i o n s , 

both r a p i d and slow sand f i l t e r s a r e found t o possess many 

shor tcomings . Reed, t h e r e f o r e e x i s t s of developing a 

modified f i l t r a t i o n system s u i t a b l e for developing n a t i o n s . 

Such a modified f i l t r a t i o n system was considered 

t o be comprised of slow sand f i l t e r s r e c e i v i n g alum-

coagulated i n f l u e n t s and ope ra t i ng a t r a t e s much h igher 

t han convent iona l slow sand f i l t r a t i o n r a t e s . This study 

was conducted t o i n v e s t i g a t e v a r i o u s eng ineer ing and 

t h e o r e t i c a l a s p e c t s of t h e suggested modified f i l t r a t i o n 

system. The e n t i r e r e s e a r c h was c a r r i e d out employing 

e i t h e r two p i l o t s c a l e slow sand f i l t e r s , which were 

cons t ruc ted f o r t h i s s tudy , or v a r i o u s pro to type slow sand 

f i l t e r s e x i s t i n g a t Kanpur Water Works. 

Tho r e s u l t s of t h e f i r s t phase of the s tudy , 

designed t o eva lua t e t h e e f f e c t of alum c o a g u l a t i o n on 
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inf luents of slow sand f i l t e r s indicate tha t alum coagulation 

followed by f loccula t ion and sedimentation can be used as 

pretreatment to the inf luents of slow sand f i l t e r s . This 

finding i s a t variance with the views expressed by many 

workers who observe tha t alum coagulation as pretreatment 

to the inf luents of slow sand f i l t e r s i s undesirable because 

i t may r e s u l t in rapid build up of head lo s s , may cause 

occlusion of schmutzdecke with consequent de te r io ra t ion 

in biological pur i f ica t ion and under c e r t a i n circumstances 

of pH changes, aluminium hydroxide may p rec ip i t a t e in 

lower layers creating build up of head loss in these l a y e r s . 

However, the r e s u l t s of t h i s study c lea r ly show that alum 

coagulation does not r e s u l t in rapid build up of head loss 

and length of f i l t e r run remains of the same order of 

magnitude as in the case of f i l t e r s using uncoagulated 

in f luen t s . There is no occlusion of schmutzdecke and in fac t 

bac te r io logica l qual i ty of f i l t e r e d water may improve as 

a r e s u l t of alum coagulat ion. Also there i s l i t t l e 

p rec ip i t a t i on of aluminium hydroxide in the lower layers 

of f i l t e r bed. The l i t t l e difference between the observed 

and computed values , using K'ozeny-Carman equation applicable 

for clean and unclogged beds, of head loss in the lower 

layers of sand bed confirms t h i s . 

During second phase of the study, the sand f i l t e r s 

receiving alum coagulated inf luents were successfully 
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operated at r a t e s of f i l t r a t i o n of 216, 408, 612 and 
o 

1000 1/m / h r , these r a t e s being higher than the conventional 
? 2 

r a t e o.f 133 1/m / h r . Even at the r a t e of 1000 1/m. / h r , 

almost a l l the head loss occured in top layers of f i l t e r 

bed, extending upto a maximum of 6 cm from the top of sand 

bed, and most of the impuri t ies were removed in these top 

l a y e r s . Sand scraping was found to be effect ive in removing 

the deposited impuri t ies and microbial growth and r e s to r ing 

the f i l t e r for the next run . This would obviate the 

necessi ty of introducing backwashing even a t these higher 

r a t e s of f i l t r a t i o n . 

Economic analysis was done t o a r r i v e a t an optimal 

r a t e of f i l t r a t i o n for both rapid and slow sand f i l t e r s . 

A r a t e of f i l t r a t i o n of 625 1/m /h r was found to be optimal 

in the case of slow sand f i l t r a t i o n , the overal l cost of 

f i l t r a t i o n being Rs. 6 (or 0.8 $) per mi l l ion l i t r e s of 

water f i l t e r e d for t h i s r a t e . In comparison the lowest 

overall cost of f i l t r a t i o n was Rs. 14*90 (or 2.0 $) in 

the case of rapid sand f i l t r a t i o n a t a nsar optimal r a t e 

of 8100 1/m / h r for such f i l t e r s . Even af ter adding 

the cost of alum, chlorine and power in both the cases, 
p 

slow sand f i l t r a t i o n a t a near optimum r a t e of 612 1/m /hr 

i s 51 -2% cheaper than rapid sand f i l t r a t i o n at corresponding 

optimal r a t e v i z . 8820 l/m / h r in conditions as obtainable 

a t Kanpur Water Works. 
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Besides these engineering inves t iga t ions , t heo re t i ca l 

analys is of the head loss data at d i f fe ren t r a t e s was a lso 

performed. It was shown that the t o t a l head los s , h, 

in f i l t e r s receiving alum coagulated waters and operating 

at r a t e s varying between 133 and 1000 1/nf/hr i s composed 

of two d i s t i n c t components, one being the head loss in 

top surface layers of f i l t e r bed, h , and the other being 

the head loss in the remaining lower layers of bed, h-, . 

While h i s time dependent, h-, remains subs tan t i a l ly 

constant with t ime. The head loss in top sand l aye r s , 

h , progresses exponentially with time or specif ic depos i t . 

The head loss in the lower layers , h-j, can be predicted 

from the Kozeny-Carman equation a f t e r accounting for 

the l i t t l e deposi t ion of suspended matter and consequent 

microbial growth in lower layers , if any. 

A mathematical model as follows i s proposed to 

describe the t o t a l head loss at any time in f i l t e r s 

receiving alum-coagulated inf luents and operating in the 
o 

range of f i l t r a t i o n r a t e s of 133 to 1000 1/m / h r . 

h = A ( 4 - j ) + G 1 0 k t 

o 

Al terna t ive ly 

h = A ( J h ) + j 1 O
m 0 " 

3 i. 0 
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However, i t may be mentioned that l a t t e r equation 

with respect to specif ic deposi t , cr~ , i s more su i tab le 

for higher r a t e s of f i l t r a t i o n where the effect of b io logica l 

growth on head loss build up is r a the r i n s i g n i f i c a n t . 



I . INTRODUCTION 

1 .1 Importance Of Safe Water Supply 

The p rov i s ion of sa fe and a e s t h e t i c a l l y a c c e p t a b l e 

d r ink ing wa te r t o t h e community i s of paramount importance 

and i s an important y a r d s t i c k of t h e developmental s t a t u s 

of a community. The r o l e of publ ic water s u p p l i e s , t h a t a r e 

b a c t e r i o l o g i c a l l y u n s a f e , a s v e c t o r s of e n t e r i c and o the r 

water -borne d i s e a s e s has been e s t a b l i s h e d by many i n c i d e n t s 

and i n v e s t i g a t o r s (Sedwick, 1902) , The e f f i cacy of water 

t rea tment t o check wa te r -borne d i s e a s e s was convincingly 

demonstra ted, among o the r i n c i d e n t s , by t h e d ramat ic r e s u l t s 

of Altona and Hamburg, Germany dur ing t h e cho le ra epidemic 

of 1892, In t h i s i n c i d e n t , u s i n g water from t h e same s o u r c e , 

the Elbe R ive r , Al tona, which f i l t e r e d i t s water supply , 

escaped e n t i r e l y , wh i l e Hamburg, which used the water u n f i l t e r e d , 

suffered a severe outbreak of d i s e a s e . R e a l i z i n g from such 

i n c i d e n t s t h e importance of p reven t ion be ing b e t t e r t han curies 

t r ea tment of water before i t s consumption was i n i t i a t e d on a 

wider s c a l e . Fol lowing mainly a more complete coverage of 

water supply schemes and improvements i n t h e i r o p e r a t i o n and 

c o n t r o l , t h e dea th r a t e due t o typhoid i n 78 U . S . c i t i e s 

dropped from 20.54 i n 1910 t o 0.15 i n 1946 per 100,000 (AWWA 

Manual, 1951) . S imi lar i s t r u e of England and Wales where death 

r a t e from typhoid per m i l l i o n people dropped from 150 i n 1900 

t o almost ze ro around 1940*s (Manual of B r i t i s h Water 
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Engineering Pract ice , 1961). 

However, primarily due t o lower coverage of people by 

engineered water supply and s a n i t a t i o n schemes in developing 

countr ies , mor ta l i ty r a t e due to water-borne diseases i s qui te 

high. In Cylon, the mortal i ty r a t e due to water-borne diseases 

was 102.8 per 100,000 during 1957 while according to a 1962 

est imate, 45% of the urban population was covered by water 

supply schemes (Miller , 19625 Die te r ich and Henderson, 1963)* 

In India the morta l i ty r a t e due to en te r ic diseases (typhoid, 

dysentr ies e t c . ) i s about 360 per 100,000 where 52% of urban 

population and more than 55% of r u r a l population were not served 

by adequate water supply by 1966. (Government of India : 

Planning Commission, 1966). 

1 .2 Necessity Of Cheap And Simple Water Treatment System 

Realizing the importance of t r ea ted water supplies 

in maintaining be t te r public hea l th , most of the developing 

countries are paying increasingly greater a t t e n t i o n to the 

treatment of public water supp l i e s . In India , t h i s i s 

evidenced by the exponential r i s e in fund allotments to water 

supply schemes, both urban and r u r a l . The successive outlays 

in f i r s t , second, th i rd and four th f ive year plans for 

urban and r u r a l water supply and san i t a t i on schemes are 

490, 760, 1,053 and 3,730 mil l ions of rupees r e spec t i ve ly . 

However these outlays are extremely meagre considering t h a t 

9,000 mil l ions of rupees are required for supplying safe 
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water to the entire rural population and 10,000 millions of 

rupees needed for covering entire urban population by water 

supply and sewerage schemes (Roy, 1973; Siddiqi, 1972). 

Because of the imposed constraints of paucity of 

financial resources coupled v/ith the restricted availability 

of skilled technical personnel and sophisticated equipment, 

either new water treatment methods have to be evolved or 

existing ones modified so that water treatment units can be 

developed which are cheap, simple and easy to construct, 

maintain and operate and which do not require either the 

incorporation of sophisticated and complicated equipment or 

attendance by skilled technical labour. 

1.3 Filtration As The Central Process In Conventional Plow 

Sheet Of Water Treatment 

The primary purpose of according treatment to water 

is to make it bacteriologically safe, aesthetically acceptable 

and free from toxic and undesirable chemical constituents. 

Though it is possible to remove toxic and undesirable 

substances from raw waters uncommonly rich in them by giving 

special treatment, however such special treatment operations 

are generally quite costly. Therefore, mainly on economical 

considerations, alternative sources of raw water are selected 

which can be treated by cheaper methods to acceptable quality 

levels* 

To remove pathogens from water to make it safe, dis-
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infection has been found to be most effective treatment. 

To give an example, the death rate from typhoid fever dropped 

from 25 to 4 per 100,000 annually following only chlorination 

of clear lake water (Pair .et_,al«, 1968). 

However, one of the major function of conventional 

water treatment is the removal of suspended and colloidal 

impurities. Removal of turbidity is essential not only from 

the view point of aesthetic acceptability but also from the 

fact that efficient disinfection is not possible in presence 

of suspended and colloidal impurities which serve as hide­

outs for the micro organisms. Also increasing public aware­

ness has resulted in more stringent standard for turbidity 

in drinking water. Since filtration can remove the turbidity, 

especially due to colloidal particles, more efficiently and 

economically, it assumes central importance in the conventional 

flow sheet of water treatment. 

Accepting that filtration is the single most important 

unit operation in the treatment of municipal water, it becomes 

desirable that this water treatment operation should achieve 

the requirements of simplicity and cheapness, along with the 

essential pre-requirement of good and acceptable filtrate 

quality. 

1.4 Rapid Versus Slow Sand Filtration 

Filtration of water, in normal practice has been 

accomplished employing the following types of filters : 
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1 . Slow Sand F i l t e r s 

2 . Rapid Sand F i l t e r s : These may be f u r t h e r s u b ­

d iv ided i n t o two s u b - c a t e g o r i e s : 

2 (a) Gravi ty F i l t e r s 

2 (b) P res su re F i l t e r s 

3# Diatomaceous Ear th F i l t e r s 

The diatomaceous e a r t h f i l t e r was developed p r imar i l y 

f o r m i l i t a r y u s e du r ing world war I I and has s ince been used 

t o a l im i t ed ex ten t fo r swimming pool wa te r s and smal l 

po t ab l e s u p p l i e s (American Water Works A s s o c i a t i o n Manual, 

1951 )« Their employment i n India would be f u r t h e r l i m i t e d 

due to n o n - a v a i l a b i l i t y of diatomaceous e a r t h d e p o s i t s i n 

any s i g n i f i c a n t q u a n t i t i e s . Rapid f i l t e r s enclosed i n 

p r e s su re c y l i n d r i c a l v e s s e l s and opera ted under l i n e p r e s su re s 

have u s u a l l y been i n s t a l l e d only i n i n d u s t r i a l water systems 

and i n t h e r e c i r c u l a t i o n systems of swimming pools (Fa i r _et a l . 

1968) . Since p r e s s u r e v e s s e l s a r e q u i t e c o s t l y , and because 

of ope ra t ing and o the r d i f f i c u l t i e s , p r e s su re r ap id f i l t e r s 

have not been employed for t rea tment of munic ipal water 

s u p p l i e s . 

The remaining two types of f i l t e r namely the slow 

and r ap id sand f i l t e r s , both of t h e g r a v i t y t ype , have been 

u n i v e r s a l l y adopted fo r f i l t r a t i o n of munic ipal water 

s u p p l i e s . Severa l mod i f i ca t i ons t o sand f i l t e r s inc lud ing 

multimedia f i l t e r s , h o r i z o n t a l f i l t e r s , upf low, bif low & r a d i a l 
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filters etc. have been proposed, but due to various operational 

problems have not been adopted on any scale. The relevant 

features of construction, operation and performance of conven­

tional slow and rapid sand filters are compared in Table 1 • 

As partially apparent from reference to Table 1 

the rapid sand filters possess following advantages : 

(1 ) Smaller size; For treatment of 5x10 nr/day of water, 

for example, the size of rapid filter will be about 

40 m2 while that of slow filter will be about 1200 m . 

(2) Ability to remove even high levels of turbidity in conjunct­

ion with coagulation and clarification. 

(3) Adaptability to fluctuating raw water quality because of 

conjunctive pretreatment» 

(4) Lower initial cost of construction in places where 

land and labour is expensive and filters have to be 

covered because of cold climates and other reasons. 

Because of first three advantages coupled with over­

all economy of construction and operation under North American 

conditions, rapid filters have almost wholly displaced slow 

filters in North American practice (Fair et al-, 1968). 

However, rapid sand filters have some disadvantages which 

are the deciding factors in making them unfit for use,espe­

cially in the rural and semiurban areas of developing count­

ries. These disadvantages include regular laboratory testing 

and technical supervision to maintain acceptable filtrate 
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qua l i ty , cost ly operation and complicated hydraulic design 

due to backwashing, and employment of sophis t icated equipment 

which r equ i re s , for t h e i r proper working, sk i l l ed operation, 

maintenance and workshop f a c i l i t i e s . In as much as the 

proper in f ras t ruc ture and aux i l i a ry f a c i l i t i e s of laboratory 

and workshop may not exist and coupled with the r e s t r i c t e d 

a v a i l a b i l i t y of f inanc ia l resources and technica l personnel 

even in some urban water plants of developing count r ies , the 

adoption of rapid f i l t e r s may not be wholly j u s t i f i ed and 

defehdable* 

The slow eand f i l t e r s , too, possess a number of 

dis-advantages l ike t h e i r counterpart though these demerits 

are of completely dif ferent na ture . 

The decl ine in the const ruct ion of slow sand f i l t e r s 

has been a t t r i b u t e d t o the following disadvantages (Van de 

Vloed, 1955 and Manual of Br i t i sh Water Engineering Prac t ice , 

1961). 

( i ) i n i t i a l cost i s high; 

( i i ) la rge areas of land are required; 

( i i i ) the cleaning process requi res a large labour force; and 

( iv) they are not su i t ab le for deal ing with waters 

containing high quan t i t i e s of suspended matter 

(over 25 m g / l . ) . 

If these disadvantages are analyzed, it becomes 

clear that first three disadvantages result primarily from 
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adoption of slower rates of filtration-. Higher rates of 

filtration were not employed because it was considered that 

schmutzdecke, a biological mat formed on top and considered 

primarily responsible for removal of colloidal particles, 

was a fragile and delicate layer which could easily be 

ruptured if water was forced at higher speeds. The fourth 

disadvantage of inability to cope up with highly turbid 

influents is due to the absence of any pretreatment. Chemical 

coagulation, universally adopted before rapid filtration, 

was not used as it was thought to interfere with the normal 

functioning of schmutzdecke. 

However, with the introduction of microstraining 

and rapid filtration as pretreatment to slow sand filter 

influents, together with adoption of higher rates, mechani­

zation in the cleaning process and other improvements in 

the design and construction of these filters has made slow 

sand filtration compete favourably with rapid sand filtration 

on the basis of over all economy of construction and operation 

in many situations even in advanced countries. Two latest 

(mid-1972) examples of the above observation are the const­

ruction of two treatment plants, one of small capacity of 

25x1 Cr nr/day (to be increased to .1x10 nr/day) in Ireland 

and other of 0.5x10 nr/day in London, both employing slow 

sand filtration preceded by rapid filtration. (Journal of 

Indian Water Works Association, 1972 and 1975). 
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In tropical and developing countries where the 

disadvantages of high land costs, expensive labour and 

troubles caused by frost and reduced biological activity due 

to extremes of cold may be well within acceptable levels, 

following advantages of slow sand filtration may make it 

preferable to rapid sand filtration (Huisman, 1970). 

(i) Quality of treated water: No other single process 

can simultaneously improve to,such an extent, the 

physical, chemical and bacteriological quality of 

water, 

(ii) Cost of construction : Because of low land costs and 

cheap labour, the initial cost of construction may also 

be substantially low as filters do not require 

any covering, 

(iii) Ease of construction : Because the dimensions of slow 

sand filter are much less critical than those of the 

rapid sand filter, it is possible to make a greater 

use of local materials and craftmanship with the 

minimum of skilled supervision. Design is simpler, 

no especial pipework, equipment or instruments are 

required, and a greater lattitude in the screening 

of media and selection of construction materials 

can be allowed* 

(iv) Cost of operation : Cost almost lies wholly in cleaning 

the filter beds, done mechanically or manually. If 
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done manually, no special equipment is required. 

(v) Ease of operation: operation requires less skill and 

training and no close supervision is needed. 

(vi) Conservation of water : Slow sand filters require 

only one-tenth quantity of water for washing sand 

as compared to rapid filters. As wash water re­

clamation is not practised extensively, this water 

along with the impurities is flushed to waste. 

In view of the merits and demerits of the slow 

and rapid sand filters as discussed in preceding paragraphs 

and in view of objectives of filtration being to produce 

lowest cost water consistent with the maintenance of adequate 

filtrate quality and acceptable operating conditions, as 

expressed by Miller in Society of Water Treatment and 

Examination symposium on filtration, slow sand filters 

should be the logical choice, especially in the rural and 

semiurban areas of developing countries, satisfy as they 

do the objectives of filtration more fully in these areas. 

1 .5 Need And Identification Of Problem 

However, though slow sand filters may be more 

efficient and economical water purification units in rural 

and semiurban areas of developing countries, they have 

found only limited acceptance in urban water supply schemes 

both of developing and developed nations. Many-a-times the 

real reasons, especially in developing countries, have been 
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psychological than purely economical and/or technological as 

expressed in the recent background paper of World Health 

Organization (Huisman, 1970). It observes that there is 

evidence that in some parts of world water treatment 

engineers, fearing to be thought out of date, tend to neglect 

consideration of slow sand filters when planning new works. 

Still, some of the disadvantages of slow sand filters are 

chiefly responsible for their restricted use. In order to 

assign a major role to these filters in the treatment of 

municipal water supplies in developing countries in particular 

and in other parts of the world in general, it is desirable 

that disadvantages associated with slow sand filters be 

eliminated or reduced so that they become more competetive 

and viable units of water purification vis-a-vis rapid sand 

filters. 

As discussed earlier that the disadvantages of high 

initial cost of construction and requirements of large 

land areas and of large labour force for cleaning process 

result primarily from the adoption of lower rates of filtra­

tion and the disadvantage of inability to cope up with 

highly turbid waters stems from the absence of pretreatment 

except that of sedimentation. Therefore, any study to be 

conducted with a view to upgrade the status of slow sand 

filters, should be directed towards (i) searching, and 

evaluating suitable pretreatment unit operation (s) to increase 
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the capacity to treat even highly turbid waters (for example 

river waters during rainy season), and (ii) increasing their 

throughput by adoption of enhanced rates of filtration; 

both being governed by the criteria of not deteriorating the 

filtrate quality adversely, of not increasing the overall 

filtration cost to unacceptable and non-competetive levels 

and of maintaining simplicity of construction, operation 

and maintenance. It may suffice to mention here that 

chemical coagulation with alum followed by flocculation 

and sedimention may be a better choice of pretreatment as 

compared to others, microstraining or rapid filtration for 

example, for reasons to be discussed in detail in subsequent 

chapters. 

Also, though a great amount of research data and 

information is available on various facets of rapid filtration, 

including development of conceptual models for removal of 

suspended matter and mathematical models both for build up 

of head loss and removal of suspended impurities, very few, 

if not almost non existent, investigations have been carried 

out to contribute towards the building up of mathematical 

models in case of slow sand filters. Also need exists of 

demonstrating the applicability or otherwise of the existing 

concepts and formulations, developed primarily for rapid 

sand filtration, to slow sand filtration either directly 

or after modifications. 
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1#6 Scope Of The Inves t iga t ion 

As may emerge out from the preceding discussion, 

the present inves t iga t ion aims at covering the following 

subareas in the f i e ld of slow sand f i l t r a t i o n : 

1 . Su i t ab i l i ty of alum coagulation as pretreatment to 

the inf luents of slow sand f i l t e r s . In as much as 

alum coagulation, a conventionally unacceptable 

un i t operation of pretreatment, may change the 

character of schmutzdecke and may resu l t in d e t e r ­

io ra t ion in b iological pur i f i ca t ion of water as 

expressed by Huisman (1970) and Ives (1971) there 

i s a strong case for evaluat ing the effect of alum 

coagulation on overal l performance of the f i l t r a t i o n 

process incorporat ing un i t operations of alum coagu­

l a t i on , f loccula t ion and sedimentation v i s - a - v i s 

the performance of conventional slow sand f i l t r a t i o n . 

2 . Operation of slow sand f i l t e r s a t enhanced r a t e s 

of f i l t r a t i o n to increase t h e i r throughput and the 

evaluation of the impact of increased f i l t r a t i o n 

r a t e s on length of run, overal l f i l t r a t i o n economics 

and other re levant fac tors and parameters* 

3 . Contribution towards the fundamental knowledge 

governing the build up of head loss in slow sand 

f i l t e r s as the f i l t r a t i o n of water progresses. 
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4. Interpretion of the existing concepts re la t ing 

to the removal of suspended impurities in the 

process of f i l t r a t i o n in context of slow sand 

f i l t r a t i o n . 

It is hoped that the above will not only lead to 

better understanding but to cheaper and more efficient water 

f i l t e r s . 



I I . LITERATURE REV IEV7 AND INTERPRETATIONS 

2.1 Slow Sand F i l t r a t i o n 

2 .1 .1 H i s t o r i c a l Background And Development 

Though the concept of s e p a r a t i n g i m p u r i t i e s from 

water by f i l t r a t i o n i s a s old a s c i v i l i z a t i o n , p rocess ing of 

water through b u i l t sand beds fo r t r ea tmen t of wa te r p r i o r 

t o i t s supply t o a community s t a r t e d a s l a t e a s e a r l y n i n e ­

t e e n t h c e n t u r y . The i n t r o d u c t i o n of water t r e a tmen t by means 

of sand f i l t e r beds i s due t o B r i t i s h e n t e r p r i s e . Following 

James Peacock 's pa ten t of 1791, John Gibb in 1804 b u i l t a 

success fu l slow sand f i l t e r bed a t Pa i s l ey i n con junc t ion 

wi th a s e t t l i n g b a s i n and roughing f i l t e r , acco rd ing t o t h e 

Manual of B r i t i s h Water Engineer ing P r a c t i c e (1961) . The 

next success fu l f i l t e r s were cons t ruc ted i n 1827 by Robert 

Thorn a t Greenock and t h i s was fol lowed by the c o n s t r u c t i o n 

of improved form of slow sand f i l t e r i n 1829 a t Chelsea 

based on the obse rva t ions of James Simpson on a t r i a l f i l t e r . 

Thereaf te r many u n i t s employing slow sand f i l t r a t i o n have 

been b u i l t i n B r i t a i n and many o ther c o u n t r i e s . One of t h e 

most r ecen t example of use of slow sand f i l t r a t i o n i s the 

commissioning i n the middle of 1972 of Coppermills Works 

i n London wi th a capac i ty of 0.5x10 m /day ( J r . I nd i an 

Water Works A s s o c i a t i o n , 1973) . 
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Though slew sand f i l t r a t i o n takes h i s t o r i c a l 

precedence over rapid sand f i l t r a t i o n which was adopted 

for the f i r s t time in 1885, comparatively very l i t t l e 

research has been done in the area of slow sand f i l t r a t i o n . 

When slow sand f i l t r a t i o n Droved to be an effect ive bar r ie r 

against the transmission of disease by water in the middle 

and l a t e 19th century i t s populari ty for the treatment of 

municipal water supplies reached i t s peak. However, because 

of the shortcomings of slower r a t e of f i l t r a t i o n and conse­

quently requirement of large land a reas , of employment of 

large labour force for bed cleaning and of the i n a b i l i t y to 

cope up with highly turbid waters , t h e i r use declined f a s t 

in the 20th century. To reduce the impact of the above 

shortcomings s ignif icant work has been done by Metropoliton 

Water Board of England, claimed to be the l a rges t author i ty 

in Bri ta in using slow sand f i l t e r s (Manual of B r i t i sh Water 

Eng. P r a c , 1961). I n i t i a l l y , the r a t e s of f i l t r a t i o n for 

slow sand f i l t e r s ac t ing alone was about 50 1/m / h r . as 

given by Ridley in the Society of Water Treatment and 

Examination (S.W.T.E.) symposium on F i l t r a t i o n in 1967. 

However, with the introduct ion of micro s t r a in ing and 

roughening rapid f i l t r a t i o n as pretreatment, these r a t e s 

were increased three fold to 150 1/m /h r (Ridley, 1967). 

Further in Coppermills Water Works, London, mentioned e a r l i e r 

a l so , the ra te of f i l t r a t i o n adopted i s 250 l/m / h r . 
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(J.IWA, 1973). Besides upgrading of filtration rates, a 

considerable innovation has been done in the cleaning of 

slow sand filters. There have been basically two approaches; 

firstly to wash the sand insitu as discussed by Laval (1952) 

and Burma n and Lew in (1961 ) and secondly mechanization 

of scraping and washing operations (Lev/in, 1961). The 

advantages and disadvantages of these innovations along with 

other details have been discussed by Ives (1971) and in the 

Manual of British Water Engineering Practice (1961). In the 

latter reference, other developments in the design and 

constructional features of recently built slow sand filters 

like the refined underdrainage system, automatic control 

of inlet and outlet hydraulic arrangements etc. have been 

detailed. Another trend, indicated by American Water Works 

Association Manual (1950) has been towards employing shallower 

depths and coarser sand with a view to cut down sand costs 

and achieve longer filter runs. Again taking the example 

of copper mills works, London, the depth of sand and gravel 

is 69 cm and 7-6 cm as against conventional values of 75-100 cm 

and 30 cm respectively. 

