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Foreword

SANDEC, the Department for Water and Sanitation in Developing Countries {(formerly IRCWD) at
EAWAG, has been involved in the development and promotion of roughing filkers for over a decade.
Horizontal-flow roughing filtration was originaily studied in the laboratory, then field tested by our
cooperation partners in developing countries and finally implemented in demonstration projects. Amanual
containing a description of this treatment process was published in 1986 as IRCWD Report No. 06/86.

However, the roughing filter technology continued fo be developed in the following years, and different
types of prefilters and roughing filters were studied and tested. Some of the field staff, not aware of this
development, continuedto apply exclusively horizontal-flow roughing filters also in piaces where otherfilter
types would have been more appropriate.

This new manual has been compiled to bridge this information gap. It is based on a complete revisicn of
the old manual, on a draft presented at the international Conference on Roughing Filtration held in Zurich,
Switzerland, in June 1992 and on SANDEC's field experience in the implementation of roughingfilters. This
manual received valuable information from our cooperation partners in developing countries.

SANDEC is grateful for the collaboration and support provided by all the institutions and persons involved
in this project. | should like to express my gratitude to the Swiss Developmeht Cooperation, particularly
to Messrs Armon Harimann and Paul Peter who have strongly supported EAWAG’s roughing filter project.
Last but not least, | extend my thanks to the reviewers of this manual for their valuable comments.

- Duebendorf, October 1996 Roland Schenrtenleib
¢ Director SANDEC
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Preface

This publication, which is divided into two parts, presents water treatment aiternatives particutarly
applicable to rural water supplies in developing and newly industrialised countries, and describes
processes for solid matter separation.

Part1 containsageneralintroductiontothe subject of rural watertreatment. ltdescribesthe water
treatment concept and raw water quality of different types of surface water, summarises the
various water treatment processes used for solid matter separation, gives a brief account of
bacteriological water quality improvement, provides a general layout of water supply schemes,
and presents the development of roughing filter application

Part2 elucidates design, construction and operation characteristics of different prefilters and
roughing filters. It provides comprehensive information on filler layout, presents practical
experience with different filters, describes selection criteria and procedure for adequate treat-
ment plant design, discusses construction, operational and economic aspects, illustrates some
design examples, and discloses valuable information on the practical implementation of the
prefiltration technology.

Part 1 thus focuses on general aspects of rural water treatment and allows the interested readerto get a
glimpse of the different challenges posed by the water treatment technologies. In Pant 2, the reader will
geta comprehensive view of the pretreatment processes applied to solid matter separation and a detailed
description of the application of this technology.

This publication may be used as general textbook by teachers interested in rural water treatment
technologies, by engineers who have 1o select and design appropriate treatment installations, and by
operation and maintenance technicians who have to train treatment piant operators.

A technical publication is rather rational and dry. However, efforts have been made to formulate and
illustrate this manual in a lively, easily understandable and attractive manner. Unexpected problems and
challenges are often encountered with filter design, construction and operation. The “hardware informa-
tion” is complemented with “software stories” on the complexity of rural water treatment implemen-
tation, which have been scattered as inserts throughoutthe text. | hope you will not only enjoy this book
but relax and also find my adventures as rural water treatment promoter interesting.

The practical experience contained in the book is especialty'the result of the efforts made by our
cooperation partners in numerous developing countries, During the last decade, | had the opportunity
to develop with them efficient solid matter separation processes, to apply them in full-scale treatment
plants, to find adequate solutions in difficult situations - but mainly, to learn from them. My special thanks
therefore go to the numerous caretakers, training staff, design engineers and project officers who
shared their experience with me. | also wish to thank the reviewers listed in Annex 10 for their helpful
comments and suggestions. | take this opportunity to express my gratitude to the various institutions and
to the Swiss Development Cooperation which strongly supported the development and impiementation of
the roughing filter technology.

Duebendotf, October 1896
Martin Wegelin
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Executive Summary

Slow sand filtration applied as surface water ireatment is particularly effective in improving the microbio-
logical water quality. However, efficient application of this treatment process requires raw water of low
turbidity. Pretreatment of surface water containing solid matter loads is therefore necessary. Chemical
flocculation in conjunction with sedimentation for solid matter separation is generally inapplicable in rural
water supplies of developing countries for a number of reasons, such as unavailability of chemicais,
inadequate dosing équipment, difficult operation and maintenance procedures, as well as lack of local
technical skills and trained operators.

Prefiitration is not only a simple, efficient and chemical-free alternative treatment process applied mainly
forsolid matter separation, it also improves the microbiological water quality. As different fractions of rough
filter material are generally used in prefilters, they are called roughing filters. Similar to slow sand filters,
they make ampie use of local resources and hardly require mechanical equipment. Hence, roughingfilters
are generally an appropriate pretreatment technology for rural and small urban water supply schemes.

Various filter types have been developed to meet the different raw water qualities. Intake and dynamic
filters are often used as first pretreatment step, followed by roughing filters operated either as vertical or
horizontal-flow filters. These filters are usually cleaned hydraulicaily by fast filter drainage. In accordance
* with the multiple barrier concept, the series of different prefiltration steps applied is frequently the most
cost-effective option for solid matter separation and also an efficient method for improving the microbio-
logical water quality.

Prefilters and roughing filters are currently used extensively in water supply schemes in numerous
developing countries and also in artificial groundwater recharge plants in industrialised countries. Practical
experience shows that intake filters are capable of reducing the solid matter content by 50 -70 %, and
roughing filters can achieve a particulate matter reduction of 90 % or more. Furthermore, prefilters and
roughing filters can improve the bacteriological water quality; i.e., a 1-2 log reduction of faecal coliforms
has often been recorded. The filters also reduce colour to some extent, dissolved organic matter and other
substances found in surface water. However, stable suspensions with a large amount of colloidal matter
are difficult to treat with roughing filters and will usually require the addition of coagulants.