2.1.2 Schmutzdecke and its Role 

It is felt that the adoptation of very slow rates 

for slow sand filters in the nineteenth century was largely 

due to the misconceptions and the imperfect understanding 

of the processes taking place, especially the schmutzdecke 
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and its role in the removal of impurities from water. For 

a long time after the introduction of slow sand filters, 

their function was thought to be merely the removal of 

suspended ratter by simple straining (Manual of British Water 

Eng, Erac, 1961). This misconception is understandable 

as bacteria were unknown and analytical chemistry was not 

much developed. Consequent upon the realization that most 

of the particles of suspended matter being filtered were 

considerably smaller than the interstices between the finest 

grains of sand in the top layer of the bed, it was explained 

that the larger particles arrested earlier supported smaller 

particles and the concept of the "mat of arrested substances" 

was born which was supposed to contain an arrangement of 

larger particles supporting smaller particles very much 

similar in the manner in which smaller pebbles supported 

the sand in the filter bed. 

However with rapid advances in microbiology, 

physical chemistry and allied disciplines of scientific 

knowledge, a better understanding about the removal of 

impurities resulted. T.H.P. Veal (1950) in his book 

"The Supply of T7ater" gives the following description, 

"The action that takes place in a sand filter is only 

partially a straining one, and appears to be mainly 

due to certain varieties of aerobic bacteria, which 

work and breed on the surface layers of the material. 

After a filter bed has been working for a sufficiently 
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long period a film is formed by these bacteria all 

over its surface, immediately below which the particles 

of sand become coated with a bacterial jelly similar 

in composition to the film. Very fine particles of 

suspended matter, which could easily pass through 

the interstices between the particles of sand in a clean 

bed are caught on this surface film and provide the 

bacteria there with material for carrying on their work. 

Organic compounds in solution are also absorbed by 

these bacteria, and are converted by their digestive 

processes into simpler compounds of inorganic form. 

As the action of a sand filter depends mainly 

upon the bacterial film on its surface, it is evident 

that a bed of clean sand will not work efficiently 

until that film is formed. " 

The first comprehensive and lucid details about 

the qualitative compositions and role played by the different 

layers of sand were furnished by Van de Vloed in a report 

presented at the Third Congress of International Water 

Supply Association held in London in July 1955* Van de Vloed 

(1955) attributed the first complete explanation of the 

purification process in slow sand filters to Kemna (1899). 

Van de Vloed, laying great emphasis on surface energy 

of the sand grains, felt that sand available from river 

etc. looses part of its energy by adsorption of iron, 

aluminium and manganese but not enough to attain a completely 

reversed zeta potential. During the first two weeks of 

filter operation, surface energy becomes decidedly positive. 

He felt that the upper portion of sand becomes rapidly 
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coated with a layer of reddish brown precipitate which 

consists of a complex of partly decomposed organic matter 

(humus) with iron, manganese, aluminium and silica and this 

favours adsorption of negative organic micelles in colloidal 

systems. He also noted that the better the adsorption of 

anions out of solution is the more the carbonic acid formed 

through fermentation on the surface. Because of adsorption 

of these anions, after 2-3 weeks a great concentration of 

inorganic salts mainly phosphates will result. At that 

moment, according to the light intensity and heat factors, 

the formation of a surface skin of algae will set in. 

According to Van de Vloed, this skin has been called 

"schmutzdecke" by Piefke (1880) and christened as "auto-

trophe zone" by Van de Vloed, who described it to be composed 

of organisms brought to the bed in raw water and of forms 

native to the superficial layers of the filter, the 

commonest being sesile algae, diatoms mostly, together 

with varying proportions of protozoa, a few larger animals 

such as the larvae of midges (chironomus) and a host of 

bacteria. Van de Vloed observes that the term dirt layer 

employed by Piefke is not a very characteristic oney certainly 

not for secondry slow sand filters as the microscopic 

examination revealed it to be rich in microorganisms but 

poor in dirt with perheaps the sole exception of chitinous 

remains of arthropods and their insolable substances. 
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Van de Vloecl defined the "autotrophe zone" as 

being the uppermost layers of sand inhabited principally by 

actively photosynthesizing algae in contrast to the tradi­

tional connotation of the word schmutzdecke which was supposed 

tc be a gelatenous bacterial film. He agreed that slow 

sand filters owe much to this surface skin of algae but 

clearly mentioned that though autotrophe zone is important, 

it is not the most efficient part of a slow sand filter. 

Because recently scraped; filters can also remove impurities, 

though less efficiently, and covered filters in cold climates 

work satisfactorily. Further as pointed out by Huisman 

(1970) and Ives (1971) that there exist in Scotland small 

slow sand filters with upflow and the biologically active 

zone is at the base of the sand. No schmutzdecke is formed 

and no matting of algae on the surface takes place, yet they 

function satisfactorily. 

Van de Vloed outlined two effects of the auto­

trophe zone. (1) mechanical straining removing the particles 

of suspended matter that are too large to pass through the 

interstices between the cellulose threads of the chlorophycae 

and the siliceous bodies of the diatoms, these organisms being 

smaller than the finest filter sand (2) the synthetic acti­

vities of algae result in using up carbon dioxide, the 

available nitrogen and phosphates from the water and releasing 

oxygen to water to help in oxidation of suspended and dissolved 
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materials. The thickness of this autotrophe zone seldom 

exceeds a few millimetres, contrary to previous belief. 

Below the autotrophe zone is the "heterotrophe 

zone", colonized mainly by aerobic bacteria which convert 

organic material in the water to carbon dioxide, and simple 

inorganic salts like nitrites and nitrates and phosphates. 

Pear sail, Gardiner and Greenshields (1946) describe excellently 

the action of this zone and observe that the numerical balance 

of the microflora of the filter continually tends towards 

a dynamic equilibrium with the character of the matter to 

be digested, with the result that the filtrate of slow sand 

filter tends to be uniform in character. Piefke mentioned 

that the thickness of hetrotrophe zone does not exceed 30 cm. 

Van de Vloed observes that the deepest layer, termed as 

"Mineral Oxidation Zone" also contributes towards the 

purification of water by oxidizing the material through 

contact catalysis on the sand surface. 

In the S.W.T.E. 1967 symposium, Ridley (1967) 

detailed the stages of succession of algae growing in the 

slow sand filters. During the first seven days, small uni­

cellular chlorophyceae proliferates the supernatant water. 

In stage II after about five days, diatoms or other algae 

in the inflow seeded the sand surface, or they may have been 

left behind from the previous filter run. During stage III 

after about ten days, there may be proliferation of the larger 
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filamentous algae such as Melosira, Cladophora, Hydrodictyon 

and Enteromorpha. 

Ridley observed that if the unicellular algae 

dominate the flora throughout the filter run, the head loss 

rises steadily and even if some species form palmelloid 

stages (i.e. the gelatenous matrix), the difficulties occur 

only at the tiroe of cleaning. However, under normal circum­

stances diatoms replace unicellular algae and these cause 

excessive head loss as their shape and size are ideal for 

plugging sand interstices. Sometimes the filamentous 

matted algae could be overproductive photosynthetically, 

with the accumulated oxygen bubbles causing the mat to float 

up from sand, carrying much of the top layers of sand with 

it. This increased the permeability locally and thus 

increasing the quantity of water filtered but the resulting 

in a poor filtrate. Another disadvantage of filamentous 

algae in the autotrophezone listed by Ridley was the rapid 

sealing of surface consequent to the death and disinte­

gration of these large algae with attendant taste and odour. 

Because of a very large length of run, normally ten weeks, 

and the presence of several tons of living and dead matter, 

Riddley fears the potential risk of taste and odour in 

filtrates and the possibility of complexes, for example, 

muco-poly saccharides. He also observes that even when 

alive, the filamentous algae add to filtration costs. 
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* 

Ridley observed that slow sand filter basin is 

a complex ecosystem with physical conditions comparable to 

a shallow pond with a permeable floor, where primary produ­

ction of organic matter by algae is sufficient to support 

a wide range of bacteria, protozoa, rotifera, crustacea, 

nematoda, annelida and even insect larvae. Some of the 

predominant algae proliferating on sand bed were unicellular 

Vovocales and filamentous algae like Melosira, Ulothrix, 

Cladophora (Ridley, 1967). In summer-time the filter skin 

often becomes colonized by filamentous algae which include 

various Isokontae such as Cladophora, Spirogyra, Rhizoclonium 

and Hydrodictyon, Heterokontae, usually Tribonema and often 

the filamentous diatom, Melosira, Sometimes blue-black 

patches of Oscillatoria also develop (Manual of British 

Water Eng. Erac, 1961). 

Huisman (1970) presented a very clear summary of 

the mode of action of a slow sand filter in a background 

paper prepared for World Health Organization. He states 

that purification of water begins while it awaits for a 

few hours above sand to begin its passage through bed. 

During this time larger particles start to settle, smaller 

ones coalesce and become easy to remove and plank tonic 

algae are involved in synthetic activities by taking 

carbondioxide, nitrates, phosphates and other nutrients from 

water to form cell material and oxygen. On the surface of 



26 

the sand is the organic layer known as the "schmutzdecke" 

which is slimy, gelatinous, comprising filamentous algae, 

diatoms and bacteria, large particles of mineral and 

organic matter, living and dead algae, parasites, and a 

proportion of other impurities are left behind, trapped 

in the sticky mass, where they are digested and broken 

down. After the schmutzdecke the water passes through 

the sand bed taking a few hours and during this time main 

treatment process takes place. Here some straining takes 

place, but most of particles like colloids, bacteria and 

viruses are much smaller than the pore openings. Huisman 

feels that because of the forces of adsorption (which 

according to him is a complex phenomenon attributed partly 

to electrical forces, partly to chemical bonding and partly 

to molecular activity)centrifugation and sedimentation, the 

impurities come in contact with grains and are held. 

Consequently, the sand grains become coated with a sticky 

layer similar in many respects to the composition of the 

schmutzdecke, but without the larger particles and algae* 

This sand coating is a teeming mass of bacteria, bacterio­

phages, predatory organisms such as rotifers and protozoa, 

all feeding upon the adsorbed impurities and upon each other. 

Organic matter is broken down and converted into cell material 

and inoffensive inorganic materials are carried av/ay in the 

now mineralized filtrate. This activity of filter declines 
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with depth because of progressively diminishing concentration 

of impurities. 

Prom a close scrutiny of the preceding paragraphs 

it clearly emerges that in the beginning the schmutzdecke 

was understood to be a fragile and delicate layer of bacteria 

and organic matter and the filtration action was mainly 

dependent on it. Consequently higher rates of filtration' 

were not employed lest the schmutzdecke may puncture . 

However, the present day understanding portrays the schmut­

zdecke primarily as an algal layer, dominated by filamentous 

algae after sometime from its formation, and plays only a 

secondary role in the overall purification process. Though 

its role is important for filters, sometimes it may become 

an undesirable and nuisance-creating layer by blocking the 

filters and creating excessive head losses besides degrading 

the quality of filtrate by giving taste and odour.to it. 

Before closing this section, it would be interesting 

to record here some of the observations of Van de Vloed (1955) 

with regard to coatings on sand grains of Puech-chabal filters, 

which acted as prefilters to slow sand filters, having 55 cm 

of sand with an effective size of 0.28 mm and uniformity 

coefficient of 1.6 operating at velocities of 1-1.5 m/hr. 

and employing alum coagulated and settled water (average 

dose of alum 70 ppm). Microscopical examination of sand 

revealed a very porous dark brown coating. This sand smelt 
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very badly, whils t the t a s t e and odour of the f i l t e r e d water 

were good. Boiling the coated sand grains in 5% HC1. for 

two hours resor ted the yellow white grains of s i l i c a which, 

in an experimental f i l t e r , was completely unable to remove 

even small quan t i t i e s of dissolved organic matter and germs. 

Following the analysis of the reddish hydrochloric l iquor, 

i t was found .that the sand coat ing, which was about 10% of 

the dry and clean sand weight, consisted of nearly 30% of 

Fe^CL, 15% of A1207, 1 to 8% of Mtf)2, 6% of Si 02 and 2% COg, 

r e s t being organic matter, water of c r y s t a l l i z a t i o n , small 

quant i t i es of calcium e t c . He observed t h a t chemical coagulants, 

if needed, are not so much necessary to form an a r t i f i c i a l 

mat on top of sand bed, but ra ther to form a posi t ive 

coating around the s i l i c a sand g r a i n . After a r ipening 

period there ex is t s a diffuse j e l l y - l i k e coat around each 

grain containing meta l l ic oxides, hydrates and carbonates, 

organic matter , germs and innumerable oriented water molecules. 

He agreed with Kemna (1899) that i t i s the sticky surface of 

grain which removes impuri t ies but mentioned that the term 

zooglea should not be given to t h i s formation as i t i s not 

formed exclusively by the act ion of l i v ing beings . He f e l t 

the presence of MnOp- important in the diffuse layer as 

i t is a very good ca ta lys t for oxidat ion. 
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2.1.3 Pretreatment of Filter Influents 

Van de Vloed (1955), Ridley (1967) and Huisman (1970) 

stressed the fact that slow sand filters are unsuitable for 

highly turbid waters. Huisman stated that the best results 

were obtained when the average turbidity was 10 mg/l or 

less, although short peaks of 100 to 200 mg/l could be 

accepted. Tvvort (1963) feels that schmutzdecke is a very 

delicate membrane which could be easily clogged if influent 

contained excessive amounts ox silt and suspended matter. 

Also because of reduced amount of light penetrating to the 

autotrophic zone, photosynthetic activity would be reduced 

or stopped. Therefore, if incoming water either contains 

©excessive amounts of inorganic suspended natter or high 

concentration of algae, some pretreatment is necessary. To 

deal with high concentration of algae in raw water containing 

low turbidities, Ridley described algicidal treatment with 

copper sulphate and primary rapid sand filtration or micro-

straining. However, Huisman (1970) advised against prechlo­

rination or copper sulphate treatment before slow sand 

filtration as residuals of chlorine or copper could effect 

the biological activity in filter. On the contrary Bauman 

et al. (1963) reported favourably using residual chlorine 

doses averaging 8.8 mg/l, but it appeared that this oxidized 

the organic and living matter on the sand surface. 
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In the document of World Health Organization (1970), 

the pretreatment suggested for rural areas is plain sedi­

mentation with detention period of a few days while the 

following four processes are recommended for urban and large 

water supplies : 

(i) Plain storage with sedimentation 

(ii) Sedimentation with microstraining for algae removal 

(iii) Rapid filtration or naturally filtered intakes 

(iv) Plain sedimentation and rapid filtration 

Agarwal and Agrav/al (1973), however, argue that 

first pretreatment of storing water for long periods may be 

suitable in some areas, for example impoundage of relatively 

clean flood water of the Thames River prior to slow sand 

filtration in London, but may not be possible in majority 

of the cases. They further indicate that rapid filtration, 

either alone or with plain sedimentation may be costly and 

not preferred due to adoption of two types of filter, and 

consequent complexity and higher costs. 

Another method of pretreatment is chemical coagu­

lation which is universally adopted for rapid sand filtration. 

The use of chemical coagulation before slow sand filtration 

has generally been prohibited. Most of the British and 

European authorities including Ives (1971) Huisman (1970), 

Twort (1963) and Manual of British Water Engineering Practice 

(1961) and some of American authorities like Babbit, Doland 
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and Cleasby (1962) caution against the use of coagulation. 

However, primarily confronted with the problem of treating 

progressively increasing quantities of highly turbid waters, 

many water works including those of Kanpur (Agarwal et al,1973) 

and Allahabad in India, McMillan slow sand plant (Smith,1945) 

and others in U.S.A. and some waterworks in Spain (Van de Vloed, 

1955) have been using chemical coagulation before slow sand 

filtration. The manual of American Water Works Association 

(1950) also observes tha.t-the effectiveness of coagulation 

process developed for rapid sand filtration has promoted the 

use of coagulation and sedimentation where slow sand filters 

are used. 

Ives (1971), in one of the most comprehensive and 

critical review on filtration, observes that coagulation 

treatment (with alum, for example) before slow sand filtration 

is undesirable because the alum floe will rapidly seal the 

sand surface, and occlude the schmutzdecke, with a consequent 

rapid rise in head loss, and deterioration in biological 

purification. Also in certain circumstances described by 

Ives (1957), pH changes in the filtor, together with low 

pH caused by alum dosing, could precipitate aluminium 

hydroxide in the lower layers of the filter, which gave rise 

to great difficulty with regard to cleaning. Ives (1957) 

mentioned that in slow sand filters at Brisbane, England, 

algal proliferation caused the pK of applied water to rise 
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substantially resulting in precipitation of calcium carbonate 

and magnesium hydroxide to form deposits on the sand grains. 

Later during periods of extremely high turbidity, alum 

coagulant was added and as a result of alum dosing pK of 

the pretreated water was 5.5 or less and aluminium ions 

(Al ) were present in water. The free aluminium ions 

(Al ) reacted with Mg(OH)p on the sand grains to form 

Al (OH), in the depth of the- bed, and the resulting flocculant 

mass caused a rapid rise in the head loss. But Ives (1957) 

also observes that conditions such as these are rarely 

encountered in practice and even if it is necessary to feed 

such heavily coagulant-dosed water to slow sand filters 

the use of sodium aluminate should obviate the trouble of 

rapid build up of head loss in the lower layers of sand. 

However, in view of the apprehensions expressed by Ives (1971), 

it becomes necessary to evaluate, in thorough details, the 

effect of chemical coagulation, as a pretreatment, on slow 

sand filtration before its recommendation to field application. 

2.1.4 Modern Trends and Developments 

The modern trends and developments in the area of 

constructional ana design aspects of slow sand filters 

including innovations in the cleaning operation have been 

indicated to some extent in section 2.1.1. More details are-

furnished in Huisman's document (1970) wherein he also 

identifies areas for further research and development. 
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Important trends in the process of slow sand 

filtration are indicated below. In the S.W.T.E. symposium, 

Ridley (1967) noted that artificial turbulence applied to the 

supernatant water could retard rates of reproduction of algae. 

In obvious attempts to check excessive growth of algae in 

schmutzdeclce, Huisr.ian (1970) mentioned some experiments in 

Africa where intermittent filter operation by draining the 

beds in turn to a few cm below sand surface to allow drying of 

algae by sun is being tried. In other cases, the beds are 

being operated unsubmerged, the raw water being sprayed on 

to a dry surface, with the water level being controlled 

within the bed. Obviously the usual schmutzdecke is not 

formed with this method of operation but it is claimed that 

the additional oxygen absorbed by the sprayed water encourages 

a different form of biological activity. In Scotland, upward 

flow biological filters are being tried out for small install­

ations; the advantage being claimed is ability to backwash 

media by simple manipulation of valves and thus obviating the 

need for scraping. 

Other experiments relate to increasing the colour 

and odour removing properties of slow sand filters by incor­

poration of activated charcoal, either as a layer within the 

bed or as an additive to raw water. Paced with a problem 

of deeper penetration of suspended matter after adoption of 

microstrainers for pretreatment, Lynch et_ al. (1965) 
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successfully employed coating of sand bed by diatomaceous 

earth @ 0.5 Kg/m by simple "broadcasting" by hand. This 

"artificial schrautzdecke" not only checked deeper penetration 

of impurities but also resulted in longer filter runs, 12 weeks 

compared to earlier 7 weeks even when rate of filtration was 

increased by 14 percent. 

Ridley (1967) also described some experiments using 

0,74 m of sand filter column-of 0.3-0.4 mm size with uni-

foî aity coefficient of 1 .0 employing filtration rates of 

2.4-2.9 m/hr and having backwashing arrangements. He,however, 

found filtrate turbidities unsatisfactory but thought further 

development may be possible. Ives (1971), however being 

highly critical of this compromise between rapid and slow 

filtration feels the idea to be too optimistic and naive an 

approach considering the different mechanisms involved in 

rapid filtration (physical) and slow filtration (biochemical). 

In his view, if some means of flocculating the very fine 

particles of turbid matter were used, possibly cationic 

polymers, and a rapid chemical oxidation/mineralization could 

be achieved (for example, with ozone) then such a compromise 

might work effectively. 

Finally both Ridley (1967) and Huisman (1970) 

recognized that one of the important sub area for further 

research is the control of algae in autotrophe zone or 

schmutzdecke. While Huisman called for suitable research to 
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check the over development of Cladophora or blanket weed, 

Ridley felt that chemical control of algae without inter­

fering with the natural formation of zoogleal film will be the 

greatest contribution in the area of slow sand filtration. 

Huisman also refers to covering the filter surface with 

light matting of hessian or of foam plastic on which the 

schmutzdecke could form in order to facilitate cleaning and 

lengthen filter runs. 

2.1.5 Mathematical Formulations 

More than one and a quarter century elapsed after 

the introduction of slow sand filters in 1804» before a 

simple mathematical model was developed explicitly to describe 

the removal of impurities from water through the process of 

filtration-by Iwasaki (1937). Since Iwasaki's model was 

based on filtration experiments employing rates of filtration 

of 0.0035 - 0.012 cm/s and using no flocculent, his results 

may be viewed as applicable to slow sand filtration. After 

Iwasaki, and especially after late fifties, a good amount of 

work has been done towards the mathematical formulation of 

filtration. Since most of these formulations have been 

developed for rapid sand filtration as indicated either 

explicitly or implicitly by their authors, their applicability 

to slow sand filtration may or may not be valid. However, 

based either on experimental observations or on theoretical 

knowledge, any of these mathematical models in their either 
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parent or modified version could be applied to slow sand 

filtration. Therefore, most of them are presented in following 

sections. 

2.2 Mathematical And Conceptual Models For Water Filtration 

2.2.1 Models and Theories of Clarification 

Most of the early research in the area of water 

filtration has been devoted to hydraulic characteristics 

of filter including head loss, control of rate of flow and 

backwash etc. Typical of these investigations is the work 

carried by Hazen (1892) connected with the hydraulic resistance 

of a clean sand bed and the effects of water temperature 

changes. T. Iwasaki for the first time in the area of water 

filtration dealt with the clogging effect and efficiency of 

removal of impurities. 

Iwasaki (1937) first suggested that the change 

of concentration of suspended particles per unit depth 

filtering through a column of granular media is proportional 

to the instantaneous concentration as 

where A is a filter coefficient and a measure 

of the efficiency of a filter. A would depend on various 

conditions prevailing in filter system at the instant of 

measurement. Though being empirical in nature, proposed as 
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it was on the basis of experimental observations and intution, 

a rational basis for this has been provided in the area of 

aerosol filtration by various investigators including Chen, 

C.Y. (1956), Pried lander (1958) and Humph ery (1955). Based 

on the assumption of total removal being contributed by 

individual fibre or grain and introducing the concept of the 

efficiency of individual grain, VI , the following equation 

can be easily derived 

M - - I -^r ^c- (2) 

In equations (1) and (2) C i s the volumetric 

concentration of material entering a uni t volume of f i l t e r , 

L f i l t e r depth, f porosity of clean bed, dm diameter of 

g ra in . The efficiency of individual grain i s defined as the 

cer ta in percentage of the cross-sec t ional area of the grain 

confronting the flow from which a l l pa r t i c l e s are removed. 

In addi t ion to equation (1 ) wlfich was r igorously experimentally 

confirmed by Ison (1967) as s tated by Ives (1970), Iwasaki 

proposed another equation based on mass balance* 
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where o~ i s speci f ic deposit or the volume of 

suspended matter retained per un i t of f i l t e r volume, 

f <j- = porosity of deposited mater ial and v super f ic ia l 

f i l t r a t i o n ve loc i ty . 

Iwasaki and l a t e r Stein (1940) used a l inear 

equation for X as 

/\ = \ + c o- (4) 

where c i s a constant and X0 i s the f i l t e r 

coefficient of clean bed for cr = 0 . Equation (4) suggests 

a continually increasing f i l t r a t i o n efficiency for increasing 

deposits which i s contrary to experience and invalid based 

on hydrodynamic and geometrical cons idera t ions . Ives (1960) 

proposed a quadratic equation in sr- as : 

Z 

A = A 0 + c<r- - {$rr) <5) 

Ives and Sholji (1965) r e l a t ed the constants A0 , c and 

0 to three fundamental parameters namely dm, V and jlx and 

three new constants li-, , Yip and K~ to be determined by p i lo t 

plant inves t iga t ion . 

Deb (1969) developed a modified mathematical 

model of f i l t r a t i o n of a d i lu t e unisized suspension incor ­

porating a l l physical var iab le involved in f i l t r a t i o n to 
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describe the space-time variation of concentration of suspen­

sion and specific deposit. 

Dt + ( f0-o-} 1 I + ~ ~ A C ( 6 } 

* § S * C ^ > § V < V - > - & = ° ") 

An equation similar to (7) was also developed by Horner (1968). 

Though Deb considered the local variation of suspension 

concentration and specific deposit with time, but he found 

the contribution of terms considering time variation as small 

relative to other terms. Deb (1970) also presents the 

numerical solutions of his non-linear partial differential 

equations using finite difference schemes. 

Ives, acknowledging the restrictions of assumptions 

made in proposing equation (5) pointed out by Pox and Cleasby 

(1966), formulated a most general equation for A at the 

I.W.S.A. 1969 Vienna Congress (Ives, 1971) : 

X = \ ( H ^ ) (1- f-) (1--p-) (8) 

where b is a geometric constant relating to 

the packing of the filter grains, o~ is the ultimate or 

saturation value of specific deposit (< porosity f ) , and 

y, z, x are empirical exponents. It was shown by Ives (1971) 
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tha t by su i tab le choice of the exponents y, z, and x the 

previous mathematical models developed by Iwasaki (1937), 

Ives (1960), Mackrle (1965), Shekhtman (1961), Heertjes and 

Lerk (1967) and Maroudas (1965) could be explained. 

All these theor ies attempt to analyze the f i l t e r 

performance with only physical parameters evaluated but 

neglect the very important chemical and e lec t rok ine t i c 

parameters. As pointed out by O'Melia and Stumm (1967) 

they cannot predict the performance of another or same f i l t e r 

using another suspension or without extensive laboratory 

t e s t i n g . 

In an attempt to introduce a parameter t o r e f l e c t 

the chemistry of the f i l t r a t i o n system, Yao, Kuan-Mu jst a l . 

(1971) proposed the following modification of equation ( 2 ) . 

I = - | -df-* 1 c (9) 

They defined a as a collision efficiency factor which reflects 

the chemistry of the system. Based on practice in coagulation 

(for example; Swift and Friedlander, 1964) a is defined 

as a ratio of the number of the contacts which succeed in 

producing adhesion and the number of collisions which occur 

between suspended particles and the filter media. Ideally a 

is equal to 1 in a completely destabilized system. As is 

clear from the definition that a is a theoretical concept 
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and cannot be directly evaluated by experimentation. In their 

experiments Yao et_ al_. assumed a value of <* equal to 1. 

It is felt, therefore, that equation (9) also cannot predict 

filter performance without extensive experimentation like 

previous filtration theories. 

2.2.2 Mechanisms of Clarification 

To explain removal of suspended particles from 

water several mechanisms have been proposed. Some of mechani­

sms are purely physical mechanisms because they depend only 

on the physical parameters of the system such as viscosity 

of water, filtration velocity, size of media and size and 

density of suspended particles. These mechanisms include 

straining, sedimentation, interception, inertial impaction, 

Brownian diffusion and Hydrodynamic action. Hazen (1904) 

Pair and Geyer (1962), Camp (1964), and Hall (1957) assign 

most of the removals to mechanical straining along with sedi­

mentation and some inertial impaction. Brownian diffusion 

as a process of removal was analyzed by Langmuir (1945)» 

Ranz (1951) and Davies (1952). 

Several mechanisms have been proposed which may 

also depend on the chemical parameters like pH, ionic concen­

tration etc. of the suspension. These mechanisms are electri­

cal double layer interaction, Molecular (or Van der Y/aal's) 

forces, migration to quiscent areas in the filter interstices, 

flocculation within filter and various types of chemical 
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bonding. Stanely (1955) reported that hydrous ferric oxide 

particles are filtered most rapidly in the pH region of their 

isoelectric point, indicating the significance of electro­

static forces. Cleasby and Bauman (1961) also concluded 

that electrostatic forces are primarily responsible for the 

removal of hydrous ferric oxide particles. Davis and Borchardt 

(1966) report that chemical coagulants are necessary to 

remove algae & activated carbon and conclude that chemical 

forces are important and suggest electrostatic effects may 

be significant. Mackrle and Mackrle (1961) consider the 

attachment of suspended particles to surface of filter media 

is controlled by Van der Waal's forces and assume electro­

static effects negligible. Heertjes and lerk (1967) and 

Mackrle and Mackrle (1959) proposed mathematical models which 

assumed equilibrium between Van der Waal's forces and hydro-

dynamic drag. Hunter and Alexander (1963) studied the flow 

of clay sols through a silica sand column and concluded that 

diffusion of the particles into areas of low shear in the 

porous medium is also an important removal mechanism. 

Flocculation within filter has been considered a removal 

mechanism by Pair and Geyer (1961), Camp (1964) and Stanley 

(1955). Conley and Pitman (1960) using polyacrylamide to the 

filter influent improved the filtrability of alum floe particles 

and postulated that the polymers bound the floe particles 

both to the filter grains and to each other. This polymer 
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i s non-ionic, ind ica t ing that chemical effects other than 

those of coulombic or ig in can be s i g n i f i c a n t . La Mer and 

Healy (1963), Euehrwein & Ward (1952), and Michaels (1954) 

fee l tha t coulombic a t t r a c t i o n i s often invoked when the 

suspended pa r t i c l e s and f i l t e r grains possess opposite 

charges while speci f ic chemical forces can out weigh e l e c t r o ­

s t a t i c forces in many cases, for example in the case of adsor­

ption of anionic polymers on negative s i l i c a sur faces . 

Postulated in te rac t ions to explain these attachments include 

ion-exchange, hydrogen bonding and formation of coordinative 

bonds and linkages (La Mer and Healy, 1963; Michaels & 

More l a s (1955); Black e t a l . , 1965 and Busch, 1966). Sorption 

of suspended p a r t i c l e s on the surface of f i l t e r media has been 

proposed by Stein (1940), Ives (1961), Camp (1964), O'Melia 

and Crapps (1964) and Pox and Cleasby (1966). 

Agrawal (1966) in h is doctoral d i s s e r t a t i o n has 

considered the r e l a t i v e importance of a l l the possible 

mechanisms proposed by dif ferent authors by introducing the 

concept of dimensionless parameters. These dimensionless 

parameters for various mechanisms are presented in Table 2 . 

Arguing in a quan t i t a t ive manner, Agrawal concluded that the 

removal of micron s ize p a r t i c l e s in a f i l t e r i s contributed 

pr incipal ly by three separate mechanisms each of which can 

be described by a quan t i t a t ive parameter. The th ree mechanisms 

are : ( i ) A concentration-dependent e l ec t rok ine t i c mechanism 
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representing space charge effect due to the charged nature 

of suspended particles and some what analogous to coagulation 

within filter bed. The contribution by this mechanism 

is independent of media characteristics, except porosity and 

shape, (ii) Anelectrokinetic mechanism representing the 

interaction between media and the suspension (iii) A term 

representing mechanisms other than electrokinetic, primarily 

simple straining. He also observes that in the absence of 

flocculation the first two terms are the dominant contributors, 

while in the filtration of flocculated particles first two 

terms are the dominant contributors, while in the filtration 

of flocculated particles first two terms may become small 

compared compared to third or non-electrokinetic removal term 

since by optimum flocculation the zeta potential of particles 

is either reduced to zero or to a very low level making 

electrokinetic forces very small. 

Prom the survey of the literature cited it becomes 

clear that both physical and chemical theories show considerable 

disagreement among themselves. This stems from the fact that 

most of the investigators assumed that a single mechanism 

explains the removal of impurities and their systems were 

tailor-made to highlight the importance of that particular 

mechanism. However, in a real system, the integrated picture 

is highly complex and no single mechanism can fully explain 

the removals. There fore, O'Melia and Stumm (1967) suggested 
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that i t i s e s sen t i a l to consider p a r t i c l e removal within a 

f i l t e r bed as involving a t l eas t two d i s t i nc t s t eps ; a 

t ransport s tep and an attachment s t e p . The existence of 

these two separate steps i s now well recognized by many workers 

including Ives (1970, 1971), Ives and Gregory (1967) and Yao, 

Habibian and O'Melia (1971). F i r s t s tep i s of pa r t i c l e 

t ransport which i s a physical process and i s pr inc ipa l ly 

affected by those parameters which govern mass . t r ans fe r . 

During the f i r s t step the pa r t i c l e s are transported to the 

immediate v ic in i ty of the so l id - l iqu id interface presented 

by the f i l t e r ( i . e . to a grain of media or to another pa r t i c l e 

previously re ta ined in the bed) . The second step i s pa r t i c l e 

attachment which i s a phisco-chemical process and involves 

the attachment of pa r t i c l e to the su r face . According to 

Ives (1971), the t ranspor t mechanisms may be s t r a in ing , i n t e r ­

ception, i n e r t i a , sedimentation, d i f fusion, hydrodynamic 

act ion and orthokinet ic f l occu la t ion . They probably a l l act 

simultaneously, but the r e l a t i v e importances depend on the 

cha rac t e r i s t i c s of the p a r t i c l e s , the flow and the f i l t e r 

media. E lec t r ic double layer i n t e r ac t i on , Van der Wall 's 

forces and mutual adsorption are the avai lable attachment 

mechanisms (Ives, 1971). I t may be mentioned, f i n a l l y , tha t 

to describe the p a r t i c l e removal, i t i s necessary to give 

importance to both t ranspor t and attachment steps# There 

are no grounds for assuming a p r i o r i for e i ther t ranspor t 

or attachment to be r a t e con t ro l l i ng . 
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2 . 2 . 3 Matheinatical Models fo r Head Loss 

Since the flow of water th rough c lean bed of 

porous media a t f i l t r a t i o n r a t e s normally employed i n water 

f i l t r a t i o n i s i n the laminar r a n g e , D a r c y ' s law can be app l ied 

t o compute f r i c t i o n a l head l o s s . 

£ - ^ • * do) 

where h i s t he i n i t i a l head l o s s and KQ the 

pe rmeabi l i ty of c lean bed . However most of t he i n v e s t i g a t o r s 

have p re fe r red the use of Kozeny-Carman e q u a t i o n . The 

Kozeny Carman equat ion i s based on the concept of h y d r a u l i c 

r a d i u s in t roduced by S c h i l l e r (1923) . The h y d r a u l i c r a d i u s 

r, can be def ined as 

f 
r h = s 0 ( 1 - f 0 ) ( 1 1 ) 

So i s the s p e c i f i c sur face a rea and i s t h e r a t i o of sur face 

a rea t o volume of t h e g r a i n . The Kozeny-Carman equa t ion i s 

a p p l i c a b l e t o flow through c lean bed and i s g iven below 

h o k T
 2 C - f o ) 2 

TT = v — K- ( L e ) 2— S0
2 (12) 

^ f.g IT f0
5 ° 
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The only incalculable fac tor in t h i s expression 
I 2 

i s K' (y^) now known as the Kozeny-Carman constant and 

designated by K . For unconsolidated porous media, Carman o 2 

gives a values of 2^5 for K» and a value of 2.0 for ( le/L) . 

This leads to an experimentally determined value for K of 

about 5 by Pair and Hatch (1933). 

Since Kozeny-Carman equation (K-C eqn.) i s a p p l i ­

cable only for flow through clean bed, i t cannot be applied 

to clogged bed r e su l t i ng from accumulation of suspended 

ma t-erial ins ide the porous matr ix . As c lear ly ident i f ied 

by Sakthivadivel et_ al_. (1972), there are four parameters 

in Kozeny-Carrian equation tha t w i l l vary with f i l t r a t i o n . 

The var iables are : 

( i) change in porosity of f i l t e r due t o clogging 

( i i ) change in surface area of the matrix grains due to 

deposi t ion 
2 

( i i i ) change in the to r tuos i ty f ac to r , (L / l ) 

(iv) change in Carman shape f ac to r , K', which w i l l 

change due a change in shape of the c ross - sec t ion . 

A generalized equation for head loss during f i l t ­

ra t ion should take account of a l l the four v a r i a b l e s . Based 

on Kozeny-Carman equation for flow through clean beds, a 

similar equation can be wr i t t en for head loss through clogged 

bed: 
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£ - V U
 K

 ( 1 ~ f ) S2 (13) 

where h i s t h e head l o s s through a clogged bed, 

K i s Kozeny-Carman constant fo r clogged bed, f i s the 

poros i ty of t h e clogged bed and S i s the s p e c i f i c su r face 

area of depos i t ed g r a i n . 

From equat ions (12) and (13) 

f = -f-. £ 1 4 . (!H)3 (14) 
ho Ko S0

2 (1-f0
2) 

If the grain specific surface S is replaced by bed specific 

surface a , 

so - TT^7 (15) 

then equation (14) can be rewritten as 

no Ko ao 1 

Most of the investigators have based their models 

on the basis of equation (14) or (16). In order to obtain 

a relationship either theoretical or empirical or a combina­

tion of two, it is necessary to establish the relations 

between the specific deposit, a- , and the other variables 
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k, a and f. Depending upon the approximations, idea l iza t ions 

and simplified assumptions various workers have produced 

different models for head loss build up . Broadly viewing, 

most of the models can be categorized into two d i s t i n c t 

categories : 

( i ) Models which assume uniform coating on media 

grains 

( i i ) Models assuming non-uniform coating. 

Among the f i r s t category can be included the 

models proposed by s t e in (1940), Camp (1964), Deb (1969), 

Ives (1960) and Sakthivadivel (1972). Camp and Stein both 

assumed that suspension forms a sheath on each media grain 

which were assumed to be non-joined spheres . Deb's model 

was of uniform coating on ioined spheres with number of 

contacts being 8. Ives assumed uniform coating on the 

surfaces provided by pa ra l l e l capi l la ry pores of equal length 

and r a d i u s . Saklhivadivel used the "hydraulic radius model". 

Realizing that in r e a l i t y , the porous medium i s not 

composed of pores of uniform s ize , Kerzig _e_t ail. (1970) thought 

the porous medium would be bet ter represented by a combination 

of caverns connected to each other by longi tudinal and 

t ransverse c o n s t r i c t i o u s . This model, along with those of 

Deb, Camp and Sakthivadivels, i s p i c t o r i a l l y represented in 

Figure 1. Since in the model of connected caverns, the 

assumption of uniform coating does not hold, non uniform 
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clogging was assumed. 

After briefly describing some of the model qualita­

tively, it would be worthwhile to present some mathematical . 

equations. Some of the proposed equations are given in 

Table 3» A close scrutiny of these equations will reveal 

that these equations are based on modifications of Kozeny-

Carman equations and as such can be considered to originate 

from equations (14) and (16). It may be interesting to present 

here further modification of equation (16) by Herzig jet al. 

(1970) They gave decrease in porosity as 

0 O 

where P is the inverse of compaction factor of 

deposited particles. Assuming that K does not vary with 

accumulation of deposit, 

^ = ( ̂ ) 2 4 s ) 3 (18) 

They gave then theore t i ca l der iva t ions for change 

in bed specif ic surface assuming d i f fe ren t models. For 

example for c i r cu la r c a p i l l a r i e s 

| - = 0 - 4 ^ - ) (19) 
a o t o 
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and 

K~ ( ^7> 
-2 

(20) 

and for void between nonjoined s p h e r i c a l g r a i n s 

a P s~ 
a. 

(1+ £_^ ) 
U 1-f. ; 

2/3 
(21) 

and h 
h. (1- ^ - f 3 <r~ 

< 1 + T ^ ~ ) 
4/3 

(22) 

The equa t ion (21) i s s i m i l a r t o one given by Camp who assumed 

non-joined s p h e r i c a l model. For a genera l case , Herzig 

et a l . (1970) gave fo l lowing r e l a t i o n s h i p f o r uniform 

c o a t i n g . 

a_ 
p. 

1 + 
* ! 

(23) 

where EL may vary between 1/2 and 2/3 and $ ( fQ) 

between - f and 1~f0« S u b s t i t u t i n g (23) i n (16) , 

h -d-i^f3
 (1+ e 

2 m, 

h 
'o rc^ (24) 
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Equation (24) cons ide r s change i n p o r o s i t y and s p e c i f i c 

sur face but does not cons ider v a r i a t i o n i n t o r t u o s i t y f a c t o r 

or Carman's f a c t o r . Depending on t h e va lue of im, and t h e 

type of func t ion 0, many equat ion f o r h /h can be d e r i v e d . 

S imi la r equat ion has been der ived by Horner (1968) . 

| _ 3 ( 1 + _ ^ , 2 y ( i - - ^ - ) 2 z - 3
 (25) 

o x o o 

If equations (24) or (25) are expanped neglecting 

higher powers of o~ , it may be written as 

iT" = 1 + constant x — s — (26) 
o Io 

Integration of (26) through all the depth assuming 

negligible suspension concentration in filtrate yields 

h = hQ + constant x t (27) 

Equation (27) has been exper imenta l ly v e r i f i e d by 

many observers fo r rap id sand f i l t r a t i o n i n c l u d i n g Cleasby 

and Bauman (1962), E l i a s sen (1941), Ling (1955), Mintz (1960) 

I-Ieertjes and Lerk (1967) e t c . 

F i n a l l y i t would be a p p r o p r i a t e t o mention he re 

t h a t both Herzig eJL aJU (1970) and Sak th ivad ive l §_t_ auU (1972) 
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agree that a universa l theory which deals with the problem 

of head loss with specific deposit does not e x i s t . Most 

of the theor ie s , which are based on Kozeny-Carman equation, 

describe f a i r l y well the head loss build up with clogging 

for the experiments from which they are derived, but they 

do not allow an accurate predict ion for a new s i t u a t i o n . 

Therefore, these theor ies can, at bes t , be described as 

seraiempirical. 

2.3 Appl icabi l i ty Of Existing Models To Slow Sand 

F i l t r a t i o n 

2.3.1 Models and Theories of Cla r i f i ca t ion 

Since T. Iwasaki was the f i r s t to propose a mathe­

matical model for removal of suspended material from water, 

i t s app l i cab i l i t y to slow sand f i l t r a t i o n would become the 

f i r s t log ica l choice for discussion. As remarked by Ives (1971), 

Iwasaki 's paper which i s termed by Ives as the source paper 

of modern rapid f i l t e r theory was an attempt to describe 

slow sand f i l t r a t i o n in mathematical te rms. Ives ' inference 

was probably based on two fac tors , one of employment of 

f i l t r a t i o n r a t e s (0.0035 to 0.012 cm/s) equivalent to those 

used in slow sand f i l t r a t i o n , and two of the absence of 

coagulation and f l occu l a t i on . However, Ives in the same paper 

remarks tha t Iwasaki 's equations were more applicable to 

physical removal mechanisms as found in rapid f i l t e r s . 
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For the sake of discussion, Iwasaki 's equations are 

reproduced below : 

3 C 

9 C ( 1 ~ f
0 ) 3 0 -

= Ac (1) 

(3) 

Equation (1 ) states the amount of suspension material 

removed in any layer of the filter is proportional to the 

local concentration of suspension in the flow while equation 

(3) states that the volume of material removed from suspension 

in a unit layer during an interval of time is equal to the 

volume of deposit in the same layer during the same time. 

Equation (3) is, therefore, an equation of continuity for 

the suspended solids and is based on mass balance. 

In equation (1),,X which is a measure of filter 

efficiency will obviously depend, among other variables,, on 

various removal mechanisms. Operation of different removal 

mechanisms in rapid and slov-/ sand filtration, physical and 

biochemical respectively as asserted by Ives, will not 

affect the validity of equation (1) though values of A in 

the two cases may be different. The validity of equation (1) 

for slow sand filtration on the basis of experimental results 

was proved by the findings of Eolkman and Wachs (1970) who 

filtered Chlorella through dune sand. They filtered the 
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algae at f i l t r a t i o n r a t e s of 40 to 250 1/m /h r corresponding 

to slow sand f i l t r a t i o n r a t e s , through 3 m depth of dune sand. 

The size ana lys is of dune sand was not reported but permea­

b i l i t i e s were quoted of about 30 m/day as against an approxi­

mate value of 50 m /day for a normal slow sand f i l t e r , so 

the dune sand was somewhat f iner or less porous than that 

used in slow sand f i l t e r s . Therefore, the experiments of 

Folkman and Wachs approximated to slow sand f i l t r a t i o n , 

although they never mentioned so (Ives, 1971). They reported 

that 

§- = B e A L (28) 
°o 

where B is the initial increase in algae concen­

tration. They had to introduce a factor B as they started 

taking readings of algae concentration after 3 hours of the 

start of filtration during which time algae concentration 

at the inlet increased from its value maintained in the 

inflow suspension of algae and the initial value of C/C 

noted after 3 hours of start of filtration was always more 

than unity. 

Based on these experimental finding and earlier 

discussion, it can be said that equation (1 ) proposed by 

Iwasaki is equally applicable to slow sand filtration. 
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The continuity equation (3) is based on the assumptions, 

among others, that the density and porosity of the deposited 

mat and biological and chemical reactions do not cause 

soluble materials to either accumulate in the deposits or be 

released from them. All these assumptions may not be 

completely valid for rapid sand filtration as recognized by 

many workers. 'These assumptions, more so those relating 

to biological and chemical reactions, will not be valid for 

slow sand filtration and the degree of departure between the 

idealized and the actual phenomena would be more in case of 

slow sand filtration than in the case of rapid sand filtration 

because the level of biological and biochemical activities 

in rapid sand filtration would be smaller compared to slow 

sand filtration as a result of backwashing and reduced 

residential time in the case of former. Because of all these 

considerations it may be essential to introduce additional 

term(s) in equation (3) incorporating the removal of soluble 

impurities and their subsequent possible conversion into cell 

material (i.e. process of conversion of dissolved solids to 

suspended solids) and the conversion of suspended impurities 

into soluble gaseous and liquid end products to adequately 

describe the mass balance of suspended solids in slow sand 

filtration. However, in proposing these additional term (s), 

the tendency of biological life to attain dynamic equilibrium 

in the twin processes of synthesis and metabolism, especially 
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when the food concentration remains substantially constant 

in filter influents, should be given proper emphasis. 

The applicability of further refinements of equations 

(1 ) and (3) as proposed by Deb (1969) and Horner (1968) 

and portrayed in equations (6) and (7) to slow sand filtra­

tion are not being discussed as Deb himself (1969) and 

Ives (1970) have mentioned that the contribution of extra 

terms in equations (6) and (7) is negligibly small and 

therefore for all practical and experimental purposes 

equations (1) and (3) are equally acceptable. 

Ives modification of equation (4) proposed by Iwasaki 

and Stein to relate A with q— by introducing an additional 

negative term was done to incorporate an observation that 

the efficiency of rapid sand filtration decreased after 

initial increase with increasing values of r , This decrease 

in efficiency has been observed by many investigators (Ives, 

1960; Shektman, 1961; Heertjes and Lerk, 1967; and Maroudas, 

1965) who gave different relationships between A and a~ . 

On the contrary, in the area of slow sand filtration it has 

been generally recognized that the quality of filtrate remains 

uniform even after long -periods. To quote from Manual of 

British Water Engineering Practice (1961) : 

"Despite its disadvantages, the slow sand filter has 

the merit that, unlike the rapid sand filter, it 

can give continuous and practically complete clarification 

of the water for long periods." 
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The fact of continuous maintenance of uniform 

filtrate quality over long periods has been stressed by many 

authors and workers including Huisman (1970), Pearsail, 

Gardiner and Greenshields (1946) and Twort (1963). 

A possible explanation for the difference in the 

behaviour of two types of filter may be as follows. In 

formulating, the equation (5) or its later and more generalized 

version, equation (3), Ives assumed (i) spherical grains 

with uniform deposit, (ii) cylindrical flow path, formed 

as a result of filling of side spaces by deposition, which 

narrows with further deposition, and (iii) the increased 

interstitial velocity due to narrowing pores upto a limiting 

value which inhibits further deposition. One of the main 

concept in Ives formulation of equation (8) is the ultimate 

or limiting specific deposit ? o— , which causes the velocity 

to rise to its limiting, inhibiting value. The value of 

specific deposit at which Deb's modified filter coefficient 

starts decreasing is 0.16 while the values of v~ as 

calculated from the data given by Ives (1963) is about 0.07. 

In the case of slow sand filtration, because of the 

low velocities primarily and because of biological activities 

secondarily, a stage is never reached in which interstitial 

velocities become high enough to inhibit further deposition* 

Or stated differently the value of a~"" even at the end of 

-3 run, the typical values being of the order of 3x10 , does 
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not become high enough to cause the interstitial velocity 

to rise to its limiting inhibiting value. Therefore, an 

equation such as (5) or (8) have to be suitably modified, 

either by having suitable combinations of various empirical 

constants and exponents, or by adding additional terms to 

account for the continually uniform efficiency of purifi­

cation by slow sand filters. 

2.3*2 Mechanisms of Clarification 

Since the basic concepts underlying various mechanisms 

govern water filtration in general, they are equally valid 

both in the case of rapid and slow sand filters. However, 

an important point of difference between the two types will 

be the relative significance of various mechanisms because 

of the higher velocities of filtration and coarser and more 

uniformly graded media in the case of rapid filtration. 

Among the transport mechanisms as considered by Ives (1971), 

the values A 0, initial filter coefficient, will be higher 

for simple straining, gravity settling, interception and 

Brownian diffusion and probabily for impaction also in the 

case of slow compared to rapid sand filtration considering 

d , L , f to be same in the two casts, indicating that 

transport mechanisms, at least in the beginning of filtration 

process, are more significant in slow sand filtration- The 

relative importance of various attachment mechanisms is under 

dispute in the case of rapid filtration where considerable 
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work has been done to evaluate their significance. However, 

in the case of slow sand filteration, practically no work 

has been done except, probably, the studies of Jorden (1963) 

and Edward and Monke (1967). Jorden, using sodium meta 

hexaphosphate to increase negative values of electrophoretic 

mobility of clay particles, found a linear relationship 

between percent turbidity removal and electrophoretic mobility. 

Since he did not determine the charge on schmutzdecke, he 

postulated two hypotheses : (i) adsorption between oppositely 

charged clay particles and schmutzdecke assuming the later to 

be positively charged (ii) Bonding because of sharing of 

polyvalent cations between clay particles and charged sites • 

on the schmutzdecke, both having same negative charges. 

Edwards and Monke (1967) in their experiments found the 

zeta potential of the top inlet to be + 850 mV while the 

rest of the column had a zeta potential of - 200 mV. Using 

phenol as a disinfectant, they concluded that accumulation of 

bacteria and their metabolic products caused the sign reversal 

on sand particles. This would indicate that electrical double 

layer interaction may be a significant mechanism of attachment 

in case of slow sand filters using raw and untreated water 

Finally, although because of the complexity of the 

situation it is difficult to assess the importance of various 

mechanisms, some observations are made : 
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(i) In the case of untreated filter effluents, electro­

static forces will be of the repulsive type in the beginning 

of slow sand filtration process and accordingly double layer 

interaction cannot be a significant attachment mechanism. 

However, after the formation of schmutzdecke or attainment 

of the slimy coating on grains, double layer interaction 

may be a significant mechanism in light of the observations 

made by Edwards and Monke (1967). 

(ii) Straining will play an increasing role in the removal 

process with the formation of schmutzdecke because of reduction 

of pore openings. 

(iii) Mutual adsorption and attraction may be significant 

attachment mechanisms. 

(iv) Because of the high uniformity coefficient and lower 

effective size of media together with low velocities, there 

may be more dead pockets or areas of low shear zone to which 

particles may migrate. 

2.3-3 Mathematical Models for Head Loss 

It is needless to observe that Kozeny-Carman equation 

is equally valid for slow sand filtration. The applicability 

of any model described in section 2.2.3 to slow sand filtration 

will not be discussed for the simple reasons (i) that these 

models do not describe the real picture even in the case of 

rapid sand filtration and may be equally valid or unvalid 

even in rapid filtration (ii) that all the investigators have 
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introduced many empirical constants and exponents which 

are evaluated experimentally and hence a l l of these can, a t 

best , be described as semi-empirical and ( i i i ) tha t because 

of the formation of schmutzdecke, an en t i r e ly dif ferent 

s i tua t ion ex i s t s and the very concept of head loss developing 

only due to deposit on the surface and in the pores of grain 

media may be of doubtful v a l i d i t y . 

However, since most of the equations are based on 

modified Kozeny-Carman equation, and can be derived by giving 

su i tab le values to exponents and functions in generalized 

equations (24) or (25), some discussion wi l l follow to 

point the differences in the two cases . Considering the 

l imi t expansions of (24) or (25) as presented in (26), r e ­

produced below : 

h ^3— 

-±- = 1 + constant x —s (26) 
o o 

or i t s following form involving time instead of 

h = hQ + constant x t (27) 

it is noted that equations (26) or (27) may not 

be true in case of slow sand filtration. Polkman and Wachs 

found that rapid filter theory, modified to allow for an 

exponential head loss rise, adequately described their 
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results of filtration of Q hi or ella through dune sand which 

approximated slow sand filtration. Ives (1971) comments that 

exponential rise in head loss was probably due to growth 

of Qhlorella in the logarithmic phase, during the long periods 

of operation extending upto 300 hours. 

It is felt that because of the predominace of algae 

and bacteria in the schmutzdecke and to some distance below 

through which majority of the head loss generally occurs 

and because of the probable growth of these organisms in 

log arithmic phase, an exponential increase in head with time 

or an equation of the type 

T-— = 1 + constant x e 
o 

may more suitably describe the head loss build up in slow 

sand filters unlike a linear increase in head loss with time 

or specific deposit in case of rapid sand filters. 

2.4 Identification Of Some Research And Developmental ITeeds 

In The Area Of Slow Sand Filtration 

From the ^receding discussion and literature cited , 

the need for research and development in the following areas 

of slow sand filtration clearly emerges. 

One of the most important research needs in the area 

of slow sand filtration lies in better understanding of slow 
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sand filtration through development of suitable theoretical 

and mathematical models of head loss build up and removal 

of impurities. Though, as rightly expressed by Mintz (1966) 

and Ives (1970) that due to the complexity of particle and 

fluid motions in filter pores, and the fact that natural 

waters vary greatly in quality, development of theoretical 

and mathematical models to predict exactly filter behaviour 

will not be possible. However, the role of theory will be 

to provide a rational experimental procedure, a rational way 

of analyzing and extrapolating the experimental data and 

rational development of various parameters of the process, 

to be determined both theoretically and experimentally. 

For example, there exists a need, in the slow sand filtration 

area, for rationally developing a mathematical model for 

head loss build up in terms of specific deposit and initial 

porosity ( o— and f being two of the most important parameters 

of filtration process in head loss build up) and other theo­

retical constants (for example ^ , the compaction factor). 