Prefilters and roughing filters combined with slow sand filters provide a reliable, sustainable and
particularly appropriate treatment method for developing countries. However, implementation of the
technology alone may possibly fail, as hardware always has to be complemented by software. 1t is,
therefore, very important to involve future users as much as possible in the planning phase, to adequately
train treatment plant operators and to provide a post-project support which will contribute to enhancing a
sustainable use of the treatment processes developed.
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Experience with Water Treaiment

PART 1

General Aspects of Roughing Filter
Application

1. Historical Development and Experience
with Water Treatment

“In the earliest days of the human race, water was
taken as found. it might be pure and abundant,
plentiful but muddy, scarce but good, or both
scarce and bad. To get more or better water, man
moved to other sources rather than transport bet-
terwater to his own location orto try toimprove the
quality of water at hand”. This cited text marks the
beginning of Baker's epilogue in “The Quest for
Pure Water” [1], a reference book he started com-
piling at the beginning of this century and which
was finalised in the 1940s. Baker continues by
saying “Man’s earliest standards of quality were
few: freedom from mud, taste and odour”. How-
ever, anincrease inman-made water pollution, the
development of technical and public heailth sci-
ence, as well as the consumers' greater need for
clean water contributed to the development of the
water purification technology.

At the beginning of the 19th century, the first
water treatment plants for public water supplies
were constructed in Britain and France. They
generally comprised settling basins followed by
“gravel and sand filters. In the course of time, slow
sand filters were developed as an efficient water
freatment process, and used by many water au-
thorities at the end of last century. By this time
however, the Industrial Revolution came up
with the “mechanical” filters as rapid sand
filters were initially called. The growing water
demand and the subsequent discovery of chlo-
rine io disinfect the water enhanced the use of
rapid sand filters. In 1940, there were about 2,275
rapid filter plants in the United States as opposed
to about 100 slow sand filter plants. Another out-
standing feature with regard to the watertreatment
technology was the use of aluminium and iron

salts as coaguiants in water treatment. Since the
beginning of this century, coagulation andfloccula-
tion combined with sedimentation, rapid filtration,
and final chiorination are now commonly used in
water treatment. This treatment combination is
now usually regarded as conventional.

Water treatment plants are either built in situ,.
usually as reinforced concrete structures, or in-
stalled as package plants manufactured by the
water industry. Fig. 1 illustrales the extensive use
of chemicals in conventional water treatment.
Colloidal matter has to be destabilised by coagu-
lants, such as aluminium sulphate or ferrous sul-
phate, possibly in combination with lime dosage for
pH adjustment and polymers or polyelectrolytes to
improve flocculation. As rapid filters do not signifi-
cantly improve the micrebiclogical water quality,
chlorine has to be used as final tfreatment step to
produce water which is safe for consumption. Fi-
nally, the numerous chemicals added may also
have changed the chemical water characteristics.
Thetreated water, which may eitherbe corrosive or
deposit-forming, could greatly harmthe distribution
system. Consequently, the treated water often has
to be stabilised with a final dose of lime.

Conventional water treatment also requires a
substantial input of energy and mechanical
equipment. Frequently, the raw water has to be
pumped through the different treatment stages.
Flocculation requires energy inputs for hydraulic or
mechanical mixing, sludge removal in sedimenta-
tion tanks is often carmied out with mechanical
scrapers, and rapid sand filters are backwashedfor
filter cleaning. Desing pumps are necessary for
adeguate chemical application. In brief, conven-







Roughing Filter -2
Manual

Historical Development and
Experience with Water Treatment
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tional treatment calls for an extensive use of power-
driven, mechanical and ofien sophisticated equip-
ment.

A reliable and efficient operation of a conven-
tional water treatment plant is a demanding
task. A continuous supply of different chemicals
must be guaranteed, spare parts of mechanical
equipment must be stocked or easily available,
and the treatment plant operated by well-trained
and skilled personnel. The local infrastructure
should support maintenance and repair of treat-
ment plant components. However, these criteria
are hardly ever met by local conditions prevailingin
rural areas of developing countries.

Wagner states in the preface of the manual “Up-
grading Water Treatment Plants” [2], which is the
result of a WHO working group on operation and
maintenance established in the 1890s : “In the
majority of plants, especially in the less developed
countries, much of the expensive equipment does
not operate properly due to lack of understanding
or disregard of maintenance and operation recom-
mendations”. Only a few plants are designed on
the basis of bench and pilot planttesting. The need
for careful design is most urgent in countries with
the least resources. However, design studies are
in fact considered a fuxury rather than a necessity
in these countries. The most widely encountered
deficiency in water treatment is the application of
coagulanis to raw water. Incorrect dilution of the
solution, inadequate doses and inappropriate dos-
ing are the most common mistakes. Difficulties are
also experienced with the flocculation step. Uncon-
trolled energy inputs result in small flocs of low
settleability. Sedimentation tanks are often not
well-designed; short circuiting and incorrect water
abstraction lead to poor clarification and overioad-
ing of the subsequent filters. These in turn cannot

be backwashed properly and produce filtered wa-
ter of high turbidity. Finally, poarly or inoperative
chlorination equipment is commonplace in rural
water treatment plants in developing countries, as
the equipment usually originates from industrial-
ised countries and, hence, foreign exchange is
requiredto purchase these installations and spares.
The described difficulties encountered with
conventional water treatment will result in the
production of water of erratic quality which is
often unsafe for consumption.

Objectiveness demandsthatearlier experienced
operational difficulties with slow sand filters
have to be mentioned at this point. Initially, slow
sand filters were developed to combat the cholera
and typhus epidemics in Europe last century. Gn
account of its simplicity and low-cost, the slow sand
filter concept was then indiscriminately exportedto
developing couniries in the early days of technical
cooperation. Slow sand filters operate perfectly
well with raw water of low turbidity as generally
ancountered in European surface waters. How-
ever, raw water quality in tropical climates canvary
considerably, especially as regards turbidity and
solid matter load. Therefore, this direct transfer of
technology has proved inadequate. The inability
of slow sand filters to sustain adequate filter
runs when subject to high turbidity loads be-
came cbvious. Worldwide practical experience
revealed that the slow sand filter design concept
was often misunderstood, the use of pretreatment
processes, such as plain sedimentation or floceu-
lation and sedimentation, were either inefficient or
unreliable as well as inappropriate, and thatopera-
tion and maintenance deficiencies contributed to
the poor performance of slow sand filters. In the
early 1960s in Brazit, forexample, the communities
were not adequately trained in slow sand filter
operation, thus causing a high failure rate of the
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slow sand filters [3]. In Cameroon on the other
hand, slow sand filters were operated adequately
twenty years ago. However, due to the raw water
quality deterioration caused by progressive defor-
estation of the catchment areas, these filters faced
increasing operational difficulties which required
treatment plant rehabilitation [4]. Finally, an evalu-
ation of the performance of four slow sand filter
plants carried out in India in 1993 revealed that its
current design, construction and operation, includ-
ing source protection, is farfrom being satisfactory
and often leads to poor filter performance [5].

Photo2

Roughing and stow Sand Fifter -
AnAlternative TreatmentOption

Successful projects call for a multidisciplinary
approach requiring various types of inputs.
Sociocultural, institutional, and natural conditions
must be considered along with financial and tech-
nical aspects. The synthesis of allthese inputs lead
to appropriate and sustainable solutions. This
manual focuses mainly on technical aspects and
gives answers o perhaps the least difficult prob-
fems. Fromthe technical viewpoint, development
of the roughing filter technology has contrib-
uted towards an efficient and reliable slow
sand filter operationappropriate forrural water
supply schemes in developing countries.

Photo1

CompactPlant -
AnExample of Conven-
tiohalWaterTreatment

|
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2.

Water Treatment is usually a complex process
which is often bound to fall if the cbjectives are not
defined, the raw water properties not closely exam-
ined and the treatment methods inadequate. With
a clear treatment concept, including a reasonable
appreciation of the raw water characteristics and
seasonal variations of the water quality, logically
combined with the most appropriate treatment
processes, failures can be avoided.

visible

visible

by eye v by microscope
floating {m
matter \@_ﬁ
suspended microoraani
ganisms,
matter suspended solids,
and algae
fine
coarse B
settleable matter
SANDEC 25.8.95
Fig.2 Solid MatterContentin

Surface Water

Water Treatment Concept

A bucket filled with turbid river water, as illus-
trated in Fig. 2, often contains fleating matter, such
as debris of wood, leaves and grass, fine and
coarse sand, which has settled atthe bottom, and
some fine suspended matter in the form of silt and
clay particles or algae. However, harmful micro-
organisms, carriers of so many infectious dis-
eases transmitted by consumption or contact
with polluted water, cannot be detected with
the naked eye. The size of such organisms, such
as protozoa, bacteria and viruses, range within a
few micrometers (1 um is a thousandth of a
millimetre) or evenless. Removal or inactivation of
these pathogenic organisms should, however, be
given first priority in any water freatment concept.
A difficult task, considering their small size and

possibly low concentration in such a large volume

of water. Slow sand filtration and chlorination
are thus the two most widely used treatment
processes, as they are capable of improving, in
particular, the microbiological water quality.

The efficiency of chlorination and slow sand filtra-
tion is strongly influenced by the level of turbidity
of the water to be treated. Turbidity mainly reflects
the amount offine suspended solids presentinthe
water. Alarge number of microorganisms, tired of
swimming around, attach themseives like "boat-

coarse

pretreatment stages

main treatment stage

matter

separation gradual removal of fine maiter
and microerganisms
SANDEC 25.8.95
Fig. 3 Mu!tipleBarrierWaterTreatmentConcept
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‘ Concept

people” to the surface of these solids. The solids
protect the microorganisms from the deadly chlo-
rine. In slow sand filters, the pathogens will trium-
phantly observe how the fine particles block the
sand surface. Hence, an efficient use of chlorine
and slow sand filters is only possible with a low
water turbidity virtually exempt from solid mat-
ter.

As illustrated in Fig. 3, water has to undergo a
step-by-step treatment, especially if it contains
differently sized impurities. The first and easiest
step in sound water treatment schemes is coarse
solids separation. Finer particles are separated in
a second pretreatment step and, finally, water
treatment will end with the removal or destruction
of small solids and microorganisms. These differ-
ent pretreatment steps will contribute to reducing
the pathogenic microorganisms. The “boat-peo-
ple” or pathogens attached o the surface of sus-
pended solids wili get stranded whenthe solids are
separated. Some of the microorganismsfloating in

the water might alse get pushed to the surface of
the treatment installations and adhere to biological
films. Solid matter and microorganisms, there-
fore, face a multitude of treatment barriers.
Sincetreatment efficiency of each barrierincreases
in the direction of flow, it becomes increasingly
difficult for the impurities to pass through each
subsequent treatment barrier.

Surface water treatment thus requires gener-
ally at least two treatment steps as shown in
Fig. 4. The first step, also called pretreatment,
concentrates mainly on the removal of solids.
Screens, grit chambers, sedimentation tanks,
gravel and coarse sand filters are typicaily
used as pretreatment units. The second step,
commoniy considered as main treatment, is
used especially to remove or destroy the re-
maining microorganisms and the last traces of
solid matter. Slow sand filtration and chiorina-
tion are the most commonly applied treatment
processes in this second step.

turbid oo
surface pretreated drinking
water water water
- : === N
15t stage ’ . ot gtage
removal of removal of
solids microorganisms
(turbidity reduction) {pathogens)
SANDEC 25.8.85

Fig.4

Surface Water TreatmentinTwo Stages



SRR T e 7

Roughing Filter
Manual

Raw Water Quality

3. Raw Water Quality

3.1 Raw Water Characterisation

Surface water must generally be treated before
it is used ‘as drinking water as it is highly
exposed to natural and man-made poifution.
The extent of treatment depends, howsver, on the
degree of water pollution to be assessed prior {o
designing any treatment facility. The design of a
rural water treatment plant is based mainly on
the following important water quality para—
meters:

¢ {urbidity

s  true colour

= solids concentration

* degree of faecal pollution

Quite often, however, hardly any informationis
avallable on the surface water quality of a raw
water source meant for a rural water supply sys-
tem. In such a case, the following preliminary
surface water quality assessment steps canbe
used:

» sanitary inspection of the caichment area
« water quality analysis of the raw water

Reference [6] contains a detailed desctiption of
these two main rural water quality assessment
steps. The information obtained through a sani-
tary inspection is more of a qualitative or de-
scriptive nature and reflects the long-term situa-
tion of an assessed water course. The results of a
water analysis present a quantitative assess-
ment of the examined water source, and might
only reflect the actual water quality at the time of
sampling. Both methods complement each
other, however, a thorough sanitary inspection of
the catchment area often provides a more reliable
and practical method of risk identification and
gerneral water quality assessment. Several water
analyses have to be carried out to determine
extent, duration and frequencies of water quality
fluctuations. However, such information is rarely
available prior 1o treatment facility design. Water
quality analysis is often performed at a later stage
to monitor only the performance of constructed
treatment plants,

Detailed information on raw water quality will ease
filter design. Nevertheless, accurate prediction of

filter performance is hardly pessible due to the
compiexity of filter processes.

3.2 Catchment Area

An overali characterisation of the catchment
area and its hydrology, along with a sanitary
inspection of the area, can provide relevant
information on the raw water quality. The spe-
cific characteristics of the catchment area, such as
climate, hydrogeology, iopography, vegetation, as
well as human and animal activities greatly influ-
ence the qualitative and quantitative levels, as well
asthe surface watervariations. Total rainfallandits
annual distribution, together with soil conditions
and topography, are significant criteria influencing
the natural characteristics of a flowing surface
water. Hurman activities, (deforestation, agriculture
and settlements) in the catchment area will induce
qualitative and quantitative changes in the natural
regime of the surface water.

Turbidity level and suspended solids concen-
tration are often correlated with the seasonal
fluctuations of a river discharge. The size of the
catchment area usually influences the pericd of
high discharges; short heavy storms normally af-
fect the discharge of small highland rivers to a
greater extent than of large lowland streams. In-
spection of the river bed and its embankments
will certainly provide first-hand informaticn on flow
characteristics of the river, Closer inspection of the
bed sediments and embankments will supply some
details on the type of solids carried by the river at
different periods of discharge. Information pro-
vided by the locals will focus more on frequency
and length of turbidity peaks rather than on abso-
fute turbidity levels, which can only be determined
with measuring equipment.

Faecal poliution is not visible in a water sam-
ple. Even clear and pleasant water may carry
harmful and disease-causing microorganisms.
Population density, wastewater disposal practice
and general public health condition wilt influence
the bactericlogical quality of a surface water. This
quality varies widely, 8.¢. a highland river draining
awell-protected, unpopulated area has probabiy a
low public health risk level when used as drinking
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water, whereas a surface water draining wastewa-
ter from a slum area without proper sanitation
tacilities wili certainly have an extremely high pub-
lic heaith risk level even when used as washwater.
Points of surface water pollution have to be
detected by a sanitary inspection of the catch-
ment area. Source protection is the first step in
water treatment. Hence, remedial actions must be
taken when such pollution points are identified. A
survey of the public health condition is neces-

sary to assess the presence of endemic dis-
eases. Such a survey might also determine the
need to improve the situation with the construction
of a water supply system and, particularly, with the
installation of water treatment facilities. Neverthe-
less, surface water remains unprotected and is,
therefare, permanently exposed to human and
animai faecal contamination and other man-made
pollution. As a result it will generally have to be
treated before it is used as drinking water.

of the small river.

Thedelegation from the Dtstrzct Ofﬁce isaware of Jacob’s dilemmaand has pmmzsed to tackle the
problem fromtwo sm’es as inittiediate solution, roughing filters willreplace thé sedimentation tank,
however, in-the long run, Guzang s water supply can: only:be secured by a more camprehenswe
protection programme of the catchment area: Farmers in the watershed will not be sent away from
the area but motivated to change to improved land use metheds, such as agroforestry and pasture
improvement. Treatment plant rehabilitation and watershed conservation are essential to ensure a
more sustainable water and food supply to Guzang.
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3.3 Water Quality Analysis

in rural areas, the main surface water treatment
objective is to improve its bacteriological quai-
ity. Drinking water should not contain any patho-
genic organisms, which are often difficult to detect
analytically. Therefore, the bacteriological water
quality is analysed forfaecal indicators. The bacte-
ria used for such analysis are faecal coliforms,
Escherichia coli and faecal streptococei present in
large concentrations (10 - 1,000 million coliform
bacteria are found in 1 gram of faeces) in the
faeces of humans and warm-bleoded animals. If
waters contain faecal indicators, pathogenic mi-
croorganisms are also considered {o be present,

Faecal coliform analyses are performed either -

by the membrane filtration technique or by the
muttipte tube method. Field test kits (e.g. manufac-
tured by DelAgua Ltd, 7] ) are availabie and
generally use the membrane filtration technique.
The multiple tube method is often applied in central
laboratories. The use of field test kits requires
some basic training in test procedures, initial su-
pervision of field analysis and, at a later stage,
correct and careful handling during routine work.
To obtain reliable data, the analysis of faecal
coliforms should be carried out by specially trained
people.