On the basis of rational experimental procedure and analysis 

of data, the theoretical constants ( e.g. p> ) can be evaluated 

experimentally. 

Another important area of research is the understanding 

of the role of schmutzdecke. By contributing towards the 

knowledge relating to the composition of schmutzdecke and 

consequently to its role, many of the disadvantages associated 
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with schmutzdecke, for example prolific growth of filamentous 

algae causing excessive head loss, adding to filter cleaning 

costs, and resulting in taste and odour etc. in filtrate 

(Ridley, 1967), could be reduced or eliminated. 

Similarly a better understanding of the schmutzdecke 

may lead to the development of suitable pretreatment for the 

influents of slow sand filters, which is universally acceptable 

and adaptable (alum, coagulation, for example), to remove 

their inability to cope up with highly turbid waters. It 

may further lead to the adoption of higher rates of filtra­

tion to reduce the requirements of large land areas which 

result in higher initial cost of construction. Since many 

authors and investigators have cautioned against adoptation 

of chemical coagulation and higher rates of filtration 

without giving theoretical justification or experimental 

evidence, it becomes imperative to demonstrate the validity 

or invalidity of their observations on theoretical and/or 

experimental grounds. In case, their observations are proved 

valid, alternative pretreatments have to be searched and 

evaluated. 

Finally, there remains much to be achieved in the 

developmental side of slow sand filters. Based on better 

understanding of the hydraulics of filtration and other 

phenomena, many improvements relating to constructional 

features and cleaning process, which may be suitable and 



69 

acceptable both in urban and rural surroundings of developing 

and developed nations, are required to be made. 

It is felt that suitable solutions to these research 

and developmental needs in the area of slow sand filters 

will be extremely helpful in providing cheap and simple 

and yet efficient filters to both developing and developed 

countries. 
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I I I . MATERIALS AMD METHODS 

3.1 Objectives Of The Study 

Based on the discussion and l i t e r a t u r e c i ted in 

e a r l i e r chapters, the major objectives of the present i n v e s t i ­

gation can now be more c lear ly defined as follows : 

( i ) To evaluate the s u i t a b i l i t y of alum-coagulation 

as pretreatment for the inf luents of slow sand f i l t e r s , 

( i i ) To evaluate the effect of operating slow sand f i l t e r s 

at much higher r a t e s of f i l t r a t i o n in comparison to conventional 

f i l t r a t i o n r a t e s , and 

( i i i ) To develop mathematical models to describe the build 

up of head loss in slow sand f i l t r a t i o n . 

3.2 Laboratory Studies Versus Field Studies 

A great majority of research inves t iga t ions on 

various f ace t s of both rapid and slow sand f i l t r a t i o n have 

been conducted employing labora tory-sca le experimental 

u n i t s . Laboratory-scale s tudies may be both essen t ia l 

and des i rab le , especial ly when directed towards contr ibut ing 

to the fundamental and t heo re t i ca l aspects of f i l t r a t i o n , 

as the various parameters can be cont ro l led , a l tered and 

evaluated more accurately and conveniently. 

In the case of rapid sand f i l t r a t i o n , a more complete 

simulation of f i e l d conditions i s possible even in laboratory-

scale un i t s and the r e s u l t s of the labora tory-scale f i l t e r s 
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may be indica t ive of what w i l l happen in a prototype. This 

i s because the physical and chemical qual i ty of influent 

water i s more important than the b io log ica l c h a r a c t e r i s t i c s . 

Physical and chemical ch a r ac t e r i s t i c s can be generally more 

ful ly simulated by addi t ion of chemicals and natural products 

(for example alum and clay) to tap water to' prepare synthet ic 

i n f luen t s . However, in case of slow sand f i l t r a t i o n where 

b io logica l and organic character of f i l t e r influent may be 

equally important in comparison to physical and chemical 

qua l i ty , preparation of synthetic f i l t e r influent may be 

d i f f i c u l t , in convenient and unsa t i s f ac to ry . Also, as 

labora tory-s ize u n i t s are rather small (10-15 cm. diameter 

cylinders have usual ly been employed), they may suffer from 

boundary effects in as much as the na tu ra l development 

of schmutzdecke i s concerned. In view of the desired objective 

of evaluating the effect of alum coagulation on schmutzdecke 

and re la ted parameters, i t was considered necessary to el iminate 

the effect of scale and environment on the development of 

schmutzdecke. Further, as schmutzdecke and sand layers were 

intended to be examined in d e t a i l by various analyses including 

the v o l a t i l e matter content, a lga l mass, i den t i f i ca t ion 

of various microscopic and macroscopic forms of l i f e e t c . 

e t c . , the small s ize uni t was considered inadequate to provide 

enough quan t i t i e s of schmutzdecke and sand layers without 

seriously affect ing the performance of the f i l t e r . Folkman 

and Wachs (1970) have reported such disturbance caused by 
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removal of large number of sand samples. 

To avoid the inherent disadvantages associated 

with the extrapola t ion of r e s u l t s obtained on the basis 

of laboratory-scale s tudies due to incompleteness of simu­

la t ion of f i e ld conditions and to el iminate other d i f f i c u l t i e s 

mentioned above, i t was decided to carry out the i n v e s t i ­

gations a t Kanpur Water Works employing both prototype and 

p i lo t - sca l e f i l t e r u n i t s . In support of the use of p i l o t -

f i l t e r s , the following observation by Camp (1964) may be 

noted. 

" I t i s the w r i t e r ' s opinion that p i lo t plant s tudies 
of f i l t r a t i o n must be widely used if worthwhile 
improvements are to be made in f i l t r a t i o n " . 

3.3 Kanpur Water Works 

3.3.1 General 

Kanpur i s the biggest town of Uttar Pradesh and 

indus t r i a l metropolis of Northern Ind ia . Situated on the 

r igh t bank of River Ganga a t an a l t i t u d e of about 135 meters 

above mean sea l eve l , i t s climate i s t r op i ca l with shade 

temperatures varying from almost 0°C to 48°C during an 

annual cyc le . I t s population, according to 1971 census 

f igures , i s 12.37 lakhs . 

3.3.2 Sources of Raw Water 

Kanpur Water Works, presently processing an annual 

average quanti ty of 205 mil l ion l i t r e s of raw water, has 
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two sources of raw water. River Ganga, which used t o be the 

sole source of raw water for Kanpur Water Works t i l l 1920, 

presently supplies s l i gh t l y less than two-thirds of t o t a l 

annual water requirements while the lower Ganges Canal 

meets the balance. The r e l a t i v e posi t ions of tapping points 

are indicated in index map (Figure 2 ) . The choosing of 

Lower Ganges Canal as a supplementary source of raw water 

has been necessitated because of the recurr ing problem of 

sh i f t ing of the Ganga's course every year a f t e r monsoon 

f loods . The f a i r weather stream of Ganga which used to hug 

Bhaironghat pumping s t a t i on t i l l 1920, now recedes as fa r as 

5-6 Km. away a f t e r the monsoons (Figure 2 ) . A supply channel 

5i Km. long has been dug to tap the shif ted stream of Ganga 

to ensure supply of raw water to Bhaironghat pumping s t a t i o n . 

Because lower Ganges Canal i s primarily an i r r i g a t i o n 

canal, not more than one-thirds of t o t a l raw water supply 

i s avai lable from Lower Ganges canal even though the Ganga-

water i s much more turb id ; during September 1971 to September 

1972 the t u rb id i ty of Ganga water varied from 28-2870 j t u 

while tha t of Lower Ganges Canal f luctuated between 24-775 j t u 

(AGARWAL e t _ a l . , 1972). 

3.3.3 Flow Sheet of Kanpur Water Works 

Designed for a capacity of 22x10^ m /day in 1892 

Kanpur Water Works included only s e t t l i n g tanks and slow 

sand f i l t e r s . During 1912, mult iple f i l t r a t i o n was adopted. 
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Three types of f i l t e r s namely "Degrosseurs", Peuch-chabal 

f i l t e r s (also known as p r e f i l t e r s ) and slow sand f i l t e r s 

(also designated as f i n a l f i l t e r s ) worked in s e r i e s . A 

set of s ix mechanical f i l t e r s were commissioned in 1939 

when the pretreatment of water by coarse f i l t r a t i o n was 

replaced by alum-coagulation followed by f loccula t ion and 

s e t t l i n g . In 1960, ten rapid sand f i l t e r s were added. 

Because of a l l these a l t e r a t i o n s and addi t ions , the present 

flow sheet of Kanpur Water Works i s f a i r l y involved. There­

fore , an over-simplified flow sheet w i l l f i r s t be discussed 

to offer an integrated picture of the various treatment 

processes . 

The schematic depic t ion of simplified flow sheet 

of Kanpur Water Works is presented in Figure 3 . The firm 

arrows indicate the addi t ion of chemicals regula r ly round 

the year while dashed arrows indicate addi t ion of chemicals 

during limited periods only. The treatment given to raw 

water round the year includes sedimentation, alum-coagulation 

f loccula t ion, secondary sedimentation to be followed by 

e i ther slow or rapid sand f i l t r a t i o n and post ch lo r ina t ion . 

However during periods of p ro l i f i c algae growth on the f i l t e r 

beds, occuring during summer, copper sulphate and chlorine 

are added to raw Ganga water at the raw v/ater pumping 

s t a t i o n . Both copper sulphate and chlorine are added in 

solution form and the i r doses are 1 .5 to 4.5 mg/l and about 

1 .2 mg/l r e s p e c t i v e l y . Also, during periods of high t u r b i d i t i e s 
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in rainy season,alum i s a lso added t o Ganga water a t point 2 

in Figure 3 . 

During normal operation periods the following 

flow sheet i s adopted as depicted in Figure 3^ The raw 

water from Ganga i s pumped into the Ganga sump from where 

i t flows in to s e t t l i n g tank 2 . The raw water from canal, 

a f te r being se t t l ed in p r e - s e t t l i n g tanks i s pumped and alum 

i s added to i t at point 3 . This alum-coagulated canal water 

i s se t t led in s e t t l i n g tank 1. About half of the water 

coming out of s e t t l i n g tank 1 i s diverted at point 4 towards 

mechanical f i l t e r s while remaining half i s mixed with Ganga 

water a t point 5 coming out of s e t t l i n g tank 2 . Alum is 

added to t h i s mixed water at point 6 . This water i s then 

routed through the un i t s of f loccu la to rs and s e t t l i n g t anks . 

The flocculated and c l a r i f i ed water i s divided in to two 

streams at point 7 ; one stream going to slow sand f i l t e r s 

while the other going and subsequently meeting the alum 

coagulated and se t t l ed water from point 4 a t point 8 . This 

mixed water, then, goes to rapid sand f i l t e r s . Therefore, 

to summarize, while slow sand f i l t e r s always receive alum-

coagulated, f locculated and s e t t l ed waters rapid sand f i l t e r s 

get waters that are a mixture of the above described waters 

and of alum coagulated waters that have been pre and post 

se t t led but have not passed through c l a r i f l o c c u l a t o r s . 

The ef f luents , both from rapid and slow sand f i l t e r s are 

chlorinated and stored in underground clear water t a n k s . 
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3,3-4 Details of Layout and Units of Kanpur Water Works 

The raw water from Ganga is pumped from Bhaironghat 

Pumping Station by six centrifugal pumps. Raw water is led 

through four transmission mains, two of 50 cm diameter, one 

of 60 cm and one of 120 cm diameter, to the treatment works 

at Senajhabar, 2 km away. Raw water from lower Ganges Canal 

first flows into two large settling tanks, popularly known 

as "Motijheel", and then pumped to the Treatment Works 

(Figure 4). 

The pretreatment units include two settling tanks 

(104 m x 76 m x 5-3 m); a coagulation unit consisting of 

a flash mixing device and a flocculation chamber equipped 

with horizontal shafts with blades rotating on chains; two 

clarifiers, circular in shape and 30.5 m in diameter, 

along with two secondary settling tanks provided with 

baffles and hopper bottom, each having the dimensions of 

91 .5 m x 30.5 m x 4-05 m. However, during the entire period 

of study, the flash mixing device and flocculation units 

were not working. 

As mentioned earlier two types of filtration, namely 

slow sand and rapid sand, are adopted at the Kanpur Water 

Works. The rapid filters consist of six old filters each 

of size 7.3 m x 5.5 m, operating at a filtration rate of 

4400 1/m /hr and ten new units. Out of these ten, four units 

are of the size 9-7 m x 7.6 m employing a rate of filtration 
o 

of 4400 1/m /hr and the remaining six units with the dimension 
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2 
of 7.6 m x 7.6 m using a r a t e of f i l t r a t i o n of 5880 1/m / h r . 

Slow sand f i l t e r s , t o t a l l i n g t h i r t y s i x , are of two 

s i zes . The twenty un i t s are of smaller s i ze , 49 m x 8.5 m 

while the sixteen are of bigger dimensions, 61 m x 30.5 m. 

The f i r s t twenty un i t s were or ig ina l ly designed as a part of 

a multiple f i l t e r system along with the Degrosseurs and 

worked in ser ies with the bigger sand f i l t e r s . However, 

now a l l the f i l t e r s are operating in p a r a l l e l with Degross­

eurs serving merely as passage way for pretreated water . 

All the t h i r t y s i x slow sand f i l t e r s are operated at 

133 l/m /hr and t h e i r media consis t of 25 cm of gravel over­

la id by varying depths of sand. The under drainage system 

consis ts of the main U-shaped concrete channel and l a t e r a l s 

formed by open-jointed br icks . These br icks , forming l a t e r a l s , 

are underlying a f u l l open jointed layer of br icks covering 

the complete plan area of f i l t e r s . All the f i l t e r s have 

manually control led in le t and out le t s lu ice valves and the 

f i l t e r e d water i s discharged over the weir in to an out le t 

chamber. 

F i l te red water from slow as well as rapid sand 

f i l t e r s a f te r chlor inat ion at various points i s stored in 

four underground, clear water r e s e r v o i r s . The dis infected 

water i s pumped by a ba t tery of f i f t e e n pumps to twentytwo 

zonal pumping s t a t i o n s . 
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3.3-5 Use of Prototype F i l t e r s for Study 

For conducting a part of these s tudies and especial ly 

for verifying the va l id i ty of P i lo t -p lan t data under f u l l -

scale operating conditions a number of the slow sand f i l t e r s 

as described above, operated with a l l conditions (except the 

modification being studied) as normal, were used 

3.4 Pilot Scale F i l t e r s 

3.4.1 Select ion of Size 

As discussed ea r l i e r in sec t ion 3.2.1 i t was decided 

to carry out a major part ox the study employing p i l o t - s c a l e 

slow sand f i l t e r s . For such pi lot f i l t e r s , a minimum size 

of 1.83 m x 0.91 m was considered e s sen t i a l to avoid i n l e t 

and out l e t effects and to allow easy and proper construct ion 

of piezometric tappings and sampling ports e t c . 

A bigger f i l t e r would have required more quan t i t i es 

of water, would have been cost ly and more time consuming. 

Por example, the f i l t e r uni t with the plan dimension of 

0.91 x 1 .83 m would requi re 5320 l i t r e s of water per day 

at the r a t e of 133 1/m /hr and 40,000 l i t r e s at the r a t e of 

1000 1/m /h r and thus two un i t s requir ing double these 

quant i t i es of water a t the respec t ive r a t e s . Also i t may 

be mentioned tha t the two un i t s along with the a u x i l i a r i e s 

were bu i l t a t a cost of more than Rs. 5000 and took more than 

f ive months to become ready for operat ion. Further, i t 

required 1.52 m3 (54 ef t ) of sand and 0.38 nT (13.5 ef t ) of 
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gravel. Therefore, in view of the limitations of financial 

resources, time and labour, the size of 0.91 X 1.83 m was 

found to be the most suitable. 

3.4*2 Constructional Features 

All the constructional features ox pilot-scale 

filters were kept similar to those of prototypes. The 

total depth of filters is 2.6 m with about 0.65 m above the 

ground level. The middle longitudinal wall is common to 

both the filters and the other two long walls have piezometric 

tappings and sampling ports at different depths to record 

head loss and to collect filter effluents at different 

depths down the filter. A plexiglass sheet 0.90x0.25 m 

was fixed with the piezometric tappings and sampling ports 

being on either side of the sheet. The sheet served as a 

window to physically see the entire depth of sand bed. To 

collect the samples from different levels and to install a 

plank on which glass manometers connected to piezometric 

tappings were fixed, a recess 1.5 m long 1.05 m wide and 2 .5 m 

deep with three steps was constructed for each filter. There 

are five openings each for the purposes of filtrate collection 

and head loss measurements in both the filters, one opening 

being above the sand bed and four being in the sand bed at 

various depths. The openings were formed by embedding 

1.25 cm diameter and 38 cm long galvanized iron pipe lengths 

in the long walls of the two filters and all the pipes had 
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i ron mesh over the ins ide end to avoid the chocking of pipes 

with sand. The d is tance , centre to centre , between openings 

i s 12, 6, 38 and 55 cm re spec t ive ly . 

The in le t sect ion consisted of a 44x36x93 cm chamber 

in to which 10 cm diameter f i l t e r influent pipe discharges and 

has an open out le t at the top for over flow to maintain 

constant l eve l in the f i l t e r . The influent goes from t h i s 

chamber in to the f i l t e r by means of two rectangular openings 

and is f i l t e r e d through a sand depth of 90 cm and a gravel 

depth of 25 cm. The f i l t e r e d water, a f te r passing through a 

layer of open-jointed br icks la id for supporting the gravel , 

i s collected by l a t e r a l s formed by open-jointed b r i c k s . The 

l a t e r a l s discharge water in to a U-shaped concrete channel in 

the middle of concrete f l o o r . The water then passes through 

a 10 cm s lu ice valve in to the out le t chamber which discharges 

water into r a t e of flow measuring chamber. After flow 

measurement, water passes through a water meter and then to a 

channel. The water meter, 5 cm s i z e , were ins t a l l ed to 

provide the most r e l i a b l e method of recording t o t a l flow of 

f i l t e r ed water . The layout of the p i l o t - s c a l e f i l t e r i s given 

in Figure 5 . 

3-4-3 Media Specificat ions 

The media consisted of sand of brownish colour, and 

gravel . The grain s ize d i s t r i b u t i o n i s plotted in Figure 6 . 

The effect ive s ize of sand i s 0.3 mm and uniformity coeff ic ient 
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i s 3 . 5 . The t o t a l depth of sand was about 90 cm. The gravel 

was put in 3 l ayers , top 5 cm of s ize between 4.8 and 9.6 mm 

middle 5 cm of s ize between 9.6 and 25 mm, and bottom 15 cm 

of size between 25 and 75 mm. 

3*4.5 Types and Sources of F i l t e r Influents 

The Pilont Plant Studies were carried out using both 

raw Ganga water and s e t t l ed , alum-coagalated, f locculated 

and se t t l ed water . Because of the f ive 10-cm s lu ice valves, 

two each on one pipe l ine bringing f i l t e r inf luents to two 

f i l t e r s and one on a cross-pipe f i t t e d in between the two 

valves on each l i n e , e i ther f i l t e r could be fed with e i ther 

raw water, or pretreated water or a combination of both 

(Figure 5 ) . However t h i s study was conducted by feeding 

only one type of water to any one f i l t e r and not employing 

a mixture of the two types of water . 

The raw Ganga Water was taken d i r ec t l y from Ganga 

water sump (Figure 4) through a 70 m long 10 cm diameter cast 

iron pipe. The coagulated, f locculated and se t t l ed water was 

tapped from a channel feeding water to a l l the t h i r t y s i x 

slow sand f i l t e r s . The pipe used in t ransmit t ing t h i s water 

was a l so 10 cm diameter cast iron pipe, but of a length of 

about 46 m. 
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3»5 Operating Procedure and Measurement Techniques 

3-5*1 Pi lo t -Scale F i l t e r s 

3.5-1.1 Star t ing a f i l t e r 

To s t a r t the f i r s t f i l t e r run of both the p i lo t 

f i l t e r s , same sand and gravel were obtained from Kanpur Water 

Works as were being used for prototype slow sand f i l t e r s . The 

sand was washed, a t l e a s t , f ive times in batches in churning 

type of washing machines to ensure freedom from d i r t and 

effect ive removal of organic matter and possible coatings 

of calcium and magnesium carbonate e t c . The gravel was also 

washed r e p e t i t i v e l y in a big con ta iner . The washed gravel 

was then placed in three layers of 15* 5 and 5 cm as per d e t a i l s 

of the s izes given e a r l i e r . To avoid a i r entrainment in sand 

layers during f i l l i n g of a small sand depth of f i l t e r was 

f i l l e d with water and sand in small quan t i t i e s was thrown from 

a height into the water . This process was continued t i l l the 

required depth of sand was obtained. 

To s t a r t the actual f i l t e r run, appropriate s lu ice 

valves on the two in le t pipes and a crossrPipe were manipulated 

to introduce the par t icu lar type (raw or pretreated) of water 

in to the f i l t e r . The f i l l i n g of water 'was done f a i r l y slowly 

to avoid the possible disturbance due to the k inet ic energy 

of water. During f i l l i n g of water a l l the ten openings in 

the longi tudinal walls for sample co l l ec t ion and head loss 

measurement were kept open to expel the entrained a i r , if any. 

After water reached the leve l of overflow channel in the i n l e t 
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section, outlet sluice valve was opened. After adjustment of 

outlet sluice valve to give the desired rate of flow, inlet 

sluice valve was manipulated to maintain a constant level 

of water in the filter. To facilitate the maintenance of 

constant level, water was allowed to alwalys trickle from the 

overflow channel in the inlet chamber* After the desired 

rate of filtration was obtained, head loss measurements were 

recorded followed by collection of samples. The details of 

these operations follow in the succeeding subsections. 

3.5.1.2 Measurement and Adjustment of Filtration Rate 

A straight mouthpiece, of 7-5 cm asbestos-cement 

pipe discharged the filtered effluent from the outlet sluice 

valve chamber, into the flow measuring chamber. During the 

times of flow measurement the water was collected in a 

container of suitable capacity. To determine the rate of 

flow, water was collected for 3 to 6 minutes, depending on 

the filtration rate and the rate determined by the equation 

t2 
/ t dQ dt 

v = -̂  (29) 
(t2-t1 ) X A 

where dQ is the quantity of water collected in time 

dt and A is the plan area of f i l t e r and v is r a t e of f i l t ­

r a t ion . 

To adjust the ra te of f i l t r a t i o n to the required 

value, outlet sluice valve was opened to provide, as a f i r s t 
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approximation, a r a t e of flow suf f ic ien t ly close to i t s 

required va lue . This r a t e was estimated by co l lec t ing 

suf f ic ient ly large quanti ty of water, of the order of 30 

l i t r e s , and the time recorded by a stop watch. The process 

was repeated several t imes, each time adjust ing the opening 

of outlet s lu ice valve to get the required r a t e of flow. 

After achieving the required r a t e of flow and "locking" the 

opening of ou t le t s lu ice valve a t i t s desired posi t ion, r a t e 

of flow was checked three times a f t e r an i n t e r v a l of about 

half to one hour. If found incor rec t , the en t i r e process 

was repea ted . 

On subsequent days, dai ly readings of water meters, 

i n s t a l l ed a f te r the r a t e of flow measurement chamber, were 

recorded to get the t o t a l amount of water f i l t e r e d in a day. 

This f igure was used to verify the correctness of average 

r a t e of f i l t r a t i o n using equation (29) . Flow measurement by 

water meter was thought to be the most r e l i a b l e and yet simple 

and cheap method and t h i s yielded, a f t e r computations, most 

accurate and r e l i a b l e values of average r a t e of f i l t r a t i o n . 

Whenever the computed r a t e of flow based on meter 

readings were found to be different than the required r a t e 

of flow, the en t i r e process of adjust ing the r a t e of flow 

described e a r l i e r was repeated. 

3-5.1 .3 Head Loss Measurement 

Head loss measurements were made af te r adjustment of 

required r a t e of f i l t r a t i o n and attainment of constant l eve l s 
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in the manometers. To eliminate the erroneous effect on 

water levels attained in the manometers caused by either air 

entrainment or sand deposit in the tubes, manometers were 

disconnected from piezometric openings to allow free flow of 

water to expel any entrained air or deposited sand. After 

reconnecting the manometers, the water levels were allowed to 

reach a steady state to give constant readings. 

3.5-1.4 Collection of Samples 

Collection of samples from sampling ports was done 

after recording head loss readings to avoid fluctuations of 

water levels in the manometers due to flow of water through 

sampling taps. To remove all the stagnant water in the pipe 

and to collect representative samples, each tap was opened 

slightly for about 2 minutes before collecting the samples 

for laboratory analysis. 

Sample volumes, measuring between 200 to 1000 ml 

were collected either in polyethylene or corning glass bottles, 

depending upon the analyses to be performed. G-lass bottles 

were generally employed to collect samples for bacteriological 

analysis, while polyethylene bottles were used to collect 

samples to determine turbidity, total and soluble aluminium, 

chlorine demand, chemical oxygen demand and algal content. 

3.5.2 Prototype Filters 

The filter runs employing prototype filters were 

generally employed either to confirm results obtained on the 
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basis of p i l o t - s ca l e f i l t e r s or to obtain more data r e l a t i n g 

to the length of f i l t e r run e t c . at various r a t e s of f i l t r a -

t i o n . 

Because of the operational and construct ional 

d i f f i c u l t i e s , i t was not possible to a l t e r the exis t ing 

arrangements to col lec t samples and to observe head losses 

in the various layers of sand bed. Therefore, only influent 

and effluent samples were collected and t o t a l head loss 

across the en t i re bed depth measured. 

In the absence of r a t e of flow recorders and head 

loss gauges, simple but r e l i a b l e methods were adopted t o 

measure r a t e of flow and head l o s s . The r a t e of flow was 

computed by measuring the depth of water over a rectangular 

weir fixed in the out le t sect ion of prototype f i l t e r s . As 

an addi t ional check, employed occasionally to determine the 

r a t e of flow, the in l e t valve was closed and r a t e of f a l l 

of water level determined by noting the f a l l of water l eve l 

in a fixed time i n t e r v a l . Head loss was measured as the 

difference between the water levels of influent and f i l t e r e d 

v/ater. 

Influent samples were collected from the in le t 

chamber of prototype f i l t e r s while f i l t e r e d v/ater from'the 

outlet sec t ion . For co l lec t ing f i l t e r e d water, a man was 

lowered in the out let sect ion and a represen ta t ive sample 

was co l l ec ted . 
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3.6 Schedule Of F i l t e r Runs 

In a l l , 86 f i l t e r runs were conducted,18 on p i lo t 

scale f i l t e r s and 68 on prototype f i l t e r s . Out of 18 p i l o t -

f i l t e r runs , 6 runs were made essen t i a l ly to examine the 

s u i t a b i l i t y of alum-coagulation as pretreatment and the 

balance 12 runs were made to study the effect of higher 

r a t e s of f i l t r a t i o n on length of run, and over a l l economics 

of f i l t r a t i o n e t c . 

To evaluate the s u i t a b i l i t y of alum-coagulation as 

pretreatment, 2 runs each were made on p i lo t scale f i l t e r s 

using raw water and alum-coagulated water respect ive ly as 

f i l t e r i n f l u e n t s . To find out the average length of f i l t e r 

run under f i e ld condi t ions, 63 runs were made on prototype 

f i l t e r s using alum-coagulated i n f l u e n t s . All these 67 runs 

const i tuted phase 1(A) of the experiments. The phase 1(B) 

of the experiments was designed to provide data on head loss 

build up in pa r t i cu la r and on s u i t a b i l i t y of alum-coagulation 

in general . The two pa ra l l e l runs on p i lo t - sca le f i l t e r s 

during the phase 1(B) were conducted under similar operating 

conditions, employing media of same cha rac t e r i s t i c s and 

depth and during periods when raw water tu rb id i ty was of the 

same order as that of alum-coagulated f i l t e r i n f l uen t . All 

the f i l t e r s for the I phase of study were operated at the 

r a t e of 133 l /m 2 /h r . 

During the phase I I of the study, p i lo t and prototype 

f i l t e r s were operated at r a t e s of f i l t r a t i o n , higher than 
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133 1/m / h r . The higher r a t e s of f i l t r a t i o n employed were 

216, 408, 612 and 1000 1/m / h r . Because of the importance 

of the r a t e of f i l t r a t i o n of 612 1/m /hr, the economically 

optimal f i l t r a t i o n r a t e as brought out by the analysis of 

r e s u l t s , four f i l t e r runs on p i l o t - f i l t e r s and f ive f i l t e r 

runs on prototype f i l t e r s were made at t ha t r a t e using alum-

coagulated water . The p i l o t - s c a l e f i l t e r was a lso operated 
P 

once at the r a t e of 612 1/m /h r using raw wa te r . 

The number of runs and other d e t a i l s of operating 

f i l t e r s at higher r a t e s of f i l t r a t i o n are included in Table 4 

which presents a summary of a l l the f i l t e r runs except the 

t r i a l and other runs* The other runs include runs which could 

not be completed due to operating and other d i f f i c u l t i e s 

beyond the control of the inves t iga to r , 

3.7 Analytical Techniques And Equipment 

The summary of ana ly t i c a l techniques employed i s 

presented in Table 5 . 

3.7.1 F i l t e r Influents and Effluents 

3 .7.1.1 Turbidity 

Turbidity of f i l t e r inf luents and eff luents was 

measured using a Hellige Turbidimeter, To cover a wide range 

of t u r b i d i t y , standard curves were prepared using stock 

suspensions of t u rb id i ty for f ive ranges , 0 -1 .5 , 0-4, 0~15» 

0-50, 0-150 A.P.H.A. Turbidity u n i t s (par ts per mi l l ion 

SiOg). 
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TABLE 4 

SUMMARY OP VARIOUS FILTER RUNS 

Phase of 
Experiment 

Purpose of 
Experiment 

Rate of Type of 
F i l t r a - F i l t e r 
tlon I n f luen t 
1/ni /tar 

Type of 
F i l t e r 

Number 
of Runs 

I (A) Eva lua t ion of t h e 
s u i t a b i l i t y of alum 
coagulated wa te r s 

I (B) Effect of a lum-
coagu la t ion under 
s i m i l a r cond i t i ons 
of o p e r a t i o n e t c * 

I I Effect of ope ra t ing 
f i l t e r s a t 
h igher load ing 
r a t e s 

133 1.Raw Water 
2 .Coagula­

ted Water 

133 1 .Raw Water 
2 . Coagula-

ted Water 

216 1 .Raw Water 
2 .Coagula­

ted Water 

408 . Coagulated 
Water 

612 1 .Raw Water 
2 .Coagula­

ted Water 

1000 Coagula­
ted Water 

P i l o t - s c a l e 
a . P i l o t - s c a l e 
b . P r o t o t y p e 

a . P i l o t - s c a l e 
b . » 

a . P i l o t - s c a l e 
b . " 

2 
63* 

1 
1 

a . P i l o t - s c a l e 

b .P ro to type 

P i l o t 

1 

4 

5 

* Concurrent runs of seven p ro to type f i l t e r s during 
September 1971 - September 1972. 



95 

TABLE 5 

SUMMARY OP ANALYTICAL METHODS 

D e t e r m i n a t i o n 

For Waters 
T u r b i d i t y 

T o t a l & S o l u b l e 
Aluminium 

C h l o r i n e Demand 

C o l i f o r m Density-

Chemical Oxygen 
Demand 

A l g a l Content 

PH 

For Sand and Schmutzd 

V o l a t i l e M a t t e r 

S t a n d a r d P l a t e Count 

A l g a l Conten t 

I d e n t i f i c a t i o n of 
B i o l o g i c a l l i f e 

Weight of S p e c i f i c 
D e p o s i t and m i c r o ­
b i a l growth 

P o r o s i t y 

Method Used 

N e p h e l o m e t r i c 
Method 

C o l o r i m e t r i c 
Method 

C o l o r i m e t r i c 
Method 

M u l t i p l e - T u b e 
F e r m e n t a t i o n 
Techn ique 
Chemical 
O x i d a t i o n 

C o l o r i m e t r i c 
Method 

E l e c t r o m e t r i c 
Method 

ecke 

Graverne t r i e 

B a c t e r i o l o g i c a l 

C o l o r i m e t r i c 
Method 

V i s u a l 
Compar ison 

G r a v e m e t r i c 

- d o -

Comment 

V i s u a l 
c o m p a r i s o n 

Er iochrome 
Cyanine-R 
Method 

DPD Method 

P r e s u m p t i v e 
T e s t 

Dichrornate 
R e f l u x Method 

C h l o r o p h y l l 
E x t r a c t 

G l a s s e l e c t ­
r o d e method 

-

-

T r i c h r o m a t i c 
Method f o r 
C h l o r o p h y l l 

M i c r o s c o p i c a l 
E x a m i n a t i o n 

Beam B a l a n c e 
Used 

- d o -

R e f e r e n c e 

— 

S t a n d a r d 
Methods (1971 ) 

- d o -

- d o -

- d o - , 
. Meda l i a (1951 ) 

C r e i t z & 
R i c h a r d s (1955) 

Std .Methods 
(197-1) 

- d o -

- d o -

- d o -

- d o -

- ^ o -

T a y l o r ( 1 9 6 2 ) 
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Two tubes with viewing depths of 50 mm and 20 mm 

and different combinations of l igh t and dark f i l t e r s and 

a rectangular mirror were employed to cover a very wide 

range of t u r b i d i t y . Samples having t u rb id i t y greater than 

100 u n i t s were generally di luted with tu rb id i ty f ree water . 

3#7.1.2 Total and Soluble Aluminium 

Total aluminium was determined by using Eriochrome 

Cyanine-R method (Standard Methods, 1971). The complexing 

dye used was the product of Pfaltz & Bauer, I nc . , Flushing, 

N.Y., U.S.A. 

For determination of soluble aluminium in a water 

sample, the water was f i l t e r e d on a AA type mil l ipore f i l t e r , 

pore s ize of 0.80 micron, using a pyrex glass mil l ipore f i l t e r 

assembly. This type of f i l t r a t i o n was adopted as i t i s 

reported to be the most sa t i s fac to ry as suggested by Shull(1967)« 

The f i l t r a t e was then employed as sample for analysis of soluble 

aluminium. The standard curve for determination of aluminium 

concentration i s given in Figure 7* 

3 .7 .1 .3 Coliform Density 

The t e s t for the presence of members of coliform 

group was carried out using Multiple Tube Fermentation 

Technique (Presumptive Test) as per the d e t a i l s of Standard 

Methods (1971). The number of pos i t ive f indings of coliform 

group organisms r e s u l t i n g from mul t ip le-por t ion decimal 

d i lu t ion plantings was recorded as MPN index by r e fe r r ing 
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to t ab les in standard Methods (1971). 

3.7.1-4 Chlorine Demand 

Chlorine demand was found out in the laboratory 

using a contact period of 30 minutes and an i n i t i a l dose of 

2 mg/l of ch lo r ine . The t o t a l ava i lab le chlorine was determined 

using N, N - d ie thy l - p - phenylenediamine (DPD) as i t i s 

considered superior to neutral o r tho to l id ine . The DPD 

colorimetric method was employed using a Bausch and Lomb 

Spectrophotometer a t a wave length of 540 millimicrons 

(Standard Methods, 1971). The c a l i b r a t i o n curve i s plot ted 

in Figure 8, 

3 .7 .1 .5 Chemical Oxygen Demand 

I t was determined using dichromate ref lux method 

( Internat ional Standards For Drinking-Water, 1963) with the 

modifications in the normali t ies of potassium di.-chromate 

and ferrous ammonium su l fa te solut ions as suggested by Medalia 

(1951). Instead of using 0.025 N standard potassium di.-ch­

romate and 0.01 H ferrous ammonium s u l f a t e , the normali t ies 

adopted for the two reagents were 0,01 JT and 0.005 i r r e s p e c t i v e l y . 

3.7.1 .6 Algal Content 

This was determined ind i r ec t ly by Chlorophyll extract 

method as suggested by Richards with Thompson,-(1 952 )but modi­

fied by Creitz and Richards (1955) employing AA milipore 

f i l t e r . 
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3.7-1 .7 pH Value 

The pH was determined by glass electrode method 

using Beckman pH meter or determined color imetr ica l ly during 

periods when none of the pH meter was working s a t i s f a c t o r i l y . 

3.7.2 F i l t e r Sand Layers and Schmutzdeeke 

3.7.2.1 Vola t i le Matter 

The v o l a t i l e matter content of f i l t e r sand and 

schmutzdecke was found by heating sand or schrautzdecke a t 

550°C for 15 minutes in a muffle furnace (Standard Methods, 

1971). 

3 .7 .2 .2 Standard Plate Count 

To assess the microbial population residing, the 

bacterial count, as determined by the standard plate count 

technique, was done. To find out the plate count in the 

sand, a known quantity of sand, obtained from sterilized 

petridishes used for collecting sand from layers of filter 

bed, was suspended into 100 ml. of sterilized water. Depending 

on the rough estimate of plate count, serial dilutions were 

done and 1 or 0.1 ml aliquot was used for plating. 

3.7.2.3 Algal Content and Algae Identification 

The algal content and the identification of some 

dominant, common and rare algal genera inhabitating the top 

sand layers was done. To find out the algal content of the 

top biological layer, indirect method of chlorophyll extract 
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was employed. The tr ichromatic method for chlorophyll was 

used as described in Standard Methods (1971) with the 

difference tha t the b io logica l layer was col lected in p e t r i -

dishes from the known area of f i l t e r beds and the whole quanti ty 

was put in to 100 ml of 90% acetone for 2 4 hours at 4°C. 

Iden t i f i ca t ion of algae was done with the help 

of a binocular microscope. 

3 .7 .2 .4 Iden t i f i ca t ion of Macroscopic and Microscopic 

Forms of Animal l i f e Inhabi ta t ing Schmutzdecke 

Some of the protozoa, r o t i f e r s , aquatic d ip te ra 

worms and higher forms of biological l i f e were iden t i f ied 

which inhabitated the top sand layers of both the types of 

f i l t e r using raw water and alum-coagulated water . 

3 .7 .2 .5 Weight of Specific Deposit and Microbial Growth 

To determine the weight of deposi ts and microbial 

growth accumulated in the top sand l ayers , these layers 

along with the deposits and growths from a known area of 

f i l t e r bed were scraped. The wet and dry weight of deposi ts 

plus microbial growth were determined af te r separat ing sand 

by repeated washings followed by taking weights of wet and 

dry sand, 

3.7.3 Equipment 

Except the following four proprie tary models, normal 

equipment and glasswares were used : 
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( i ) Spectrophotometer : 

Bausch and Lomb spectronic-20 with a constant 

voltage transformer was used for a l l color imetr ic methods. 

For determination of chlorophyll a, b and c, red f i l t e r with 

red sens i t ive phototube was -used to observe readings a t wave­

lengths between 625-960 mil l imicrons. Blue sens i t ive phototube 

with no f i l t e r was used in the wavelength range of 340-625 m . 

( i i ) Hellige Turbidimeter : 

A product of Hell ige, I n c . , Garden City, N.Y. 

U.S.A., t h i s turbidimeter was used for measurement of t u r b i d i t y . 

Stock suspensions supplied by Hel l ige , I n c . were used to make 

standard curves. 

( i i i ) Millipore F i l t e r Assembly : 

An a l l pyrex mil l ipore f i l t e r assembly was used 

for f i l t r a t i o n of water samples for determination of soluble 

aluminium and a lga l content of water samples. AA milipore 

f i l t e r , pore s i ze 0.80 micron, cut i n the form of disc of 

4 cm diameter was used for f i l t r a t i o n . 

(iv) pH Meter : 

A Beckman Expandomatic pH meter, graduated 

to 0.01 pH u n i t s on the expanded pH sca le , was used. 

3.8 Computations 

( i ) Specific Surface Area of Sand Used 

For u n s t r a t i f i e d bed of homogeneously packed 
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sand each component fraction, p. , of size d.j_ contributes its 

share to the total area, the individual area - volume ratios 

being 6/ ( V di)> where ^ is the sphericity (Fair et al,, 

1968), Assuming uniform sphericity 

n 

Sn = — £. %r (30) 
o i/i _. „ d* \^ / V i=1 d i 

n p i The necessary computations t o f ind out 2 1 ~x? a r © given 

i=1 

i n Table 6 . Assuming a va lue of 0 .94 f o r s p h e r i c i t y fo r 

p o r o s i t y of 0.39 a s suggested by Carman (1937), t he s p e c i f i c 

su r f ace a r ea fo r c l e a n bed i s computed from equat ion ( 3 0 ) . 

so = - D T 9 4 x 1 6"4 2 = 1 ° 4 ' 5 

This va lue of SQ has been used i n Kozeny-Carman 

e q u a t i o n . 

( i i ) Spec i f i c Deposit of Suspended Matter i n F i l t e r Bed 

Generally the s p e c i f i c depos i t i n t h e f i l t e r was 

small and a r i t h m a t i c computations r a t h e r t han i n t e g r a t i o n 

were used t o compute the d e p o s i t . 

0 „ „.;.•--.;„ ( In f luen t Cone . -Ef f luen t Conc)x Rate of flow x t ime 
opeci-Lic • 
e p s Density of deposit x volume of bed 



TABLE 6 

COMMUTATION OP SPECIFIC SURFACE AREA FOR SAND USED 

S i z e of 
s a n d , 

2 
cmxIO 

.75 

1 .25 

2 .1 

5 . 0 

4 .2 

8 . 5 

1 2 . 0 

ia .s 
2 4 . 0 

6 2 . 5 

Sand 
s m a l l e r 
t h a n 
s t a t e d 
s i z e , 

% 

0 

1.5 

3 .2 

11 .2 

21 . 8 

4 2 . 0 

6 4 . 4 

8 4 . 7 

8 9 . 7 

1 0 0 . 0 

Sand 
F r a c t i o n 
w i t h i n 
a d j a c e n t 
s i e v e s i z e s , 

P ± % 

1 .5 

1 .7 

8 . 0 

10 .6 

2 0 . 2 

2 2 . 4 

2 0 . 3 

5 . 0 

1 0 . 3 

Geomet r i c 
Mean 
D i a m e t e r , d i 

cm x 10 2 

0 . 9 7 

1 .62 

2 .51 

3 -55 

5 .96 

1 0 . 1 0 

1 4 - 2 0 

2 0 . 0 2 

3 8 , 5 5 

El 
d i 

1 .55 

1 .12 

3 . 2 0 

2 . 9 9 

3 . 4 0 

2 .21 

1 .43 

0 . 2 5 

0 . 2 7 

SUM 100.0 16 .42 
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The units adopted were cone, in mg/l, Rate of flow in 

litres/day, time in days and volume of bed in litres. 

The density of deposit was assumed to be 1,0. Consequently 

the specific deposit expression can be written as follows: 

1n-6 (Influent Cone.-Effluent Cone) x Rate of flow x Time 
*~ lu x Volume of bed in litres 



IV RESULTS AND DISCUSSIONS - I 

STUDIES ON SUITABILITY OP ALUM-COAGULATION AS IRETREATMENT 

FOR THE INFLUENTS OF SLOW SAND FILTERS 

As has been mentioned e a r l i e r i n s e c t i o n 2 .1 .31 alum 

coagula t ion has been considered u n d e s i r a b l e a s p re t rea tmen t 

before slow sand f i l t r a t i o n a s i t may adve r se ly a f f e c t t h e 

l eng th of f i l t e r run , i n t e r f e r e wi th t h e f u n c t i o n i n g of 

schmutzdecke and under c e r t a i n c i rcumstances of pH changes, 

aluminium hydroxide may p r e c i p i t a t e i n the lower l a y e r s of 

sand . 

4*1 Effect Of Alum-Coagulation On Head Loss P rog res s ion And 

Length Of F i l t e r - R u n 

4.1 .1 P i l o t F i l t e r wi th Alum Coagulated I n f l u e n t 

To observe whether a lum-coagu la t ion r e s u l t e d i n 

rap id b u i l d up of head l o s s due t o s e a l i n g up of sand su r f ace 

by alum f l o e s , p i l o t - s c a l e f i l t e r s were - run a t a conven t iona l 

r a t e of f i l t r a t i o n of 133 1/m / h r u s i n g a lum-coagula ted wa te r 

a s f i l t e r i n f l u e n t . The head l o s s p r o g r e s s i o n i n one of t h e 

f i l t e r s i s p l o t t e d i n F igure 9 . The s e l e c t i o n of log s c a l e 

fo r the o rd ina t e of t o t a l head l o s s was made fo l lowing t h e 

p l o t t i n g of t o t a l head l o s s bui ld up a g a i n s t t ime which 

y i e lded an exponen t i a l type of curve (Agarwal and Agrawal, 1973)* 

I t i s observed t h a t t he p lo t c o n s i s t s of two s t r a i g h t l i n e s . 
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The rate of head loss build up is less in the initial phases 

and more in the latter phases of the filter run. The lower 

rate of head loss build up may be attributed to the surface 

deposition of positively charged alum floes on negatively 

charged sand particles, and relatively low biological growth. 

However, in the later phases, deposition of impurities and 

biological growth causes the formation of a surface mat, 

resulting in a greater rate of head loss. 

As observed from Figure 9 that the head loss even 

after 30 days of operation is 0.16 m compared to 0.90 m at 

which the run of a slow sand filter is generally terminated. 

The length of filter run to achieve a head loss value of 

0.9 m can be determined either graphically by extending the 

later portion of straight line to cross the 0.9 m head loss 

line or arithmatically by substitution of the value of 0.9 m 

for head loss in the equation of later portion of straight 

line of Figure 9. The equation is : 

log (0.2)-log (0.1) 
log h = log (0.035) + t 

34-20.5 

log h = 5.5441 + 2.23x10~2 t 
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From the equation for h = 0,9 m, t = 63.2 days. Therefore 

the length of run of p i l o t - s ca l e f i l t e r using alum-coagulated 

water would be of the order of 60 days a t a f i l t r a t i o n r a t e 

of 133 1/m /h r and at a terminal head loss of 0.9 m. Though 

as a f i r s t approximation, s t i l l to get an idea of the length 

of f i l t e r run at corresponding r a t e s of f i l t r a t i o n in the 

absence of any pretreatment, data of Fa i r , _et- a l . (1968) 

i s reproduced below. Fair _et a l . r epor t the length of run 

varying between 20 to 3.0 to 60 days a t f i l t r a t i o n r a t e s 

ranging from 42 to 12£ to 417 1/m / h r for terminal head loss 

of about 1m for untreated f i l t e r i n f l u e n t s , the underlined 

values being most common. On comparison i t i s found tha t 

the length of run of about 60 days fo r p i l o t f i l t e r s a t a 

r a t e of f i l t r a t i o n of 133 1/m / h r i s more than twice in 

comparison to most common length of run of 30 days a t a 
p 

f i l t r a t i o n r a t e of 125 1/m /h r for prototype f i l t e r s employing 

generally untreated f i l t e r i n f luen t s . 

As a second approximation and with a view to compare 

the length of run in the case of pretreatment being alum-

coagulation with length of run obtained for f i l t e r s using 

inf luents which have been pretreated using other un i t operations 

l i ke rapid f i l t r a t i o n and microstra ining, Table 7 presents 

data based on Rid ley ' s (1967) works d a t a . Rid ley ' s data i s 

for three water works a l l using di f ferent pretreatments for 

the inf luents of slow sand f i l t e r . A comparison between data 

in Table 7 and r e s u l t s of p i l o t - s c a l e s tudies revea l s tha t 
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t h e l e n g t h of r u n v a r y i n g between 30 t o 50 days , wi th no 

pre t r ea tmen t t o f i l t e r i n f l u e n t s , i s s u b s t a n t i a l l y low v i s - a - v i s 

t h e l eng th of run of about 60 days f o r a lum-coagulated f i l t e r 

i n f l u e n t s even a t 2-3 t imes increased r a t e s of f i l t r a t i o n 

when p re t rea tmen t i s e i t h e r r ap id sand f i l t r a t i o n or m i c r o -

s t r a i n i n g , t h e l e n g t h of f i l t e r run v a r i e s between 32 t o 48 

days compared t o 60 days (rounded v a l u e ) wi th alum c o a g u l a t i o n 

as the p r e t r e a t m e n t , t h e r a t e s of f i l t r a t i o n being roughly 

of t h e same order i n t h e two c a s e s . 

4.1 *2 P ro to type F i l t e r s w i th Alum-Coagulated Water 

As t h e l e n g t h of f i l t e r run v a r i e s g r e a t l y w i t h t h e 

season, i t may be argued t h a t t h e comparison of r e s u l t s obtained 

only from two runs on p i l o t f i l t e r w i t h t h e average r e s u l t s 

obtained from scores of runs made on p ro to type f i l t e r s may not 

TABLE 7 

SUMMARY OF RATES OF FILTRATION USED AND LENGTH OF FILTER RUN 
OBTAINED (RIDLEY, 1967) 

Name of Type of Rate of f i l t r a t i o n Length of 
Water Works Pre t rea tmen t (slow sand f i l t r a - Run days 

tion) p 
1/m /hr 

Hanworth Road None 44 to 59 30 to 50 
Works 
Kempton Park Rapid Sand 132 to 152 40 to 44 

Filtration 

Ashford Common Microstraining 132 to 137 32 to 48 
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he completely valid. To overcome this objection, Table 8 

presents data on lengths of run of sixty three runs made on 

prototype filters at Kanpur Water Works using alum-coagulated 

waters as filter influents and operating at an average rate 

of filtration of 133 1/m /hr. Seven prototype filters were 

selected on the basis of varying depths of sand media and the 

period covered by the runs was more than one year (September 

1971 to September 1972). 

From Table 8 it is observed that the length of a 

filter run ranged between 13-105 days. The very low value of 

a filter run of the order of 15 days is primarily due to 

excessive algal growth on the sand surface during summer 

months. During summer months, both because of heavy 

concentration of algae in raw water and because of excessive 

growth on the sand surface, there is a thick mat of filamentous 

and filter clogging algae formed on the bed causing rapid 

build up of head loss and resulting in a very short filter 

run. .However, including even these greatly reduced filter 

runs, it is found that the average run for various filters 

ranges between 33 to 50.2 with an overall average of 42.4 

days. The head loss progression for an average length of 

run is also depicted in Figure 10. 

This length of run of about 42 days at the rate of 
p 

f i l t r a t ion of 133 1/m /hr compares favourably with the length 

of f i l t e r run of about 40 to 44 days at f i l t r a t i o n rates of 

132 to 152 1/m /hr with rapid f i l t r a t i o n as pretreatment 
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TABLE 8 

LENGTH OP FILTER RUNS FOR SEVEN PROTOTYPE FILTERS 

S i . Number 
No. of Length of a F i l t e r Run, Lays 

F i l t e r 
Run F i l t e r F i l t e r F i l t e r F i l t e r F i l t e r F i l t e r F i l t e r 

1 2 3 4 5 6 7 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

I 

II 

III 

17 

V 

VI 

VII 

VIII 

IX 

X 

XI 

58 

46 

45 

37 

25 

48 

38 

105 

60 

39 

23 

29 

24 

61 

28 

104 

36 

20 

38 

26 

33 

37 

13 

21 

25 

25 

69 

24 

34 

46 

26 

34 

31 

32 

13 

29 

76 

32 

46 

32 

26 

38 

36 

19 

49 

63 

65 

60 

29 

26 

34 

36 

27 

48 

105 

45 

36 

29 

20 

59 

74 

60 

46 

Ari thmat ic 
Mean 50.2 46 33 34 .3 41.6 45.6 46.1 
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and with 32-48 days a t f i l t r a t i o n r a t e s of 132 t o 137 1/m /h r 

using microstraining as pretreatment . 

4.1 .3 Pa ra l l e l runs with Coagulated and Uncoagulated 

Water 

I t must be mentioned tha t even the preceding comparison 

may be a l i t t l e incomplete because of di f ferent operating 

condit ions, construct ional fea tures and media spec i f i ca t i ons . 

Since the sole objective of t h i s part of study is to evaluate 

the effect of alum-coagulation on head loss build up, i t i s 

essent ia l to maintain s imilar operating and other condi t ions . 

Therefore, t o eliminate the effect of external fac tors and 

to compare and analyze the r e s u l t s of f i l t e r runs r a t i o n a l l y , 

fundamental aspects r e l a t i n g to head loss sha l l be considered. 

Prom Kozeny-Carman equation, which i s reproduced in 

the following l i ne 

h o . H v
 ( 1 " f o ) 2 , 2 

o 

it is observed that initial head loss depends on velocity 

of filtration, temperature through its effect on kinematic 

viscosity V , initial porosity and specific surface area 

and through them on particle size, size distribution and 

shape and depth of filter media. As filtration proceeds, 

K„, f and S^ all change as a result of accumulation of o5 o o ° 

suspended impurities in the grain matrix* Because of the 
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changed physical, chemical and even biological character 

of raw water as a result of pretreatment, the magnitudes of 

changes in the parameters, K , f and SQ, may be different in 

different cases of filter influents being untreated or pretreated 

by various unit operations. However, because of the complexity 

of situation and present state of knowledge, it is not possible 

to precisely know the changing values of the Kozeny-Carman 

constant and specific surface area and to some extent of porosity 

either analytically or experimentally. 

To overcome all these difficulties, it is essential 

to consider the overall response of the filter bed in respect 

of head loss build up due to changes brought about by alum 

coagulation in the chemical, biological and physical qualities 

of raw water instead of considering the individual changes 

in porosity, specific surface area and Kozeny Carman constant. 

To keep the effect of external factors, other than that due 

to alum coagulation, on the over all response of filter 

relating to head loss progression, it is necessary to keep 

process parameters namely v , >) , fQ and SQ and 1 substantially 

same. 

Therefore, in light of the preceding discussions, two 

parallel filter runs on pilot scale filters employing the same 

rate of filtration, same sand and gravel media of equal depth 

in both the filters were conducted. One filter received raw 

water as influent and the other alum-coagulated, flocculated 

and settled water as influent. Since head loss progression 
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also var ies with concentration of suspended matter in the 

inf luent , a su i tab le period of time was chosen during which 

the tu rb id i ty of raw water remained of the same order of 

magnitude as tha t of the alum-coagulated in f luen t . The 

t u r b i d i t i e s of raw and pretreatod influent could not be 

maintained exactly the same in the f i e ld due to operat ional 

d i f f i c u l t i e s . This d i spar i ty in t u r b i d i t y values was taken 

care of by p lo t t ing head loss build up against spec i f ic deposit 

r a the r than against t ime. The plot of head loss build up with 

specif ic deposit for the two types of f i l t e r inf luents i s 

shown in Figure 11• 

I t w i l l be observed tha t the slopes of the two l ines 

are subs tan t i a l ly equal, though head loss progression in the 

case of raw water as influent i s s l i g h t l y more. Also, the 

i n i t i a l head loss in both the cases was the same and around 

.02 m indica t ing that i n i t i a l over a l l response of the f i l t e r s 

with respect to head loss was same because of almost i d e n t i c a l 

condi t ions. Incidental ly i t may be mentioned tha t in the 

ea r l i e r phases of run in both cases, points depart from the 

s t ra ight l ine plot in both cases . This may be, as indicated 

ea r l i e r , due to the absence of higher forms of b io logica l 

l i f e* 

Prom the Figure 11 and the preceding discussion i t i s 

obvious tha t alum-coagulation has l i t t l e , i f any, effect on 

head loss build up v i s - a - v i s , the absence of t h i s pretreatment 

when other f ac to r s are kept same in the two cases . 
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4»2 Effect Of Alum Coagulation On Schmutzdecke And lower 

Sand layers 

Large number of samples of schmutzdecke and lower 

sand layers removed from p i lo t and prototype f i l t e r s were 

analyzed. Table 9 presents comparative r e s u l t s of these 

analyses for the two types of in f luen ts , namely raw water 

and alum coagulated water . 