Type and amount of solid matter is the second
most important aspect in surface water characleri-
sation. Expensive and very sensitive laboratory
equipment has been developed for the analysis of
size, shape and concentration of solid particles.
However, such equipment is hardly available nor
necessary for the design of treatment facilities.
Even the standard routine method of determina-
tion of the suspended solids concentration is often
not possible as it requires a highly accurate scale,
avacuumpump and a dryingfurnace installedinan
air-conditioned room. Such equipment is often

unavailabie or has fallen into disrepair. Hence,
determination of the physical characteristics of the
solids, to be separated by adequate treatment
processes, requires sturdy and simple field test
methods. :

The physical characteristics of the solid matter
can be assessed by different simple analytical
methods easily applied by any treaiment plant
operators. These simple tests are described in
Annex 1 and include the following:

- turbidity test by means of a simple tube

- determination of the setileable solids volume
with a test cone

- determination of the filterability by means of a
filter paper

- suspension stability test using a vessel and
turbidity readings

- solid classHication test using a common hottle

- pariicle size characteristics by sequential mem-
brane filtration :

Chemical water quality parameters should be
determined on a case by case basis if water
poliution levels caused by hydrogeological condi-
tions, agricultufe or industry are likely to occur.
Simpie field test equipment, as described in [8, 9],
could be used for preliminary chemical water qual-
ity assessment. Especially, manganese, true col-
our and water aggressivity are important param-
eters which need to be examined. Furthermore,
the amount of dissolved organic matter should be
determined as it will greatly influence the extent of
biological activity,and oxygendemandin thefilters.
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4. Solid Matter Separation

let us now examine the first treatment step; i.e.,
the separation of solid matter. We might be con-
fromted with a great variety of solids as ob-
served in our bucket filled with turbid river water.
The variety, iliustrated in Fig. 5, is greatly depend-
ent on the type of surface water and whether
natural purification processes can separate part of
the solids or possibly generate undesirable
particulate matter by organic growth. Natural pu-
rification should largely be integrated into the
treatment design when determining surface water
source and intake location.

floating m
matter \&‘_‘p

suspended .
matter

fine
coarse
settieable matter
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Fig.5 solid MatterContentfor
Separation

Sedimentation and fiitration processes are
mainly applied for solid matter separation.
These shall be discussed in detail in the next two
sections.

Yet, let us focus first on the peculiarities of the
various types of surface water and their impact
on the different salids in the raw water:

« The properties of the drained catchment
area and the characteristics of the sutface
water influence the type and concentration of
solid matter in the raw water. Flow velocity and
rate of erosion determine the amount of setlie-
able solids carried by the water. Flowing and
still surface waters greatly differ with re-
spect to the encountered type of solid matter.

The turbutent flow of a water course may carry
coarse settleable solids, which settle in gently
flowing or impounded surface water. Algae
found in ponds and lakes contribute to the
suspended solids concentration of the water.

Flowing surface water is often subjected to
drastic quantitative and qualitative changes.

The annual rainfall distribution influences the

seasonal surface water fluctuation mainly with
regard to turbidity and solids concentration.
Flowing surface water will usually carry settle-
able solids at varying concentrations during
different periods of time. During the dry sea-
son, small upland rivers are generally low in
turbidity, however, they can exhibit high short-
term turbidity peaks during heavy rainfalls.
Larger lowland rivers may be of moderate
turbidity throughout the year hut with relatively
long periods of increased turbidity levels.

In still surface water, amount andtype of solid
matter change only gradually inthe course of a
year. In fact, the large volume of stored water
in lakes, reservoirs and ponds preconditions
the water quality. Coarse inorganic particles
settle atthe bottom ofthe receiving water body,
light organic solid debris tend to float on the
water surface, and dissolved organic matter
may be transformed by photosynthetic proc-
esses to aigae and plankton. Hence, each still
water source acts as a first pretreatment
step since the incoming and stored water is
exposed to natural purification. As a result,
impounded water is generally characterised by
smaller water quality fluctuations. This higher
stability of the raw water quaiity usually facii-
tates treatment plant operation.
. oy

Flowing surface water carries solids of dif-
ferent sizes, such as coarse sand and silt to
fine clay. Due to the irregular flow conditions,
the solids are unevenly distributed over the
cross section of a river bend. Coarse solids drift
towards the outer side of the bend whereas the
fine solids are washed to the inner side of a
river bend and form a silting zone. Selecting
anappropriate location for the intake struc-
ture contributes to reducing the levels of fine
particles which are difficult to remove in treat-
ment processes. The intake shouid, therefore,
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be placed at the outer or erosion side of a river
bend in order to reduce the abstraction of fine
maiter and to avoid the silting of intake works.

+« Surface water can also carry coarse float-
ing matter which may block or even damage
part of the water supply installations. The un-
desirable material is thus retained right from
the beginning either by screens or by a scum-
board. Fixed screens (e.g. & coarse screen
foliowed by a finer one) are most commoniy
used to avoid blockage and excessive
‘headlosses.

In short, if surface water is used as raw water
source in a water supply scheme, preference
should be given to still water provided excess
amountis of algae or colour do not create spe-
cial tfreatment problems. Natural purification
processes reduce in particular the solid matter
concentration by sedimentation, and smaller
water quality variations often decrease and
simplify the required degree of treatment. Flow-
ing surface water frequently exhibits rapid water
quality changes which render water treatment
more difficult.

41 Sedimentation

Small pebbles or sand particles will undoubtedly
settle in still water. This process, called sedimen-
tation, is dependent on the physical properties of

the solid matter and water. The setltling velocity is
influenced by density, size and shape of the
particle, as well as by viscosity and hydraulic
conditions of the water. Stilling basins and sedi-
mentation tanks are quite efficient in removing
relatively heavy and coarse solids, suchas sand
and silt particles. Inorganic matter larger than
about 20 um (0.02 mm) can usually be removed by
plain sedimentation and without the use of chemi-
cals.

Stilling basins can often be installed in small
rivers. As shownin Fig. 6, a small weiris placed in
the water course o raise the water depth and to
reduce the flow velocity. Easily settleable matter
can now be separated in the backwater of the weir
equipped with a small gate to ease periodic re-
movai of the settled material. The intake of the
water supply scheme may be integrated into the
sidewall of the weir, in a zone with sufficient water
current to achieve remaoval of floating matter re-
tained by the scum-board.