4*2 .1 Algal Content 

The a lga l content of schmutzdecke in both the cases 

var ies between 830 to 1040 mg/m and 860 to 1030 mg/m re spec t ­

ively indicat ing tha t alum-coagulation does not r e t a rd the 

growth of algae on sand bed. As schmutzdecke i s primari ly 

an a lga l layer and i t s main r o l e s a re to provide enough 

oxygen to water to keep i t well aerated and to provide 

s t ra in ing act ion through the inter locked cel lulose threads 

and s i l iceous bodies of algae and diatoms (Van de Vloed, 1955)» 

a lga l content of t h i s layer becomes important . Because growth 

of algae depends on the season and the number of days the 

f i l t e r has been in operation besides many other f a c t o r s , 

samples were col lected from the f i l t e r s which had been operated 

for and during the same period of t ime . Care was a lso taken 

to keep the ef fec t 'o f other f ac to r s same as far as poss ib l e . 

4.2.2 Bacter ia l Growth 

The standard p la te count in both the cases i s of the 
4 6 same order of magnitude. .The range of 10 -10 has been given 
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TABLE 9 

COMPARATIVE RESULTS OP ANALYSES PERFORMED Oil SCHMUTZDECKE AND 

LOWER SAMD LAYERS 

Type of Analys is Schmutzdecke or Lower Sand Layers 
removed from f i l t e r u s i n g a s 
i n f l u e n t 

Schmutzdecke 

Algal Content , mg/m 

Standard P l a t e Count 
nos ./gm of Wet Weight 

V o l a t i l e Mat te r , % 

Thickness , mm 

Time of r i p e n i n g , days 

( i ) f o r f i r s t run w i th 
washed sand 

( i i ) f o r subsequent runs 

Raw Water 

830-1040 

10 4 -10 6 

5 . 6 - 8 . 8 

3-8 

5-8 

1-2 

Alum-c oagulated 
Water 

860-1030 

1 0 4 - 1 0 5 

17-17.3 

3-8 

2-3 

0-1 

10.7 
4.5 

Weight of d e p o s i t s and 
microbia l growth i n top 
sand l a y e r s , kg/m 

( i ) Wet weight 

( i i ) Dry weight 

Lower Sand Layers 

V o l a t i l e Matter % 

( i ) 0-2 cm 

( i i ) 4-15 cm 
( i i i ) 25-30 cm 

Standard P l a t e . c 
Count, nos/gm of wet weight 1 0 - 1 0 
5 cm - 25 cm 

6 

3.2 

1 . 1 - 1 . 4 

.8-1 .3 

1-1 .3 

10 4 -10 5 

2 . 3 - 2 . 9 

1 .0-1 .4 

1 .0-1 .4 

10 4 -10 5 
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to indicate that during winters, plate counts were of the 
4 

order of 10 colonies per gm. of wet sand while during summers 
c 

the values around 10 were more common. However during the 

same season, plate counts in both cases were of the same order 

of magnitude. I t c lear ly indicates tha t alum-coagulation 

does not r e s u l t in reduction of b a c t e r i a l population inhabi-

t a t i ng the schmutzdecke. 

4*2.3 Vola t i le Matter in Schmutzdecke 

The v o l a t i l e matter content of schmutzdecke developing 

on sand bed of f i l t e r using raw water as influent i s about 

half or l e s s than the corresponding value in case of alum-

coagulated i n f l u e n t s . This i s possibly due to the greater 

amount of clay and s i l t being present in the schmutzdecke of 

f i l t e r s using raw water as i n f luen t . In comparison, as alum-

coagulation followed by f loccula t ion and s e t t l i n g can remove 

most of the clay and s i l t from raw water, the schmutzdecke 

developing in f i l t e r s receiving these waters may have l e s s 

inorganic matter as observed. 

4.2.4 Thickness 

The thickness of layer of deposits and microbial 

growth measured from the top of sand surface varied betv/een 

3 and 8 mm in the two cases, depending primarily on the 

thickness of algal mat developing therein. 
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4.2.5 Time of Ripening 

The time of r ipening of schmutzdecke was arb i t rar i ly-

defined as time taken by the schmutzdecke to develop to an 

extent that i t removed 50% or more of the t u rb id i t y of influent 

water f i l t e r i n g through i t . Removal of tu rb id i ty was considered 

t o be a be t te r parameter to judge the performance of schmut­

zdecke as the efficiency of the f i l t e r i t s e l f i s evaluated 

in terms of t u r b i d i t y removed r a the r than bac t e r i a l removal 

since the advent of compulsory p rac t ice of post d i s i n f ec t i on . 

I t i s observed tha t alum-coagulation r e s u l t s in early maturing 

of schmutzdecke both for the f i r s t and subsequent runs a f t e r 

recouping the f i l t e r with washed sand. This may be a t t r ibu ted 

to following reason. Because of the opposite charges on alum-

f loe pa r t i c l e s and sand and because of the low ve loc i ty of 

f i l t r a t i o n , alum-floc pa r t i c l e s tend to be deposited on the 

surface of sand r a the r than penetra t ing deeper in to bed. As 

more and more deposi ts accumulate on surface, the efficiency 

of removal of t u r b i d i t y by the top sand layers improves r e s u l t i n g 

in quick r ipening of schmutzdecke. However, whatever may be the 

reason of early r ipening of schmutzdecke, i t can be concluded 

tha t alum-coagulation i s benef ic ia l in making the top sand 

layers ef f ic ient quickly in the removal of t u r b i d i t y . 

4.2.6 Weight of Deposits and Growth in Top layers 

The weight of deposi ts and microbial growth was 

determined to give a comparative idea of the weight of the 
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mater ia l to be removed in the cleaning process. This i s of 

value where manual labour i s employed in scraping f i l t e r s . 

The wet as well as dry weight of deposi ts and microbial 

growth in the case of f i l t e r s using raw water as influent i s 

more than for f i l t e r s using alum-coagulated i n f luen t . This 

may p a r t i a l l y be due to the higher clay and s i l t content of 

schmutzdecke formed from f i l t r a t i o n of raw water than tha t 

from alum coagulated water and density of clay and s i l t 

p a r t i c l e s being greater than those of alum f l o e s . 

4.2.7 Hetrotrophe Zone 

The lower sand layers were also analyzed for volatile 

matter and standard plate count. It will be observed from the 

values furnished in Table 9 that alum coagulation does not 

affect, adversely, the microbial population inhabitating the 

slimy and gelatenous layers on sand particles. Since Van de 

Vloed (1955) has outlined the significant role played by the 

hetrotrophe zone, which extends down to 30 cm from the top 

sand surface, in bettering the quality of water, it was 

considered desirable to find out the bacterial population and 

the volatile matter both in the presence and absence of alum-

coagulation to study its effect on the hetrotrophe zone. 

4.2.8 Microscopic Examination 

Microscopic examination of the several samples of 

schmutzdecke scraped from the two types of f i l t e r receiving 

raw and alum-coagulated waters was a l so undertaken to identify 
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a lga l and macroscopic and microscopic forms of animals . Though 

i t i s very d i f f i c u l t and un jus t i f i ed to predict the effect 

of alum coagulation on various species of microbial l i f e , 

some general observations may, however, be made on the basis 

of the r e s u l t s . A deta i led examination covering several 

samples of schmutzdecke obtained from f i l t e r receiving alum-

coagulated water revealed the following types of a lgae . 

Abundant or More Common Var i t i es : Spirogyra, Hydrodictyon, 

Cladophora, Synedra, Melosira, Lyngbya, Oedogoniun 

less Common Var i t i es : Osc i l l a to r i a , F r a g i l a r i a , Navicula, 

Mtzschia 

These are s imilar to those found in f i l t e r s with conventional 

pretreatment. 

Similarly several samples of schmutzdecke were examined 

microscopically to ident i fy the various forms of animal l i f e . 

Some of the phyla or c lasses of organisms observed in both 

types of schmutzdecke are named as follows : 

Zooflagellates including colourless f l a g e l l a t e protozoa, 

Amoeba, c i l i a t e s Rot i fe rs , Platyhelminthes, Nemato-morpha, 

Nematoda, Annelida (segmented worms), Aquatic Diptera 

including Larve of the midge and Rhagionidae and Amphibia 

(tadpole e t c . ) . 

Because of the presence of such a wide spectrum of 

animal l i f e , i t can be assumed that a dynamic equalibrium 

exis ts in both the types of f i l t e r s . The presence of higher 
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forms of l i fe is beneficial as i t keeps the head loss from 

building to excessive values. 

4.3 Effect Of Alum-Coagulation On F i l t r a t e Quality 

To observe whether the quality of f i l t r a t e deteriorated 

as a resul t of alum coagulation, regular analyses were conducted 

on f i l t r a t e s from both the types of pilot f i l t e r s receiving 

raw and alum-coagulated waters. The f i l t r a t e s from different 

prototype f i l t e r s using alum-coagulated water as influent were 

extensively and regularly examined for turbidity and coliform 

density. The typical resu l t s of these analyses are presented 

in Table 10. 

4*3.1 Effluent Turbidity 

The main parameter of f i l t r a t e quality is effluent 

turbidi ty. Though the turbidity of raw water varied between 

5-3000 uni ts , the effluents from both types of f i l t e r s were 

always turbidity free and sparkling except in one run. In 

this f i l t e r run using raw water as influent whose turbidity 

increased from 400 to 1800, the effluent turbidity varied 

between 0.06 to 1 un i t s . It may be mentioned here that as a 

result of alum-coagulation, flocculation and se t t l ing the 

turbidity of raw waters which varied between 5 to 3Q00 uni ts 

was reduced to less than 50 units and f i l t e r effluents were 

always turbidity f ree . This clearly demonstrates that alum-

coagulation in conjunction with flocculation and set t l ing allows 

the slow sand f i l t e r s to successfully t reat even very highly 
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TABLE 10 

PILTRATE QUALITY PARAMETERS FOR FILTERS EMPLOYING RAW WATER 

AND ALUM-COAGULATED WATER AS INFLUENTS 

P i l t r a t e 
Q u a l i t y 
Paramet e r 

T u r b i d i t y , A.P.H.A 
T u r b i d i t y U n i t s 

M,P.N. of E. Co l i 
per 100 m l . 

C h l o r i n e demand, 
mg / l 
(One t y p i c a l 
v a l u e ) 

COD, m g / l 

A l g a l C o n t e n t , 
m g / l 

"Raw Water ' 

I n f l u e n t 

5-75 

400-1800 

150 t o 

16 ,1 00 

0 . 9 5 

0 .2 -5*1 

-

' F i l t e r 

E f f l u e n t 

N i l 

. 06 -1 

Hi 1-16.1 

0 . 4 9 

-

-

"Alum-Cos 
Wate r " 2 I 

I n f l u e n t 

3-15 

10-50 

23-3500 

0.81 

0 . 2 - 2 . 1 

0 . 5 - 2 . 0 

i g u l a t e d 
f i l t e r s 

E f f l u e n t 

N i l 

N i l 

N i l t o 21 

0 . 4 3 

Hi1-1 .0 

N i l 

1 F i l t e r , pi lot-scale, using raw water as influent 

2 F i l t e r s , both pilot and prototypes, using alum-coagulated 

flocculated and set t led water as influent. 
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turbid waters . 

4.3.2 Bater io logica l Quality 

The reduction in coliform densi ty for raw water f i l t e r s 

varied general ly between 90 to 100 % while that for alum-

coagulated water f i l t e r s ranged most of the time close to 

95-100J5. In p i lo t - sca l e f i l t e r s the efficiency of coliform 

reduction was sometimes poor in both cases, especially with 

f i r s t runs with washed sand possibly due to the absence of 

ful ly developed schmutzdecke and hetrotrophe zone# But the 

prototype f i l t e r s , general ly , produced f i l t e r effluents tha t 

were almost f ree from coliform group of b a c t e r i a . Thus i t 

seemed tha t adoption of alum-coagulation as pretreatment 

helped in producing f i l t e r eff luents tha t are almost b a c t e r i a -

f r e e . A s imilar observation, that slow sand f i l t e r s receiving 

alum-coagulated inf luents del iver eff luents completely f ree 

of coliform bac ter ia , has been made by the nat ional rapporteur 

of Spain in In ternat ional Water Supply Association (Van de 

Vloed, 1955). 

4.3.3 Organic Matter in Effluent 

The chlorine demand of f i l t e r eff luents in the two 

cases were a lso of the same order provided inf luents also had 

nearly same chlorine demand. The low values of COD and 

undetectable concentration of algae tend to confirm the view 

that alum coagulation as pretreatment for slow sand f i l t e r 

inf luents does not adversely affect the f i l t r a t e q u a l i t y . 
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4.4 Precipitation Of Aluminium Hydroxide In Lower 

Sand Layers 

As described earlier in detail in section 2.1.3, 

in certain circumstances of pH changes in the filter together 

with low pH (Below 5.5) caused by heavy alum dosing, free 

aluminium ions (Al ) which are present at those low pH's 

could react with magnesium hydroxide, deposited earlier on 

sand grains to precipitate aluminium hydroxide. The A1(0H), 

precipitated in lower layers of sand would cause build up of 

head loss in these layers and scraping of filter would not be 

helpful. 

As build up of head loss in lower layers of sand is 

undesirable, it is necessary to investigate whether alum 

hydroxide precipitates in lower layers in the normal range 

of pH changes and, if it does precipitate, does it precipitate 

in enough quantities to cause appreciable build up of head 

loss ? To observe whether aluminium hydroxide precipitated 

in lower sand layers, some theoretical aspects of aqueous 

chemistry of aluminium followed by results are presented. 

It is known from solubility product principle and 

formation of polynuclear hydroxo complexes that in the region 

of pH less than 4, the hydrated trivalent aluminium species 

is the most active ion species, while in the region of pH 

between 4 and 6 one or more of the polynuclear multivalent 

catious such as Alg(OH)^ , A1Q(0H)£J , A1 ?(0H)^ and 
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Al.,,(OH)i- may be predominant species. In the region of pH 

6 to 8, A1(0H), is the dominant species and A1(0H)7 , the 

alaminate ion, is believed to predominate above pH 8 (Black 

and Chen, 1967). Therefore, if the pH of the water is between 

6 and 8, the presence of aluminium ions is ruled out and 

there is no possibility of Al reacting with Mg(OH)2 to 

form A1(0H)5. 

To check this, regular monitoring of pH of filter 

influents and effluents from different depths of filter bed 

showed that pH never decreased below 7 even when the dose of 

alum was of the order of 60 mg/l. Therefore, the precipitation 

of A1(0H), in lower layers of sand due to reaction of Al 

with Mg(0H)? is not possible, at least in the conditions as 

obtainable at Kanpur Water Works. 

However due to pH changes in the filter, there is 

interconversion between various polynuclear hydroxo complexes 

and Al(0H)-z (both dissolved and precipitated) since the 

solubility of A1(0H)7 and the formation of polynuclear hydroxo 

complexes very much depends on pH. In slow sand filtration 

because of photosynthetic activity of algae (absorbing CCU 

to increase pH) metabolic activity of bacterial and other 

biological life (releasing C02 to decrease pH) and because 

of dilution effect, there is no fixed pattern of pH change. 

Because of all these factors, it may not be always possible 

to conclude, based on the changing profile of different forms 

(total, soluble and precipitated) of aluminium, that A1(0H), 
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does no t p r e c i p i t a t e i n t h e lower l a y e r s . Tab le 11 p r e s e n t s 

t h e v a r i a t i o n of d i f f e r e n t fo rms of a lumin ium i n e f f l u e n t s 

w i t h d r a w n from d i f f e r e n t d e p t h s a l o n g t h e b e d . 

TABLE 11 

VARIATION OP DIFFERENT FORMS OF ALUMINIUM IN EFFLUENTS FROM 

VARIOUS DEPTHS ALONG BED 

Depth from t o p T o t a l S o l u b l e C a l c u l a t e d c o n . 
of bed , cm Aluminium Aluminium of p r e c i p i t a t e d 

Cone , m g / l C o n e , m g / l Aluminium, m g / l 

0 . 13 

0 .02 

0 .03 

0 .02 

0 .02 

ove sand 

3 

9 

47 

102 

bed 0.23 

0.18 

0.18 

0.17 

0.16 

0.10 

0.16 

0.15 

0.15 

0.14 

It is observed from Table 11 that concentration of 

total aluminium is decreasing continuously indicating the 

removal of alum floes by different sand layers. The removal 

of alum floes is understandably maximum by the top sand 

layers including schmutzdecke. The soluble aluminium concen~ 

tration rises immediately below the schmutzdecke. This is 

because more aluminium has gone into solution because of the 
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increase in pH as a r e s u l t of photosynthetic a c t i v i t i e s of 

a lga l mass in schmutzdecke. However in hetrotrophe zone or 

in lower layers of sand below schmutzdecke, pH decreases as 

a r e s u l t of metabolic a c t i v i t i e s of primarily bac t e r i a l 

population and therefore the concentrat ion of soluble aluminium 

remains e i the r constant or decreases very s l i g h t l y . However, 

i t may be assumed tha t there i s l i t t l e p rec ip i t a t i on of 

Al(OH), in lower layers of sand. 

A more su i tab le way of es tab l i sh ing that s igni f icant 

quant i t i es of A1(0H), are not deposited in the lower layers 

of sand would be to show that head loss in the lower s t r a t a 

of sand in the f i l t e r remains subs tan t i a l ly constant with 

passage of t ime . Therefore, the head loss development in the 

lower layers of f i l t e r s was a lso recorded in f i l t e r s using 

alum-coagulated water as i n f l uen t . Some typ ica l values of 
2 

observed head loss at the r a t e of f i l t r a t i o n of 133 1/m /h r 

are given in Table 12 which a l so gives computed values of 

head loss based on Kozeny-Carman equation appl icable for 

clean and unclogged porous media. 

The closeness of observed and calculated values 

in the lower sand layers confirms tha t l i t t l e or no p r e c i ­

p i t a t ion of aluminium hydroxide occurred in the lower layers 

of sand. 
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TABLE 12 

OBSERVED AND COMPUTED VALUES OP HEAD LOSS 

Location 
of layer 
cm below 
top of 
bed 
I'Tom To 

0 3 

3 9 

9 47 

47 90 

TOTAL 

Depth of 
the sand 
layers, 

cm 

3 

6 

38 

43 

90 

Head Loss., 

Calculated 
from K-C 
equation 

.03 

.06 

0.37 

0.42 

0.88 

Obs 

0 days 

0.2 

0.2 

0.4 

0.5 

1.3 

cm 

erved after 

15 days 

6.3 

0.2 

0.5 

0.5 

7.5 

30 days 

14.7 

0.3 

0.,5 

0.5 

16.0 

Therefore, from the results and discussions presented 

in this chapter, it can be concluded that the apprehensions 

expressed by various investigators against the use of alum-

coagulation as pre treatment to the influents of slow sand 

filters are not justified, at least in the conditions as 

obtainable at Kanpur Water Works. 



V RESULTS AND DISCUSS IONS - I I 

OPERATING SLOW SAND FILTERS AT HIGHER RATES OP FILTRATION 

Based on t h e conc lus ion drawn from t h e r e s u l t s and 

d i s c u s s i o n presen ted i n Chapter IV t h a t slow sand f i l t e r s 

can be operated s u c c e s s f u l l y wi th alum coagulated wate r without 

adverse e f f ec t on the l eng th of f i l t e r r u n and t h e q u a l i t y 

of the e f f l u e n t , i t was cons idered p o s s i b l e t o adopt r a t e s 

of f i l t r a t i o n , much h igher t han conven t iona l because of t h e 

s u b s t a n t i a l l y uniform q u a l i t y and lower t u r b i d i t y (about 10 

u n i t s ) of a lum-coagulated f i l t e r i n f l u e n t s . 

To explore t h e above, t h e p i l o t s c a l e f i l t e r s were 

run a t r a t e s of 216, 408, 612 and 1000 1/m / h r . Later p ro to type 

f i l t e r s were a l s o operated a t 612 1/m / h r . The r e s u l t s observed 

a r e d i scussed below* 

5.1 Effect Of Higher Rates Of F i l t r a t i o n On F i l t e r Run 

Based on an e a r l i e r p r e l i m i n a r y s tudy extending f o r 

over an year (1970-71) on ove r - load ing of slow sand f i l t e r s , 

Agarwal, £ t a l . ( 1 9 7 2 ) found t h a t a 23 percent i n c r e a s e i n 
p 

ra te of f i l t r a t i on from 133 to 164 1/m /hr resulted in only 

8% decrease in the length of f i l t e r run. 

The r e su l t s obtained by operating slow sand f i l t e r s 

both pilot and prototype at higher f i l t r a t i o n rates are 

presented in Table 13. The lengths of f i l t e r run a t different 
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rates of filtration are averages of several runs both on 
2 

p i lo t and prototype f i l t e r s except i n case of 216 l/m /h r . 

TABLE 13 

EFFECT OF HIGHER RATES OF FILTRATION ON FILTER RUN 

Rate of Average Length Ratio between Ratio 
Filtration of Filter Run this rate of between 
l/m2/hr days filtration and this length 

133 1/m /hr 4 Q d a y g 

133 40 

216 39* 

408 15 

612 10 

1000 3.5 

3.1 

4.6 

7.5 

1 
2T7 

1 
4 
1 

11.4 

* Based only on one filter run on pilot filter. 

In this singular case the length of run of 39 days 

based only on one filter run was considered as an unrepresen­

tative value. 
o 

Assuming the rate of filtration of 133 1/m /hr and 

the length of filter run of 40 days as the bases, it is 
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observed t h a t i n c r e a s e s of 3.1 and 4.6 fo ld i n r a t e s of 

f i l t r a t i o n decreased t h e l e n g t h of f i l t e r runs t o 1/2.7 

and 1/4 of t h e b a s i s v a l u e of 40 days - These r a t i o s between 

r a t e s of f i l t r a t i o n and l eng th s of run a r e 7.5 and 1/11 .4 

r e s p e c t i v e l y a t t he r a t e of f i l t r a t i o n of 1000 1/m / h r . 

5.2 Effect Of Higher Ra tes Of F i l t r a t i o n On Yield 

Though i n c r e a s i n g t h e r a t e of f i l t r a t i o n d e c r e a s e s 

t h e l eng th of f i l t e r r u n i t may s t i l l r e s u l t i n f i l t e r i n g more 

q u a n t i t i e s of water per f i l t e r r u n a t increased r a t e s of 

f i l t r a t i o n . Therefore Table 14 p r e s e n t s data on t h e q u a n t i t i e s 

of water f i l t e r e d a t v a r i o u s r a t e s of f i l t r a t i o n . 

TABLE 14 

YIELD OP FILTER AT DIFFERENT FILTRATION RATES 

Rate of Length Quant i ty No. of days Ef fec t ive Yield 
f i l t r a - 2 of of water lost in 
tion l'/m / filter filtered scraping in as percent 
hr. run per run and recoup- , / 2 / ratio of 

days -, / 2 ment per r£m ' filtration 
' run rate 

133 40 128X103 3.5 122 92 

408 15 147X103 3.5 332 81 

612 10 147x103 3.5 454 74 

1000 3.5 84x103 3.5 500 50 
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I t i s observed from Table 14 tha t although the length 

of run became one fourth from 40 to 10 days, increasing the 

r a t e of f i l t r a t i o n from 133 to 612 l/m /h r has r e su l t ed in 

about 15% increase in quantity of water f i l t e r e d per run from 
•z •z p 

128x10"* to 147x10 1/m . But a further increase in rate of 

filtration to 1000 1/m /hr decreases the length of run to an 

extent that there is a net decrease in the quantity of water 

filtered per unit area. This indicates that filtration rates 

higher than a certain optimum value will not increase the 

output of the filter and in fact may decrease the quantity of 

water filtered per unit surface area as evidenced from Table 14« 

Also, as a result of the reduced length of filter run, 

the number of scrapings of the sand surface becomes more per 

year and hence recoupment of filter media has also to be done 

more often. To account for this, number of days lost in 

scraping and recoupment of filters with washed media calculated 

for one filter run was added to lengths to filter run at various 

rates of filtration. In calculating number of days lost in 

sand scraping and recoupment, average value of 3 »5 days, as 

applicable to full size units (size 30.5x61 m in case of Kanpur 

Water Works), have been adopted. This value of 3«5 days has 

been added to the length of filter run to get an effective 

length of run. The effective length of run is used in computing 

the effective yield of filter at different rates of filtration. 

It is observed that increase in the rate of filtration increases 

the effective yield of filter per unit area per unit time* 
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But the effective yield as a percentage of the corresponding 

rate of filtration decreases, This observation also illustrates 

that increase in rate of filtration after a certain optimum 

value does not result in a ccncommitant increase in the effective 

yield of filter. 

Since one of the primary aims of increasing the rate 

of filtration is to reduce the land area requirements of slew 

sand filters, it will be desirable to review the discussion 

in the preceding two paragraphs from the consideration of land 

area. It is obvious that increase in filtration rate will 

result in reducing the land area requirements. Table 15 presents 

the data relating to land area requirements at different rates 

of filtration to filter one million litre of water per day. 

TABLE 15 

LAND AREA REQUIREMENTS AT DIFFERENT RATES OP FILTRATION 

Rate of 
f i l t r a ­
t i on 

l /m2 /hr 

133 

408 

612 

1000 

Effective 
yield of 
f i l t e r 

l /m2 /hr 

122 

332 

454 

500 

Assumed 
Quantity 
of water 
to be 
f i l t e r e d 

1/day 

106 

106 

106 

106 

Land Area 
required 

2 
m 

340 

126 

92 

83 

Percent 
reduct ion 
in land 
area required 

0 

63 

73 

85 
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I t i s observed that increasing the r a t e of f i l t r a t i o n 

from 133 to 1000 1/m / h r reduces the land area required for 
6 2 

f i l t e r i n g 10 1/day of water from 340 to only 88 m . I t 

w i l l a l so be observed tha t a 4-6 fold increase in r a t e of 

f i l t r a t i o n from 133 to 612 1/m /h r resu l ted in about one 
2 

fourth decrease in land area required from 340 t o 92 m . 
However a fur ther increase of 63$ i n r a t e of f i l t r a t i o n from 

612 to 1000 1/m /h r decrease the land area requirement by 

only 9,8% from 92 to 83* 

5.3 Economics Of Higher Rates Of Filtration 

Though an increase in rate of filtration above a 

certain value (around 612 1/m /hr) may not result in a 

corresponding decrease in land area required, it may still be 

argued that there is atleast some decrease. To arrive at 

a rational optimum rate of filtration, a complete econimic 

analysis is essential. To compare the cost of filtration 

at different rates not only in case of slow sand filtration 

but also that of rapid sand filtration, cost analysis was 

done for both types of filters at four rates of filtration 

in each case. 

5*3.1 Basis of Cost Analysis 

To compare the costs for the two types of filter, 

cost per million litres (m.1.) of water treated has been 

taken as the basis. The cost per m.l. of water treated is 

calculated by dividing the annual cost per filter by its 
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effect ive annual y i e l d . The t o t a l cost of f i l t r a t i o n per 

f i l t e r per annum, CT, i s given by 

CT = C . r + C . d + C.m + 0 (31) 

where C i s the cap i t a l cost per f i l t e r ; r , d and m are the 

annual r a t e s of i n t e r e s t , deprec ia t ion and maintenance and 

r e p a i r s . 0 i s the annual operat ional cost per f i l t e r uni t 

and includes the cost of sand backwashing/scraping, recoupment 

and overhauling of f i l t e r s and the cost of man power involved 

in ac tua l operation and supervision of f i l t e r . 

Table 16 presents the r a t e s of land power, water, 

alum and chlorine along with the annual r a t e s of i n t e r e s t , 

depreciat ion, maintenance and r epa i r s adopted for ca lcula t ions 

to a r r ive a t cost of f i l t r a t i o n per un i t per annum for rapid 

and slow sand f i l t e r s . 

Table 17 provides the coot data for both types of 

f i l t e r in accordance with equation (31) to obtain cost of 

f i l t r a t i o n per f i l t e r uni t per annum for prototype f i l t e r s 

a t Kanpur Water Works. All the costs are arr ived on the bas is 

of current pr ices ( l a t e 1972 ) . 

5.3.1.1 Cost Of F i l t r a t i o n at Conventional Rates 

Table 18 includes sample ca lcu la t ions for ac tua l 

quantity of water f i l t e r e d per unit per annum for the r a t e s 

of f i l t r a t i o n adopted for rapid and slow sand f i l t e r s a t 
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TABLE 16 

VARIOUS RATES EMPLOYED FOR COMPUTATIONS RELATING TO COST-ANALYSIS 

S I . 
No. Item Rate Comments 

1 . Land Cost 

2 , I n t e r e s t on 
Cap i t a l 

3. Depreciation 

(i) 

( i i ) 

( i i i ) 

Rs. 47.60 per 
square meter 

7% per 
annum ( p . a . ) 

2% p . a . 

3% p . a . 

4^ p . a . 

4 . 

5 . 
6 . 

7 . 
8 . 

Maintenance 
& Repa i r s 

( i ) 

( i i ) 
Power 

Water 
Alum 

Chlorine 

1% 
2% 

Rs. 

Rs. 

Rs. 
Rs. 

p . a . For 

p . a . For 

0.10 per u n i t \ 
0.16 per 1000 1) 

280 per t on \ 

1 .50 per Kg. ) 

Rate of compensation paid 
by Kanpur Municipal Corpo­
r a t i o n for acqui red land 
i n t h e h e a r t of t h e c i t y 

Normal r a t e of i n t e r e s t 
charged by LIC & S t a t e Govt 
on loans t o c o r p o r a t i o n s . 

For c i v i l works of slow sand 
f i l t e r s wi th d e s i g n l i f e of 
50 y e a r s 

For c i v i l works of r a p i d sand 
f i l t e r s wi th des ign l i f e of 
33 -33 y e a r s 

For mechanical equipment 
used i n r ap id sand f i l t e r s 

For slow sand f i l t e r s 

For r a p i d sand f i l t e r s 

Rates a t which Kanpur 

Water Works p u r c h a s e s / 

s e l l s t h e p a r t i c u l a r 

i t em . 
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TABLE 18 

SAMPLE DATA ON QUANTITY OF WATER FILTERED AND COST OP 
FILTRATION FOR SLOW AND RAPID SAND FILTERS 

S I . _. m Type of F i l t e r 
No. I t e m 

Slow. Rapid 
(Conventional Ra tes ) 

1 . Quant i ty of Water F i l t e r e d 

( i ) No. of days l o s t i n 32 14.4 
scraping/oackwashing 
and overhau l ing , 
d a y s / y e a r / f i l t er 

( i i ) T o t a l q u a n t i t y of 1980 9 2863 2 
water f i l t e r e d , (© 133 1/m / h r ) (© 5880 1/m / h r ) 
m . l , / y e a r / f i l t e r 

2 . Cost of F i l t r a t i o n 

( i ) Rupees 

( i i ) Rupees /m. l .of water 
29,744 
15.02 

46,448 

16.23 

3 # ' Other Cos t s , . 

a l l i n R^/m. l .of water 

; ( i ) Alum (av.dose=35 mg/ l ) 9.80 9.80 

( i i ) Chlor ine 3 .00 3.75 
(av.dose=2mg/l) (av .dose=2.5 mg/ l ) 

( i i i ) E x t r a power cos t 0.13 0.39 
on l i f t i n g the 
water t o a v . va lue 
of head l o s s 

4 . To ta l Cost of F i l t r a t i o n 

( i ) 1 Without a lum-coagu l - 18.15 
a t i o n 

(i i .) With a lum-coagu la t ion 27.95 * 30.17 
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Kanpur Water Works- Data on cost of filtration, cost of 

alum, cost of chlorine at annual average doses of 2 .5 and 2 .0 

mg/l for rapid and slow sand filters respectively, and cost 

on power required to lift the water to a head equal to the 

average head loss in filtration. 

5.3.1.2 Cost of Filtration at Higher Rates 

Cost of filtration is an inverse function of the 

effective yield of the filter which is a function of the 

rate of filtration. Therefore, changes in filtration rates 

will affect cost of filtration very markedly. Though cost 

of power and of post chlorination will also be affected 

by changes in rate of filtration because of changed head 

loss characteristics and filter effluent quality, such 

variations may be relatively small and for the present study 

it will be assumed that values given for these items in 

Table 18 remain constant at higher rates of filtration. 

Higher rates of filtration reduce length of filter run as 

shown in Table 13* In terms of coct, increasing the 

rate of filtration will not affect the cost on interest, 

will affect the cost on depreciation and maintenance to some 

extent, which may sometimes be negligible, and will increase 

the operational cost quite markedly. The overall cost of 

filtration decreases initially to attain an optimum value 

and then increases continuously with increase in filtration 

rate. 
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5.3.2 Cost of Filtration at Different Rates for 

Rapid and Slow Sand Filters 

Based on data presented in Tables 17 and 18, costs 

of filtration at four different rates of filtration in both 

the cases of rapid and slow sand filters were computed and 

are furnished in Table 19 and 20. 

TABLE 19 

SUMMARY OF COST DATA FOR RAPID SAND FILTRATION 

Rate of Length Cost per m i l l i o n l i t r e s of water i n Rupees 
F i l t r a - of F i l t r a t i o n 
t i o n f i l t e r 
•j/n^/up r u n > Cost Opera To ta l Power Alum Chlo To ta l 

' days' on t i o n a l cos t r i n e 
i n t e r cost 
est 
e t c . * 

5,000 1.56 11.85 4.46 16.31 0.39 9.80 3.75 30.25 

5,880 1.00 10.25 5.98 16.23 0.39 9.80 3.75 30.17 

8,820 0.52 7.06 7.95 15.01 0.39 9.80 3.75 28.95 

11,760 0.31 5.85 11.06 16.91 0.39 9.80 3.75 30.85 

* Includes cost on i n t e r e s t , depreciat ion and maintenance 

and r e p a i r s . 
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The t o t a l cos t of water t r e a t e d i s nea r ly same 

for r a t e s of f i l t r a t i o n of 5000 and 5880 1/m / h r . The 

f i r s t r a t e i s t h e s tandard r a t e of f i l t r a t i o n g e n e r a l l y 

recommended fo r r a p i d sand f i l t r a t i o n wh i l e a va lue of 

5,880 i s c u r r e n t l y being adopted a t Kanpur Water Works. The 

r a t e of 8,820 1/m / h r i s p r e sen t l y be ing favoured and adopted 

by modern water works wi th e x c e l l e n t f a c i l i t i e s of q u a l i t y 

c o n t r o l . The l a s t r a t e of 11,760 1/m / h r was included i n 

Table 19 t o show t h a t inc reased r a t e of f i l t r a t i o n may 

r e s u l t i n increased cos t of water t r e a t e d bes ides c r e a t i n g 

other problems of b e t t e r q u a l i t y c o n t r o l and o p e r a t i o n a l 

problems . 

TABLE 20 

SUMMARY OF COST DATA FOR SLOW SAND FILTERS 

Rate of Le: 
f i l t r a - of 
t i o n da; 

l /m 2 / h r 

Con ) 133 
ven ) 
t i o n ) 133 
a l ) 
Alum) 408 
Coag) 

ngth 
r u n 

ys 

40 

40 

15 

In f l - )612 10 
uen t s ) 

1000 3.5 

Cost per m i l l i o n l i t r e s of 
F i l t r a t i o n 

I n t e r ­
es t 
e t c . 

12.85 

12.85 

5.15 

3.71 

4.27 

Oper-
a t i on-
a l 

2 .17 

2.17 

2 .18 

2.52 

5.23 

Total 

15.02 

15.02 

7.33 

6.23 

9.50 

Water, Rupees 

Power 

.13 

.13 

.13 

.13 

.13 

Alum 

_ 

9.80 

9.80 

9.80 

9.80 

Chlo­
r i n e 

3 .00 

3.00 

3.00 

3.00 

3.00 

Tota: 

18.15 

27.95 

20.26 

19.16 

22.43 
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A comparison of data presented in Table 19 and 20 

reveals that overal l cost of f i l t r a t i o n employing slow sand 

f i l t r a t i o n i s always l ess than the cost for rapid sand 

f i l t r a t i o n for conditions as obtainable a t Kanpur Water Works • 

If the cost of treatment for the two types of f i l t e r i s 

compared for Kanpur Water Works, slow sand f i l t r a t i o n costing 

Rs. 27.95 has only s l igh t edge over rapid sand f i l t r a t i o n 

costing Rs. 30.17. 

A comparison of conventional slow sand f i l t r a t i o n 

( i . e . using raw water as inf luent without pre treatment of 

alum-coagulation) at the r a t e of 133 1/m /h r with rapid sand 

f i l t r a t i o n a t conventional r a t e of 5000 1/m /h r shows tha t 

the former i s much cheaper a t Rs, 18.15 than the l a t t e r a t 

Rs. 30.25. I t w i l l be more su i tab le to compare the r a t e s 

of f i l t r a t i o n of 612 and 8,820 1/m /h r for slow and rapid 

sand f i l t e r s r e spec t ive ly . This i s because these r a t e s of 

f i l t r a t i o n are higher above the conventional r a t e s and the 

cost of f i l t r a t i o n at these r a t e s i s l eas t in both the 

Tables 19 and 20. I t w i l l be seen that at optimum conditions 
p 

cf operation slow sand f i l t r a t i o n at a r a t e of 612 1/m / h r 

i s 51.2$ cheaper than the optimal rapid sand f i l t r a t i o n a t 

a r a t e of 8,820 1/m / h r , Based on a saving of 51 .2% the 

actual amount of money saved for a f i l t r a t i o n capacity of 

100x10 1/day would amount t o Rs. 35,750 per annum or 

Rs. 1,790,000 for the design l i f e of 50 years for slow sand 

f i l t e r s . 
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To find out the optimal r a t e of f i l t r a t i o n both for 

rapid and slow sand f i l t e r s , the cost response curves for 

both the cases are presented in Figures 12 and 13 . I t i s 

observed that over a l l cost of f i l t r a t i o n achieves a minimal 

value of Rs. 14.90/m.l . of water f i l t e r e d around a r a t e of 

8100 1/m /h r for rapid sand f i l t e r s and a minimum value of 

Rs. 6 /m. l . of water f i l t e r e d for slow sand f i l t e r s a t a r a t e 
2 2 

of 625 1/m / h r . Therefore, r a t e s of 8100 and 625 1/m /h r 

can be assumed to be the optimal r a t e of f i l t r a t i o n for 

rapid and slow sand f i l t e r s r e spec t ive ly in conditions as 

obtainable a t Kanpur Water Works. 

5.4 Dis t r ibut ion Of Removals And Head Loss Along Depth 

At Higher Rates Of F i l t r a t i o n 

Though higher r a t e s of f i l t r a t i o n w i l l be highly 

desirable as they subs tan t i a l ly reduce the land requirements 

and cost of treatment, but i t should be ensured tha t the 

removal of impuri t ies and hence build up of head loss i s 

confined to top layers of sand. If the impuri t ies t r ave l 

deep dov/n in the bed because of increased r a t e of f i l t r a t i o n , 

the quali ty of the effluent w i l l de t e r i o r a t e and head losses 

in the lower layers of bed wi l l progressively increase and 

scraping w i l l not be effect ive in removing the impurit ies 

to res to re the f i l t e r . 

To check the d i s t r i b u t i o n of removals and head lo s s , 

the var ia t ion of f i l t r a t e t u r b i d i t i e s and head loss build up 
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along the depth of bed i s plotted in Figures 14 and 15 for 

four r a t e s of f i l t r a t i o n , namely 133, 216, 612 and 1000 1/m h r . 

The nature of curves confirm that with alum coagulation 

pretreatment, as proposed by the inves t iga to r , almost a l l the 

removals arc d i s t r ibu ted in the top 10 cm. or so and l i t t l e 

impuri t ies penetrate deeper in the bed even at the highest 

flow r a t e s . Prom Figure 14 i t i s observed that the effluent 

contained l i t t l e or no tu rb id i ty almost from the s t a r t of 

the f i l t e r run a t a l l the r a t e s of f i l t r a t i o i i . Determination 

of nonf i l t rable residue a lso confirmed that f i l t e r ef f luents 

contained l i t t l e suspended s o l i d s . 

The pa t te rn of the head loss curves in Figure 15 

indicates tha t majority of head loss occured in the top 

5 cms or so . The head loss in the lower layers remained 

constant as evidenced by the subs tan t i a l ly pa ra l l e l port ions 

of head loss curves for lower layers and head loss in lower 

layers was close to the values computed from Kozeny-Carman 

equation for clean and unclogged bed of porous media. Thus 

from Figures 14 and 15 i t i s established tha t l i t t l e impur i t ies 

t ravel led deeper into the bed even at the- highest r a t e of 

f i l t r a t i o n t i l l the l a s t day of f i l t e r run . 

5.5 Effect Of Higher Rate Of F i l t r a t i o n On F i l t r a t e 

Quality And Schmutzdecke 

Part ly because of the importance of r a t e of f i l t r a t i o n 

of 612 1/m/hr being close to the optimum value, and par t ly 
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wi th a view to p r e s e n t t he t y p i c a l and r e p r e s e n t a t i v e t r e n d s , 

the e f f ec t of only t h i s r a t e of f i l t r a t i o n on f i l t r a t e 

q u a l i t y i s d i s c u s s e d . The r e s u l t s of v a r i o u s a n a l y s e s 

performed on i n f l u e n t s and e f f l u e n t s of f i l t e r s ope ra t i ng a t 

a r a t e of 612 1/m / h r are- presented in Table 2 1 , 

TABLE 21 

PERFORMANCE OP FILTER AT A FILTRATION RATE OF 612 l / m 2 / h r 

Qual i ty Parameter In f luen t Eff luent 

Turb id i ty , APHA u n i t s 7-15 Nil 

M.P.N, of E .Col i , per 

100 ml. 930-3500 35-92 

GOD, mg/l 4 .8 1 

Algal con t en t , mg/l 0 .9 Traces 

N o n - f i l t e r a b l e r e s i d u e , 
mg/l 5.22 Traces 

Comparison of results of Table 21 with those at the rate 

of filtration of 133 1/m /hr in Table 10 shows that except 

in coliform density, the effluent at the higher rate is 

similar in quality to that at lower rate of 133 1/m /hr. 

Because of the compulsory practice of post disinfection, even 



153 

a higher coliform densi ty of about 90 per 100 ml (against 

upto 35 a t conventional r a t e s ) can be accepted, especia l ly 

when eff luents from rapid sand f i l t e r s having an M.P.N. 

of E. Coli of 161 and grea ter are found en t i re ly acceptable 

a t Kanpur Water Works . 

As a r e su l t of several analyses of schmutzdecke 

scraped from f i l t e r s operating at 612 1/m / h r , i t was found 

that average v o l a t i l e matter and a lga l content of schmutzdecke 

was of the order of 2% and 120 mg/m r e spec t i ve ly . These 

values compare poorly with the corresponding values of about 

17$ and 900 mg/m respec t ive ly . This i s primarily due to 

l i t t l e or no growth of filamentous a lga l a t higher r a t e of 

f i l t r a t i o n because of highly reduced length of run of only 

10 days. This observation i s based en physical and micro­

scopical examination of schmutzdecke and i s supported by the 

findings of Ridley (1967) who reported that filamentous 

algae grow effect ively only a f te r 10 days of f i l t e r opera t ion . 

L i t t l e growth of filamentous algae a t the f i l t r a t i o n r a t e of 

612 1/m / h r may be an added advantage because as observed 

by Ridley (1967) filamentous algae increase the cost of cleaning 

subs tan t ia l ly when they grow prc l i f erously due to longer 

f i l t r a t i o n runs . Another advantage of short run of 10 days 

a t the r a t e of 612 1/m /h r i s t ha t the re i s l i t t l e p o s s i b i l i t y 

of d i s in teg ra t ion of algae and at tendant t a s t e and odour 

problems in the effluent (Ridley 1967, Van de Vloed, 1955). 
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5.6 Operating Prototype F i l t e r s At Higher Rates Of 

F i l t r a t i o n 

Encouraged by the r e s u l t s obtained by operating p i lo t 

f i l t e r s at higher r a t e s of f i l t r a t i o n , prototype f i l t e r s 

were a lso run at higher f i l t r a t i o n r a t e s . Only the r e s u l t s 
o 

obtained at the f i l t r a t i o n r a t e of 612 1/m / h r are presented 

for discuss ion. 

The average length of run was found about ten days, 

the same value as in the case of p i lo t scale f i l t e r s . 

The t u r b i d i t y of the effluent was always n i l except 

for a brief period in the beginning of the f i r s t run when 

prototype f i l t e r s were f i r s t operated at higher r a t e of 

612 1/m / h r , the effluent was more turbid than the influent 

for a period of about one hour. This i s because adoption 

of higher veloci ty of f i l t r a t i o n resu l ted in resuspension 

of impurit ies re ta ined e a r l i e r in the sand matr ix . But 

af ter t h i s i n i t i a l period of about 1 hr-. ef f luents became 

spar kingly clear with t u rb id i t y values being ae ro . 

The coliform density of eff luent was, most of the 

time, close to 35/100 ml though higher values were a l so 

obtained occasional ly . Ho7;over, the coliform density of the 

effluent from these f i l t e r s was considerably less than 

that of the eff luents from rapid sand f i l t e r s . 

The chemical oxygen demand and chlorine demand were 

a lso low and of the same order of magnitude as of the eff luents 
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from prototype slow sand f i l t e r s operating a t a r a t e of 

133/1/m / h r . The a lga l content and the suspended so l ids 
o 

in the effluent at the r a t e of 612 1/m /h r were in undetectable 

concentrat ion. 

All these r e s u l t s confirm tha t there is p r ac t i c a l l y 

no difference in the qual i ty of ef f luents obtained from pi lo t 

and prototype f i l t e r s operating at the r a t e of 612 1/m / h r . 

5.7 Advantages Of Operating Slow Sand F i l t e r s At Higher 

Rates Of F i l t r a t i o n 

Prom the r e s u l t s presented in t h i s chapter, i t i s 

observed that the following advantages-resul t from operating 

slow sand f i l t e r s a t r a t e s of f i l t r a t i o n much higher than the 

conventional r a t e s . 

( i ) Reduction in land area requirement : By operating 

f i l t e r s a t 612 1/m /h r , the land area required i s only one-

fourth than tha t at conventional r a t e , 

( i i ) Increase in quantity of water f i l t e r e d : The ef fec t ive 

yie ld of the f i l t e r per un i t area per uni t time increases 
2 

3.7 times by increasing the r a t e from 135 t o 612 1/m / h r . 

( i i i ) Over a l l economy in cost of water t rea ted : The 

cost per mil l ion l i t r e s of water t r ea t ed i s Rs. 19.16 a t near 

optimal r a t e of slow sand f i l t r a t i o n compared to Rs, 28.95 

for near optimal r a t e of rapid sand f i l t r a t i o n , indicat ing 

an over a l l saving of about 51%. I t may be mentioned tha t 

treatment cost for slow sand f i l t r a t i o n using uncoagulated 
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influents is Rs. 18.15. This leads to the observation that 

adoption of higher rates of filtration more or less offsets 

the additional cost incurred on alum-coagulation . This advantage 

is in addition to the very important advantages of filtering 

much more water per unit area per unit time even when the 

turbidity of raw water fluctuates within an extremely wide 

range which is unacceptable in case of conventional slow sand 

filters. 

(iv) Effluent quality : The effluent quality at higher 

rate of filtration is not adversely affected. Though the 

coliform density may be somewhat higher at higher rates, it 

is still much less than that of the effluents of rapid sand 

filters. 

(v) No need of backwashing : Since almost all the removals 

and head loss occur in top few cm of sand bed even at the 

highest rate tried, the scraping effectively restores the 

filter. Therefore, there is essentially no need of back-

washing the filters. This is a very important advantage as 

backwashing requires sophisticated equipment, complicates the 

hydraulic design of filters and is comparatively very costly, 

(vi) Absence of taste and odour : As a result of reduced 

length of run at higher filtration rates, there is little 

possibility of disintegration of algae and consequently no 

taste and odour are detected in the effluents. On the 

contrary, the problem of taste and odour in effluents has 

been reported at conventional filtration rates. 
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(v i i ) Reduction in growth of filamentous algae : Again, 

as a r e su l t of reduced length of run of 10 days, there i s 

l i t t l e time for excessive growth of filamentous algae* As 

a r e s u l t , scraping and cleaning of the sand is more easy and 

quick and may be more advantageous economically a lso . 

I t can be concluded that as a r e su l t of adopting 

alum-coagulation as pretreatment, the slow sand f i l t e r s can 

be operated at much higher r a t e s of f i l t r a t i o n and can 

cope up with even highly turbid wa te r s . Adoption of higher 

r a t e s of f i l t r a t i o n grea t ly reduces the land area requirements 

and thereby r e s u l t i n g in much lower cost of const ruct ion. 

Therefore, by adopting the proposed pretreatment of alum 

coagulation to slow sand f i l t e r inf luents and by operating 

these f i l t e r s at f i l t r a t i o n r a t e s much higher than conventional, 

most of the disadvantages of slow sand f i l t e r s can be eliminated 

or reduced to a very large extent . 



VI. EESULTS AND DISCUSSIONS - III 

DEVELOPMENT OF MATHEMATICAL MODEL FOR BUILDUP OF HEAD LOSS 

6 .1 Variation Of Head Loss With Depth 

The variation of head loss progression with depth 

has been depicted earlier in Figure 15. Examination of various 

plots at different rates of filtration reveals that the total 

head loss at any time can be split into two distinct components. 

First is the head loss in the top sand layers, extending upto 

about 6 cms or less from the top of sand bed and second 

is the head loss in the remaining depth of the bed. Mathemati­

cally, it can be expressed as follows : 

h = hs + hx (32) 

where h is the total head loss at any time and h and h-̂  

are th6 head losses in the top surface layers and the 

remaining depth of sand bed. 

It is observed from Figure 15 that while h+ is time 

dependant, h-, remains sustantially constant with time. The 

head loss in top layers, h , is a function of the nature 
s 

and concentrat ion of the suspended p a r t i c l e s removed and 

microbial population developing, as a l so of media charac te r ­

i s t i c s and veloci ty of f i l t r a t i o n . The head loss in lower 

layers i s dependent on a l l the va r i ab les in the Kozeny-Carman 
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equation namely Kozeny-Carman constant, specif ic surface 

area, porosity and kinematic v i s c o s i t y . In addi t ion, the 

l i t t l e accumulation of suspended matter and biological growth, 

if any, may also affect the head loss in lower sand layers* 

The headloss in the lower layers can be wr i t t en as : 

h i = (4T}- X (35) 

3H where —ry i s the head loss gradient in the lower layers 

of sand. On the basis of r e s u l t s plot ted in Figure 15> i t 

was concluded that head loss in lower layers of sand did not 

differ s ign i f i can t ly from the values computed, from Kozeny-

Carman equat ion. Any increase in the observed values over 

the computed values may be a t t r i bu t ed to the l i t t l e accumu­

la t ion of suspended impuri t ies and consequent microbial 

growth in the lower layers of sand. Therefore, in a general 

way I 

where (—~-T—) i s the head loss gradient for clean and unclogged 

bed and A i s constant to r e f l e c t the accumulation and consequent 

growth in the lower l a y e r s . The value of A may be equal to 

or greater than u n i t y . Based on computation from Kozeny-

Carman equation and Figure 15, the average values of A at 

four different f i l t r a t i o n r a t e s of 133, 216, 612 and 1000 1/m2/hr 
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are 1.2, 1,01, 1.84 and 1.44 r e s p e c t i v e l y . 

6.2 Head Loss Progression In Top Sand layers 

To inves t iga te the progression of head loss in top 

surface layers with t ime, h for d i f ferent r a t e s of f i l t r a t i o n 
s 

i s p l o t t e d i n F igure 16 and 1 7 . I t i s observed t h a t t h e head 

l o s s p rog re s s ion i n t o p sand l a y e r s p l o t s a s a s e r i e s of two 

s t r a i g h t l i n e s a t d i f f e r e n t r a t e s of f i l t r a t i o n . 

The f i r s t l i n e i s s t e e p e r t h a n the second l i n e a t a l l 

t h e r a t e s of f i l t r a t i o n as seen from F igures 16 and 17* The 

s teepness of t he f i r s t l i n e compared t o second one should not 

be i n t e r p r e t e d t o mean t h a t t h e r a t e of head l o s s b u i l d up 

i n the e a r l i e r phases of t h e run i s more than t h a t i n t h e 

l a t e r phases . On the c o n t r a r y , the r e v e r s e i s t r u e a s evidenced 

from t h e r e s u l t s of Table 2 2 . 

TABLE 22 

RATE OF HEAD LOSS BUILD UP DURING EARLY AND LATER PHASES 
OF A FILTER RUN AT DIFFERENT FILTRATION RATES 

Rate of Rate of Head l o s s bu i l d up x 10 , m/day 
F i l t r a t i o n ____^ 
1/m / h r During e a r l y phase During l a t t e r phase 

133 2 .9 3.2 

216 4.3 6 .7 
612 26 .0 86.3 

1000 200.0 212.5 
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Prom Table 22 it is clear that the rate of head 

loss build, up is more in the laifer phases of the run than 

in the earlier phases. This can be explained as following* 

In the earlier phases of the run, the deposition of the 

positively charged floe particles occurs on the surface of 

the negatively ' charged sand particles* During later 

phases, as the run proceeds the constriction of the pore 

channels results. There is also the development of algae 

and bacteria in the top sand layers. This not only causes 

the constriction of pore channels because of slimy and 

gelatinous coating on the sand but also results in the 

development of a surface mat. Because of these two phenomena, 

the rate of build up of head loss is more in the latter phases 

of the run. 