Sedimentation tanks are either rectangular,
square, or circular in shape. The tanks are oper-
ated on a continuous or intermittent basis. In con-
tinuously operated tanks, the flow direction is ei-
ther horizontal orvertical. in circulartanks, the flow
patternis complex, and the conditions are unstable
fn vertically operated tanks. Therefore, rectangu-
lar tanks operated on a horizontal flow and
continuous basis are recommended for rural
water supply schemes,
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Layoutand DesignofaStilling Basin
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Fig.7 Layoutanhd Design ofaSedimentationTank

Sedimentationtanks separate finer solids, such
as silt, clay and part of the suspended solids.
The raw and turbid water enters on one side of the
tank and is evenly distributed over the entire tank
cross section. The solids then settle underlaminar
flow conditions to the tank bottom, and the clarified
water is abstracted uniformly over the full width on
the opposite side of the tank. In order for the
particles to separate, each solid particle has to
overcome a settling distance equaltothetank’s
depth, e.g. around 1 to 3 m, The accumulated
studge is periodically removed from the tank bot-
tom. The solids removal efficiency of a sedimenta-
tion tank depends mainly on the hydraulic surface
foad, tank depth, and retention time. Some general
design values for a sedimentation tank are givenin
Fig. 7, however, they should be chosen according
to the settling characteristics of the solids. These
can be determined in a sedimentation test using a
transparent test tube; for additional information
consult Annex 1. The recorded time necessary to
attain a certain clarification level in the test has to
be multiplied by a factor three to allow for unfavour-
able flow conditions in a full-sized tank. Low sur-
face loads should be applied with raw water of poor
settling properties, and in small pianis with vari-
able operating conditions.

veloping countries. Chemi-
cals often have to be im-
ported from abroad and paid
forinforeign currency. Since
transport problems are per-
tinentto many developing countries, the adequate
and reliable supply of chemicals to remote treat-
ment plants is yet another stumbling-block. Dos-
age is also an artin itself, as it must be adaptedto
the varying raw water quality and thus requires
professional water quality monitoring. Accurate
and sensitive dosing instruments are attacked by
the corrosive action of the chernicals. Chemical
water treatment calls for skilled personnel trained
inwater guality monitoring, dosage adjustment, as
well as in maintenance and repairs of dosing
equipment. Finally, use of chemicals cften greatly
increases operating costs. In practice, rural water
supplies often face considerable problems with
chemical water treatment. A reliable and suc-
cessful application of chemicalflocculation is, there-
fore, rather unréalistic for many small water supply
schemes. The chemical coagudation and sedimen-
tation process applied in conventional water treat-
ment schemes for separation of suspended solids
and coiloidal matter will generally fail in rural water
supply schemes and istherefore not recommended.

To conclude, it can be said that stilling basins
and sedimentation tanks are quite efficient in
removing coarse and easily settleabie solids.
Theyare used as preliminary ireatment step, espe-
cially to treat raw water drawn from running water
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courses containing high solids concentrations. In
rural water supply schemes, use of chemicals to
enhance sedimentation by flocculation is difficult
and, therefore, quite unreliabte.

4.2 Roughing Filtration

The water quality of contaminated surface
water can be improved significantly when fil-
tered through gravel and sand layers. There-
fore, favourable hydrogeological conditions allow
peluted and turbid river waterto be drawn as clear
and safe groundwater from a shailow welliocated
next to a river, However, local soils are quite often
impervious for lack of gravel and sand layers.
Nevertheless, why should nature’s excellent puri-
fication capacity be ignored just because of unta-
vourable hydrogeological conditions at the site of
a new water supply scheme? Let us then copy
nature and construct an artificial aquifer by filling
a sedimentation tank with gravel. As illustrated in
Fig. 8, the solids removal efficiency of such a tank
will drastically increase due to the greatly reduced

setiling distance in the gravel material. In other
words, the fine solids crossing an ardinary sedi-
mentationtank have to overcome a vertical settling
distance of 1to 3mbefore coming into contact with
the tank bottom. The same solids flowing through
a filter will fortunately touch the gravel surface
already after a few millimetres. Thus, filtration
becomes a more effective process for solids
removal since the settling distance is drasti-
cally reduced by the filter material. Presence of
asmall pore systemandiarge internalfilter surface
area enhances sedimentation and adsorption, as
woell as chemical and biciogical activities.

Design and application of prefilters vary con-
siderably, The different filter types are classified
according to their location within the water supply
scheme, their main application and flow direction.
Intake and dynamic filters, which often form part of
the water intake structure, differ from actual rough-
ing filters which are generally located at the water

treatment plant. As illustrated in Fig. 8, roughing

filters are further subdivided into down, up and
horizontal-flow filters. Fipnally, vertical-flow filters
can be classified according to the

sedimentation tank

hoatizontal flow direction

manner in which the gravel iavers
are installed. The different gravel
fractions of roughing filters “in se-
ries” are installed in separate com-
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Fig.8

Particle Removalin aSedimentation Tank

and aRoughing Filter
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Roughing filters usually consist
of differently sized filter material
decreasing successively in size in
the direction of flow. The bulk of the
solids is separated by the coarse
filter medium located next to the
filterinlet. The subsequent medium
and fine filter media further reduce
the suspended solids concentration.
The filter medium of a roughingfilter
is composed of relatively coarse
{rough) material ranging fromabout
25t04 mmin size. Gravel is gener-
ally used as fiter material. Signifi-
cant solids removal efficiencies are
only achieved under laminar flow
conditicns since sedimentation is
the predominant process in rough-
ing filtration. Therefore, roughing
filters are operated at small hy-
draulic loads, which have been



Roughing Filter
Manual

Solid Matier
Separation

intake and dynamic filters
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Fig.9 Classification of Prefilters
defined as flow rate Q divided by the filter area A
perpendicular to the direction of flow. Filtration .
velocity, synonymous with hydraulic load, usually o
ranges between 0.3 and 1.5 m/h. The coarse filter 20
material and the small hydraulic load limit filter :
resistance to a few centimetres. L
Filter cleaning is carried out manually and roughing fiiFér acts as a multistore
hydraulically depending on the pattern of solids sedimentation tank
accumulated inthefilter. Intake'and dynamicfilters .
separate the solids mainly at the iniet zone of the —
filter and, thus, act as surface filters. These filters ""“‘O
are therefore manually cleaned by scouring the top "
of the filter bed with a shovel or rake. Compared to SRy
intake and dynamic filters, roughing filters act as st :
space filters on account of the deep penetration of accumulation of solids on the upper
the solids into the filter medium. The accumulated collector surface
solid matter is periodically flushed out of roughing
filters by hydraulic fliter cleaning. if necessary, b
these filters can be cleaned manually by excavat-
ing the filter material from the filter compartment,
washing and refilling it into the filter boxes.
Sedimentation is the main process in roughing
filtration. It is responsible fcrl solids separation filter bottom
from the water as observed in iaboratory tesis SANDEG 25.8.95
conducted with roughing filters {10, 11,12, 13,14}
The filter acts as multi-storage sedimentation
basin since it provides a large surface area to Fig.10  SolidRemovalinaHorizontal-
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andillustrated in Photo 3, the deposits are retained
on top of the collectors where they grow to dome-
shaped aggregates with advanced filtration time.
Part of the small heaps drift to the filter bottom
when the loosely accumulated aggregates be-
come unstable. In horizontal-flow roughing filters,
this drift regenerates filter efficiency of the upper
gravellayers and allows accumulation of a consid-
erable amount of retained material at the filter
bottom. Depending on the crganic characteristics
of the raw water, other processes such as biologi-
cal oxidation or adsorption of solid matter at the
slimy filter surface may occur. Under these circum-

stances, enhanced aggregation and consolidation
of deposits have been reported [12). This poses
inherent difficulties during hydraulic cleaning and
filtter regeneration.

Filter regeneration can be enhanced by filter
drainage. The loosely accumulated aggregates
collapse and are washed down {o the filter bottorn
if the water table in the filter is lowered. Part of the
accumulated solids can be flushed out of the filter
with high filter drainage rates and adequate instal-
lations.

Photo 3 AccumulationofKaolininaHorizontal-flow Roughing Filter after
24 h, 100 h, and 300 h of Filter Operation
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5. Bacteriological Water Quality Improvement

The water in our bucket is now clear but still
unsafe for consumption. The turbid river water
has changed its appearance as the solid matter
has been separated by the pretreatment pro—
cesses discussed in the foregoing chapter. The
water has lost its brownish tinge and turned intc a
clear and pleasantly looking liquid. However, the
water is still not as pleasant and safe asitlooks. As
schematically shown in Fig. 11, disease-causing
pathogenic microorganisms are usually notvisible
o the naked eye of the consumer who could geta
severe attack of diarrhoea a few hours after drink-
ing this water. Hence, the pretreated water still
needs further treatment for final removal or inac-
tivation of pathogens. Slow sand filtration and
_chlorination are the two most commonly applied
~ treatment processes for bacteriological water
quality improvement.

micro-
organisms
(visible by
microscopa)

SANDEC 25.8.95

Fig. 11 Microorganisms for Separation

5.1 Slow Sand Filtration

Slow sand filtration plays a key role in rural water
treatment. Design and application of this treatment
process is well-documented in the available litera-
ture [15, 16, 17]. Since stow sand filters reduce the
number of microorganisms present in the water,
they improve the bacteriological water quality. In
addition, fine organic and inorganic matier is sepa-
rated, and the organic compounds dissolved inthe
water are oxidised. Since the effluent of a well-
designed and operated slow sand filter is virtually
free from pathogenic microorganisms, water treated

by such a slow sand filter is safe for consumption.
Furthermore, a comparative evaluation[18]of slow
sand and rapid sandfilter efficiencies revealed that
slow sand filters are more efficient in the removal
of several commonly occurring pesticides. In con-
trast, they were found to be poorer than coagulant-
assisted rapid sand filters for the removal of dis-
solved organic carbon and organic colour. How-
aver, slow sandfiltration is one of the most efficient
processes for the production of hygienically safe
drinking water with a possibly small bacterial
regrowth.

The slow sand filter technology copies nature.
The sand layers of aquifers convert unsafe surface
water into good quality drinking water. Especially
the harmful bacteria, viruses, protozoa, eggs, and
worms are most effectively removed by physical
and biochemical processes to a level which no
longer endangers human health. These natural
purification processes are also used by the slow
sandfilters - a technology which was introduced
last century. At that time, Europe was struck by
cholera epidemics, whichforced the waterworks to
take quick action. The advantages of slow sand
filtration were then discovered. This water treat-
ment technique proved to be efficient against wa-
ter-borne diseases and, in combination with other
public healthimprovements, these epidemics were
eradicated in Europe. Numerous water supplies
in industrialised countries are still using slow
sand filters. Thames Water supplies for instance
two thirds of London’s population with slow sand
filter treated surface water drawn from the River

Thames which carries a very high percentage of

sewage effluent from upstream settlements during
drought years. Thisis a tribute to the efficiency and
refiability of the slow sand filter technology.
[

The layout of siow sand filters is simple and
straight forward. As showninFig. 12, aslow sand
filter contains an open box filled with a sand layer
of a depth of about 0.8 to 1.0 meter. The upper part
ofthe filter box is filled with water flowing by gravity
through the sand bed. The filtered water is then
collected by an underdrain system and conveyed
1o the clearwater tank. The well-graded sand of the
filter bed is relatively fine; i.e., its effective size
ranges between 0.15 and 0.30 millimetre, but
recent field experience revealed that also some-
what coarser sand can be used [4].
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Fig.12  LayoutandDesignofaSiow Sand Filter

Slow sand filter operation is easy and reliable.
Slow sand filters are usually operated at 0.1t¢ 0.2
m/h filtration rates. Consequently, an area of 1 m?
sand produces about 2.5 to 5 m? of water per day.
The flow rate is preferably controlled at the filter
inlet, and the water level is maintained at a mini-
mum level above the sand bed by means of a weir
or effluent pipe located at the filter outlet. Effective
biological treatment can only be achieved if a
reasonably steady throughputis maintained. There-
fore, a 24-hour operation is recommended as it
makes maximum use of the available filter installa-
tions. The initial filter resistance of a clean sand
filter ranges between 0.20 and 0.30 meter. The
headloss gradually increases with progressive fil-
trationtime. The sand filter hasto be cleaned when
filter resistance amounts to about 1 meter.