Irrespective of the reasons of the different rate 

of head loss build up in top sand layers, a mathematical 

equation of the following type can be proposed to describe 

the progression of head loss in these top surface layers. 

hs = G. 10
kt (35) 

where G and k are empirical constants which assume at least 

two values for each of the rates of filtration tried. Thus 

based on experimental data it is observed that head loss 

progression in top sand layers increases exponentially with 

respect to time. 
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Since t u r b i d i t y of i n f l uen t may vary from day t o 

day, an a l t e r n a t i v e parameter than time may be s p e c i f i c 

d e p o s i t . F igure 18 and 19 show the head l o s s p r o g r e s s i o n 

i n top sand l a y e r s wi th s p e c i f i c d e p o s i t . The na tu re of 

curves i s very much s i m i l a r t o the na tu re of curves i n 

Figure 16 and 17 . There fo re , a s i m i l a r exponen t ia l equa t ion 

can be proposed. 

mo - , ,s 

h = J 10 (36) 
•3> 

Again J and m a r e emp i r i ca l c o n s t a n t s and may have more 

than one va lue for each r a t e of f i l t r a t i o n . 

The v a l u e s of empi r i ca l c o n s t a n t s G, k and J , m 

employed i n proposed equat ions (35) and (36) can be determined 

exper imenta l ly by making p i l o t f i l t e r r u n s . The v a l u e s of 

t h e s e four empi r i ca l c o n s t a n t s have been computed from 

Figures 16 t o 19 and a r e presented i n Table 2 3 . 

I t i s observed from Table 23 t h a t t h e va lues of m 

a t t he r a t e s of 133 and 216 1/m / h r , both dur ing i n i t i a l 

and f i n a l phases of the f i l t e r run show an e r r a t i c t r e n d . 

This i s t o be expected a s a t low r a t e s of f i l t r a t i o n , t h e r e 

i s more t ime a v a i l a b l e f o r a l g a e and b a c t e r i a e t c . t o grow 

abundant ly . Therefore , t h e bu i l d up of head l o s s i s not 

only due t o the d e p o s i t i o n of removed i m p u r i t i e s but t h e 

growth of b i o l o g i c a l l i f e a l s o c o n t r i b u t e s s i g n i f i c a n t l y a t 

lower r a t e s of f i l t r a t i o n . As such t h e head l o s s bu i ld up 
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a t lower r a t e s of f i l t r a t i o n iray net be s u i t a b l y desc r ibed 

i n ferms of t h e parameter of s p e c i f i c depos i t a l o n e . 

However a t h igher r a t e s of f i l t r a t i o n s p e c i f i c depos i t may 

be a good parameter fo r d e s c r i b i n g t h e head l o s s bu i ld u p . 

TABLE 23 

VALUES OF VARIOUS EMPIRICAL CONSTANTS USED IN HEAD LOSS 

MODELS 

R a t e of 
f i l t r a t i o n 

1 / m 2 / h r 

133 

216 

612 

1000 

Dui 

G 
cm 

.18 

.2 

1 

2 . 5 

VALUES OP EMPIRICAL 

•ing i n i t i a l 
of r u n 

kx10 2 

d a y " 1 

25 

29 

40 

95 

J 
cm 

.18 

.2 

1 

2 . 5 

p h a s e s 

mx10"2 

2 . 6 

3 . 7 

1 .2 

1 . 8 

CONSTANTS 

Dur ing la1 
of 

G 
cm 

1 .9 

1.3 

7 . 5 

1 3 . 0 

kx10 2 

d a y - 1 

3 .2 

5 .5 

1 0 . 7 

2 4 . 0 

; e r p h a s e s 
r u n 

J 
cm 

1 .2 

1 .2 

4 . 7 

1 3 . 0 

mx10~2 

.57 

.85 

.43 

.50 

6- .3 Mathematic Model Involving Depth And Time Or Specific 

Deposit 

To describe the head loss at any par t icular ins tan t 

for the en t i r e depth of f i l t e r bed , equations (35) and 

(36) can be subst i tu ted in equation (3 2) to y i e l d . 
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h = G HP* + A. ( - | | ) L (37) 

If i t i s desired to know t o t a l head loss for known values of 

specif ic deposi t , the following equation can be used. 

h = j 10m<r"+ A. ( — ^ ) If (38) 

The various exmpirical constants can be determined 

experimentally by making f i l t e r r u n s . 

To summarize, equations (37) and (3$) express the 

t o t a l head loss a t any time as the sum of two components, 

h and h-, . The head loss in top surface l ayers , h , can be 

expressed e i ther in terms of time or spec i f ic depos i t . Though 

time may be a be t te r parameter a t a l l r a t e s of f i l t r a t i o n 

attempted in t h i s study, speci f ic deposit may or may not be 

a su i t ab le parameter to cover the en t i r e range of f i l t r a t i o n 

r a t e s t r i e d . The build up of head loss in top sand layers 

may not be sui tably expressed, in terms of specif ic deposit 

alone at the lower r a t e s of f i l t r a t i o n employed in conventional 

slow safteL..filtration where b io logica l growth may a l so contr ibute 

s ign i f i can t ly to the build up of head l o s s . 

The head loss in the remaining bottom laye r s , h-,, 

can be given by Kozeny-Carman equation but modified by 

mul t ip l ica t ion with an empirical constant t o account for' 
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the l i t t l e change in head loss due to deposi t ion of su s ­

pended matter and growth of b io log ica l l i f e , if any. 

Therefore, i t can be concluded that a mathematical 

model describing the build up of head loss both in conven­

t iona l slow sand f i l t e r s and in f i l t e r s operating at r a t e s 

much higher than conventional r a t e s ( i . e . at r a t e s i n t e r ­

mediate between the conventional r a t e s of slow and rapid 

sand f i l t r a t i o n ) has been developed. 



V I I . ENGINEERING SIGNIFICANCE OE THE STUDY 

7.1 Aims Of The Study 

The primary aims of any eng inee r ing study a r e t o 

s a t i s f y the e x i s t i n g need w i t h i n t h e frame work of a v a i l a b l e 

and a c c e p t a b l e technology of t h a t r e g i o n and provide s o l u t i o n s 

t h a t a r e economical i n o v e r - a l l cos t and .ye t d e l i v e r t h e 

products t h a t meet t h e p resc r ibed q u a l i t y s t a n d a r d s . To 

achieve t h e above mentioned aims, t h i s s tudy was conducted 

t o evolve a modified f i l t r a t i o n system which i s s imple 

t o c o n s t r u c t , opera te and main ta in and which can p rocess t h e 

raw w a t e r , of widely f l u c t u a t i n g q u a l i t y , t o produce t r e a t e d 

v/ater i n combition w i t h o ther p re t r ea tmen t processes ( e . g . 

c h l o r i n a t i o n ) a t lower cos t of f i l t r a t i o n wi th a c c e p t a b l e 

f i l t r a t e q u a l i t y . 

The c o n v e n t i a l l y a c c e p t a b l e and u n i v e r s a l l y adopted 

f i l t r a t i o n u n i t s a r e the slow and t h e r ap id sand f i l t e r , 

both of which possess many shor t comings . The main d i sadvan­

t ages of r a p i d sand f i l t e r s inc lude t h e use of s o p h i s t i c a t e d 

equipment, complicated h y d r a u l i c d e s i g n and c o s t l y o p e r a t i o n , 

a l l due t o t h e process of backwashing t o remove t h e suspended 

i m p u r i t i e s r e t a i n e d in t h e sand m a t r i x . The p r i n c i p a l 

d i sadvantages of slow sand f i l t e r s a r e i n a b i l i t y t o cope 

up with h igh ly t u r b i d raw w a t e r s i n absence of any p re t r ea tmen t 

high i n i t i a l cos t of c o n s t r u c t i o n and requirement of l a r g e 

land a reas and a l a r g e labour f o r c e due t o adop t ion of low 
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f i l t r a t i o n r a t e s . 

The need, therefore , ex i s t s of developing a modified 

f i l t r a t i o n system which is acceptable especial ly to the 

semiurban and r u r a l areas of developing countr ies as well 

as to the urban areas of these coun t r i e s . Such a system 

should, therefore , eliminate the process of backwashing 

as adopted in rapid sand f i l t e r s , and should also eliminate 

or reduce the above mentioned disadvantages of slow sand f i l t e r s . 

This study aimed at developing such a modified f i l t r a t i o n 

system, which while attempting to remove the disadvantages 

of both rapid and slow sand f i l t e r s as discussed above, can 

del iver processed water of acceptable qual i ty a t lower over-a l l 

cost of t reatment . 

7.2 Achievements Of The Study 

7.2.1 Development of Intermediate Rate F i l t e r s 

The r e s u l t s of t h i s study c lea r ly indicate the 

following : 

( i ) The conventional slow sand f i l t e r s , can be successfully 

operated with alum coagulated inf luents without any adverse 

effect on f i l t r a t e qual i ty and length of f i l t e r run . 

( i i ) As a r e s u l t of alum-coagulated in f luen t s , the slow 

sand f i l t e r s can be operated a t r a t e s of f i l t r a t i o n much 

higher than the conventional r a t e s even when the tu rb id i ty of 

raw water va r i e s over a very wide range . 

( i i i ) As almost a l l of the head loss occurs in top few cm 

of sand bed where most of the impur i t ies are a r r e s t ed , scraping 



of top Sana layers i s effective in removing the impuri t ies 

to r e s to re the f i l t e r . Therefore, there i s no necessi ty of 

backwashing the f i l t e r for cleaning the sand for next f i l t e r 

run . 

From the preceding observations, i t i s obvious tha t 

a modified f i l t r a t i o n system has been developed which d i f f e r s 

from both the rapid and slow sand f i l t r a t i o n . The modified 

f i l t r a t i o n d i f f e r s from slow sand f i l t r a t i o n in that i t has 

alum-coagulation as pretreatment for f i l t e r inf luents and 

adopts much higher r a t e s of f i l t r a t i o n . While the modified 

f i l t r a t i o n is different from rapid f i l t r a t i o n in that the 

former docs not use backwashing for cleaning operat ion. I t 

would, therefore , be improper to ca l l i t e i the r slow or rapid 

sand f i l t r a t i o n . Because the modified f i l t r a t i o n uses i n t e r ­

mediate r a t e s of f i l t r a t i o n , being about f ive times the 

conventional slow sand f i l t r a t i o n r a t e and about one-eighth 

of standard rapid f i l t r a t i o n r a t e , the developed f i l t r a t i o n 

system would be named "INTERMEDIATE RATE FILTRATIOF' and the 

un i t s adopting t h i s f i l t r a t i o n "INTERMEDIATE RATE FILTERS". 

7.2.2 Plow Sheet Of Treatment Using Intermediate Rate 

F i l t e r s 

The flow sheets of water treatment employing i n t e r ­

mediate r a t e f i l t e r s for semi--urban and r u r a l areas of 

developing countr ies and for urban a reas are sketched in 

Figure 20. For urban areas , the u n i t s for alum-coagulation, 
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f loccu la t ion and s e t t l i n g may employ the mechanical equipment 

l ike flash-mixing devices , f loccula t ing paddles and scrapers 

or plows attached to r o t a t i n g arms for continuous sludge 

removal. 

However, use of such sophis t ica ted equipment for 

pretreatment of the inf luents of intermediate r a t e f i l t e r s 

would be neither acceptable nor des i rab le for semiurban 

and ru ra l areas of developing na t ion . To avoid the use of 

these sophist icated equipment and yet to effect ively reduce 

the turb id i ty of raw waters to acceptable levels by alum 

coagulation, a l t e r n a t i v e devices are suggested for effective 

mixing, f loccu la t ion and s e t t i n g . I t i s suggested that alum, 

in the form of dry cakes can be added into the channel of 

raw water. For effect ive mixing of alum with water, a 

chute followed by a channel can be constructed to create 

hydraulic jump for producing tu rbu lence . Effective f loccula t ion 

can be achieved by using baffled channels or a f loccu la t ion 

chamber which i s f i l l e d with graded gravel from top to bottom 

as suggested by Kardile (1973) or s imilar devices in place 

of mechanical mixers. The s e t t l i n g tanks may be rectangular 

with hopper bottoms to drain the sludge under hydrosta t ic 

pressure. The d i s in fec t ion may be achieved by adding bleaching 

powder solut ion to the f i l t e r e d water to avoid the use of 

chlorine cyliiiders which may not be avai lable in semiurban 

and ru ra l a r e a s . 
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7.2.3 Advantages Of Intermediate Rate F i l t e r s Over Slow 

Sand F i l t e r s 

The f i r s t major advantage of intermediate r a t e 

f i l t e r s over slow sand f i l t e r s is tha t the former can cope 

up with even highly turbid waters due to the adoption of alum-

coagulation as pretreatment for the f i l t e r in f luents in contrast 

to the slow f i l t e r s . Alum coagulation was chosen as pre­

treatment in preference to the other uni t operations namely 

coarse rapid f i l t r a t i o n and microstraining for the following 

reasons . 

( i ) Alum coagulation i s un iversa l ly adopted for p re t rea t ing 

the inf luents of rapid sand f i l t e r s and has been found to 

be eff ic ient in ef fec t ively p re t rea t ing the raw waters of 

even widely changing c h a r a c t e r i s t i c s . 

( i i ) Coarse rapid f i l t r a t i o n would be unacceptable because 

i t has the disadvantage of employing backwashing for cleaning 

the media. Backwashing has been considered unacceptable for 

reasons to be discussed in Section 7 . 2 . 4 . 

( i i i ) Microstraining i s only suited to t r e a t waters highly 

r i ch in a l g a l matter and cannot cope up with even moderately 

turbid raw wate rs . 

The second major advantage of intermediate r a t e 

f i l t e r s over slow sand f i l t e r s i s tha t they can be operated 

at much higher r a t e s of f i l t r a t i o n . At a f i l t r a t i o n r a t e of 

612 1/m /h r intermediate r a t e f i l t e r s would occupy only about 

one-fourth the area required by slow sand f i l t e r s operating 
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a t conventional r a t „ of 133 l/m'"/hr. A big reduction in land 

area requirements would a lso subs tan t i a l ly reduce the i n i t i a l 

cost of construct ion and the cost of media (sand and gravel) 

and thus the pr incipal disadvantages of conventional slow 

sand f i l t e r s would be reduced to a la rge ex ten t . 

Other advantages of intermediate r a t e f i l t e r s r e s u l t 

from reduced length of run. In slow sand f i l t e r s , because 

of r e l a t i v e large length of f i l t e r run, there i s many-a-times 

p ro l i f i c growth of filamentous algae adding very subs tan t i a l ly 

to f i l t e r cleaning costs (Ridley, 1967)* Also a large length 

of run often causes d i s in t eg ra t ion of algae r e s u l t i n g in t a s t e 

and odour in the f i l t e r eff luents (Van de Vloed, 1955; 

Ridley, 1967). The intermediate r a t e f i l t e r s would have 

l i t t l e growth of filamentous algae and p rac t i ca l ly no problems 

of t a s t e and odour in the eff luents because of lev/ length of 

f i l t e r run . I t was observed that the algae content of 
o 

schmutzdecke in the f i l t e r s at the r a t e of 612 1/m / h r i s 

only one seventh to that at the r a t e of 133 1/m / h r . 

However, there may be some operat ional and managerial 

problems in the case of intermediate r a t e f i l t e r s as a r e s u l t 

of reduced length of run . The number of scrapings would 

increase four fold and consequently more frequent recoupment 

of intermediate r a t e f i l t e r s would be required in comparison 

to slow sand f i l t e r s . Also more sand may have to be washed 

per scraping because of increased depth of scraping. But 

because of the absence of filamentous algae in case of 
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intermediate r a t e f i l t e r s , the sand would be more eas i ly 

and quickly scraped and washed. 

7.2.4 Advantages of Intermediate Rate F i l t e r s over 

rapid Sand F i l t e r s 

The most s igni f icant advantage 01 intermediate r a t e 

f i l t e r s over rapid sand f i l t e r s is t ha t the former would not 

require backwashing as pract ised in the case of l a t t e r . As 

the intermediate r a t e f i l t e r s arc recommended especial ly 

for r u r a l and semiurban areas of developing nat ions , t h i s i s 

of great engineering signif icance as backwashing makes the 

hydraulic design of f i l t e r complicated, requi res sophis t icated 

equipment l ike a i r compressors and i s r e l a t i v e l y very c o s t l y . 

From Table 17 i t i s observed that sand scraping costs about 

Rs. 1600 per f i l t e r per annum while sand backwashing costs 

R̂  11,316 per f i l t e r per annum when the effect ive y ie ld of 

the slow sand f i l t e r is about 70?2 than tha t of the rapid sand 

f i l t e r (Table 18) . 

Another disadvantage of backwashing r e l a t e s to the 

organic quali ty of f i l t e r e f f luen t . Van de Vloed (1955) has 

stressed the ro le of microbial l i f e in the hetrotrophe zone, 

which extends upto 30 cm deeper into the sand bed, i n 

s ign i f ican t ly improving the qual i ty of f i l t e r i n g water by 

extract ing from i t both suspended and soluble organic matter 

and thus helping to produce good qua l i ty f i l t r a t e s . However, 

i n rapid sand f i l t e r s majority of the microbial population 

gets washed out of bed as a r e s u l t of backwashing. 
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Therefore, both as a r e su l t of the presence of 

hetrotrophe zone and due to more residence-t ime ava i lab le 

for water being f i l t e r e d , the qual i ty of the eff luents 

of the intermediate r a t e f i l t e r s i s be t t e r compared t o tha t 

of the rapid sand f i l t e r s as observed-from the r e s u l t s of 

t h i s study, 

7.2.5 Overall Economic Advantages of Intermediate 

Rate F i l t e r s 

Results of economic analys is indica te tha t the 

operation of intermediate r a t e f i l t e r s a t r a t e of about 

625 l/m /hr would r e su l t in the lowest of overa l l cost of 

treatment in comparison to slow and rapid f i l t e r s operating 

at conventional r a t e s in conditions as obtainable at Kanpur 

Water Works. I t was found tha t the cost of treatment of 

water for intermediate r a t e f i l t e r s a t a f i l t r a t i o n r a t e 

of 612 1/m /h r i s 51 .2% cheaper than that for rapid sand 
o 

f i l t r a t i o n a t near optimal r a t e of 6820 1/m / h r . 

7.3 Areas Where Intermediate Rate M i t e r s Can Be Successfully 

Adopted 

Prom the above discussion, i t i s obvious that i n t e r ­

mediate r a t e f i l t e r s are simple, cheap and easy to construct , 

operate and maintain. Therefore these f i l t e r s would be highly 

su i tab le for semiurban and r u r a l areas of developing and 

developed countr ies- They wi l l bo, in general su i t ab le for 

urban areas of developing na t ions . The intermediate r a t e 



179 

f i l t r a t i o n w i l l be found especial ly useful for urban water 

works where both rapid and slow sand f i l t e r s exis t and which 

are s i tuated in the heart of the urban a r e a . Pressed with 

the growing demand for t rea ted water for the increasing 

population and i ndus t r i a l growth and not finding enough 

space to expand the works, these p lants can adopt intermediate 

r a t e f i l t r a t i o n to increase the output of exis t ing slow sand 

f i l t e r s by more than four times with some modifications 

in f i l t e r accessor ies and thus obviating the need for 

constructing new water plants at d i f fe ren t loca t ion . 

I t i s hoped that the adoption of intermediate r a t e 

f i l t e r s would go a long way i n providing safe and aes the t i ca l ly 

acceptable drinking water at lower cost to the mil l ions of 

people especia l ly of the developing coun t r i e s . 



V I I I . COEGIUSIOHS 

Basod on the f i n d i n g s of eng inee r ing and t h e o r e ­

t i c a l invest igat ic . -ns , the fo l lowing conc lus ions may Toe 

drawn : 

( i ) Alum-coagulat ion fol lowed by f l o c c u l a t i o n and 

sed imenta t ion can be used as p re t roa tment t o the i n f l u e n t s 

of slow sand f i l t e r wi thout a d v e r s e l y a f f e c t i n g the o v e r a l l 

performance. The l e n g t h of f i l t e r r u n i s not reduced ,and 

the q u a l i t y of t h e f i l t e r e f f luen t does not d e t e r i o r a t e . 

( i i ) The adopt ion of a lum-coagu la t ion would make 

slow sand f i l t e r s s u i t a b l e t o t r e a t even h igh ly t u rb id 

wate rs by proper c o n t r o l of t h e u n i t ope ra t i ons of alum-

coagu la t ion , f l o c c u l a t i o n and s e d i m e n t a t i o n . Even when 

the t u r b i d i t y of raw water was about 3500 j t u slow sand 

f i l t e r s r e c e i v i n g a lum-coagulated i n f l u e n t s produced 

e f f l u e n t s of almost zero t u r b i d i t y . 

( i i i ) As a r e s u l t of a lum-coagu la t i on , slow sand 

f i l t e r s can be s u c c e s s f u l l y operated a t f i l t r a t i o n r a t e s 

much higher than c o n v e n t i o n a l . Four f i l t r a t i o n r a t e s 

up to 1000 1/m / h r , being higher t h a n the convent iona l 

r a t e of 133 1/m / h r were t r i e d . F i l t r a t e q u a l i t y a t a l l 

t h e four r a t e s a t tempted was a c c e p t a b l e . 

( i v ) P r imar i ly because of the a d o p t i o n of i n t e r m e d i a t e 

r a t e s of f i l t r a t i o n ( i . e . i n t e r m e d i a t e between the convent iona l 

slow and r a p i d sand f i l t r a t i o n ) and because of o ther r easons 
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deta i led in sect ion 7 . 2 , 1 , the f i l t e r s using alum-coagulated 

inf luents but r e t a i n i n g almost a l l the construct ional and 

operational fea tures of slow sand f i l t e r s have been named 

"Intermediate Rate F i l t e r s " . 

(v) Because of the adoption of higher r a t e s of 

f i l t r a t i o n , intermediate r a t e f i l t e r s would requi re much 

less land a reas and cap i ta l investment on construct ion 

(including the costs of land and f i l t e r media) would be 

subs tan t ia l ly reduced. At a r a t e of 612 1/m /h r these 

f i l t e r s would requi re only one four th of the land area 

required by slow sand f i l t e r s operating at a r a t e of 

135 1/m /h r t o f i l t e r the same quanti ty of water . 

(vi) Intermediate r a t e f i l t e r s operating a t an 

optimal r a t e of 625 l/m /h r could f i l t e r water a t a cost 

of f i l t r a t i o n of Rs. 6.00 per mi l l ion l i t r e s of water 

compared to the cost cf f i l t r a t i o n of Rs. 14.90 for rapid 

sand f i l t e r s operating at optimal f i l t r a t i o n r a t e of 

8100 1/m /h r in conditions as obtainable at Kanpur Water 

Works. 

( v i i ) Including the cost of chemicals (alum 

and chlor ine) and power, the cost of treatment of water 

employing intermediate r a t e f i l t r a t i o n at a r a t e of 

612 l/m /h r i s 51 .2% cheaper compared to the cost of 

treatment employing rapid sand f i l t r a t i o n at a r a t e of 

8820 l /m 2 /h r . 
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( v i i i ) Because of the reduced length of f i l t e r 

run, intermediate r a t e f i l t e r s are l i k e l y to be f ree from 

the problems of t a s t e and odour in ef f luents as against 

eff luents of slow sand f i l t e r s which have been reported 

to possess t a s t e and odour as a r e s u l t of very long length 

of f i l t e r run r e s u l t i n g in d i s in t eg ra t ion of algae and 

formation of organic complexes. . 

( ix) The reduced length of run of about 10 days 

a t a f i l t r a t i o n r a t e of 612 1/m /h r would a lso help in 

keeping the growth of filamentous algae to very low l e v e l s . 

This i s of advantage as these algae add subs t an t i a l ly to 

sand scraping and washing c o s t s . 

(x) The intermediate r a t e f i l t e r s , besides 

possessing a l l the above mentioned advantages, would not 

require the use of imported and sophis t ica ted equipment. 

Being simple and economical to construct , operate and 

maintain, they are highly suitable" for semiurban and r u r a l 

areas being labour in tensive ra ther than equipment-intensive. 

They are a l so of great value to urban water works 

where slow sand f i l t e r s and u n i t s of alum coagulation, 

l a t t e r having been constructed for use in conjunction with 

rapid f i l t r a t i o n , e x i s t . With some modifications, the 

exis t ing slow sand f i l t e r s can be operated a t much higher 

r a t e s to de l iver more water per uni t area per uni t t ime. 
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(xi) A mathematical model to describe the head 

loss in both slow and intermediate r a t e f i l t e r s has been 

developed. The t o t a l head loss in these f i l t e r s i s the 

sum of two components: one i s the head loss in top sand 

layers , h , and other i s the head loss in remaining lower s 

l ayers , tu . While h i s time va r i an t , h-, remains subs tan t i a l ly 

constant with time* 

(x i i ) Head Loss in top sand layers of intermediate 

r a t e f i l t e r s can be described by an exponential function of 

time or speci f ic depos i t . In case of slow sand f i l t e r s an 

exponential increase with time may be more s u i t a b l e . Head 

loss in lower layers for both types of f i l t e r can be 

predicted by Kozeny Carman equation modified to account 

for l i t t l e accumulation of deposi ts and microbial growth, 

if any, in these layers of f i l t e r bed. 



IX. SUGGESTIONS FOR FUTURE WORK 

( i ) There i s a need f o r deve loping s impler 

and e f f i c i e n t u n i t s of a lum-coagu la t ion and f l o c c u l a t i o n 

which may be adop tab le i n the semiurban and r u r a l a r e a s 

of developing n a t i o n s . The suggested u n i t s of alum mixing 

and f l o c c u l a t i o n namely a chute fol lowed by a g e n t l y s l o p i n g 

channel t o c r e a t e hydrau l i c jump and graded g r a v e l f l o c c u ­

l a t i o n bed, should be eva lua t ed , p r e f e r ab ly on t h e b a s i s 

of p i l o t s c a l e s t u d i e s . 

( i i ) In view of t h e s u b s t a n t i a l savings achieved 

by adop t ion of i n t e r m e d i a t e r a t e f i l t r a t i o n a s i n d i c a t e d 

by t h i s s tudy , more economic a n a l y s e s of s im i l a r n a t u r e 

should be c a r r i e d out i n c o n d i t i o n s s i m i l a r as w e l l a s 

d i f f e r e n t from those a s ob ta inab le a t Kanpur Water Works. 

( i i i ) In the presen t s tudy , r a t e of f i l t r a t i o n was 

t h e only v a r i a b l e considered i n t h e economic a n a l y s i s . 

However, more v a r i a b l e s l i k e depth of f i l t e r m e d i a , e t c . 

should be in t roduced and a more comprehensive economic 

a n a l y s i s should be done . 

( i v ) T h e o r e t i c a l s t u d i e s r e l a t i n g t o dominant 

mechanisms of c l a r i f i c a t i o n and mathemat ica l models 

governing the removal of suspended i m p u r i t i e s should be 

c a r r i e d out t o get a b e t t e r i n s i g h t i n t o t h e working of 

i n t e r m e d i a t e r a t e f i l t e r s and t o improve t h e i r f u n c t i o n i n g . 
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(v) Simple and cheap mechanical devices to 

scrape the f i l t e r s should be developed. Since in the case 

of intermediate r a t e f i l t e r s the growth of filamentous 

algae i s very small and the sand can be eas i ly scraped, 

i t should be possible to develop simple and manually 

operated device (s) for scraping which requi re (s) l e s s 

energy and t ime . 

(vi) Because of the lower r a t e s of f i l t r a t i o n and 

other fac to rs in comparison to rapid sand f i l t e r s , the 

intermediate r a t e f i l t e r s , in conjunction with alum 

coagulation, f loccu la t ion and s e t t l i n g may be more e f f ic ien t 

in removing viruses a l so as they are i n removing b a c t e r i a . 

This aspect , should be invest igated as i t may be qui te 

s i g n i f i c a n t . 
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