Slow sand filters act mainly as surface filters.
The water quality changes at the surtace of the
sand bed, in the so-called “Schmutzdecke” and, to
a lesser extent, in the first 20 to 30 centimetres of
the sand bed. Athinlayeronthe surface ofthe sand
bed, formed by retained organic and inorganic

matter, and a large variety of biologically active
microorganisms, are responsible for the physical,
chemical, and biologicalimprovement of the water.
This thinbiological layermustfirstdevelop ina new
slow sandfilter. The initial ripening period normailly
requires two to four weeks. Cleaned filters will
regain their full biological activity within two to four
days, provided shut down time for filter cleaning is
short; i.e., not more than 6 - 12 hours.

Fiiter cleaning must be carried out once the
supernatant water has reached its maximum per-
missible level; i.e., when maximumfilter resistance
of about 1 meter is attained for the designed
filtration rate. Filter cleaning starts with drainage of
the supernatant water and dewatering of the top
part of the sand bed. Subsequently, the biological
skin and 1 to 2 centimetres of sand are removed
fromthe sand bed as shown in Photo 4. Resanding
is possibly performed after removal of the top sand
layer. Thereupon, filter operation is immediately
restarted to avoid distupting biclogical filter activity
more than is necessary. The filter bed is refiiled
with water intreduced via the under-drainage
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Photod

Cleaning ofaSslow Sand Filter

system.This drives the air out of the pores of the
sand and completely saturates the filter bed. Nor-
mal operation is then reassumed by opening the
inlet valve and adjusting the filtration rate.

Well-operated slow sand filters should at least
achieve more than 1 to 3 months of filter runs.
The term “filter run” is defined as the time between
two subsequent filter cleanings. In order to realise
such long filter runs, slow sand filters have to be
supplied with relatively clear water. Reasonable
filter operation can only be expecied with inlet
water turbidities below 20 to 30 NTU. Higher
turbidities, with consequently higher solids con-
centrations, will rapidiy clog the sand surface and
interfere with the biological processes. Hence, itis
strongly recommended that surface water is
pretreated prior to slow sand filtration.

does not conformtothe recornmended
size, or missing water level control
sysiems, are the most common de-
sign errors encountered. Random fil-
teroperation undervarjable and often
too highfiltration rates by insufficiently
frained caretakers, are generally the
causes of inadequate filter efficiency.

Poor quality raw water, inad-
equately pretreated, also contrib-
utes to poor slow sand filter per-
formance. Frequently, slow sand fil-
ters are directly fed with raw water or
are often combined with inefficient or
inappropriate pretreatment proc-
esses. Slow sand filters usually face
serious operational problems when
chemical flocculation and sedimenta-
tion are used as pretreatment. The local caretaker
might not be able to control flocculation as it is an
unstable pretreatment process difficult to operate.
Light flocs often get washed onto the slow sand
filters, or a lack of chemicals greatly reduces the
solid removal efficiency of the sedimentation tank.

Premature, rapid filter clogging and frequent filter
cleaning are the resulting consequences. There-

fore, efficient pretreatment of the surface water,
such as for instance by roughing filters, is neces-
sary to avoid serious operational difficulties with
slow sand filters. Small slow sandfilter units receiv-
ing raw water of moderate turbidity can also be
protected by layers of non-woven synthetic filter
fabrics [19,20] or by a layer of gravel [21]installed
on top of the sand bed.

Design deficiencies will

cause problems to slow ©)
sand filters. in the past, sev-

eral slow sand filter plants in

il

developing countries have
faced operational problems or @

had to be closed down. Seri- Lo
ous design faults, inadequate
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operationand poorwaterqual-
ity supplied to the slow sand
filters are the main reasons
for the preblems and failures
experienced. As illustrated in
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@ inadequate pipe system
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(1) no flow control instaliations (3) inappropriate sand bed

@ low effluent water level
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Fig. 13, a lack of flow control
equipment, inadequate pipe
installations, a soiled and

poorly graded sand which Fig.13

Common Design Faults of Slow Sand Filters
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In summary, slow sand filtration can thus be
regarded as a safe, stable, simple and reliable
treatment process. Filter construction makes
extensive use of local material and skills. Filter
operation neither requires sophisticated me-
chanical parts nor the use of chemicais. Con-
struction, operation and maintenance of the
filters are easy and require only limited skills.

However, adequate filter operation is cnly pos-
sible with raw water of low turbidity; i.e., virtu-
ally free of solid matter. Pretreatment of sur-
face water is therefore necessary. In combina-
tion with adequate pretreatment methods, siow
sand filtration is considered a most appropri-
ate water treatment technology for developing
countries.

local development of techmeai and managenal skills are requzred

To ensureareliable and sustamable treatment plant apemtwn, approprmte treatment proeesses and
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5.2 Chlorination

Chlorination aims at destroying or, at least, inacti-
vating harmful microorganisms, such as patho-
genic bacteria, viruses, and cysts present in the
water. Chlorine is a strong oxidant, which not
only reacts with the enzymes vital to the metabolic
processes of living cells, but is also responsible for
_other chemical reactions. Dissolved organic mat-
ter, forinstance, depletes by fastchemical reaction
the available chlorine that will then be unavailable
for water disinfection. Or chlorine reacts with nitro-
gen to form the more stable chloramines often
purposely generated by the addition of ammonia to
the water so as to cope with any type of pollution
problems in the distribution system.

The advantages why chlorination is widely used
in water treatment practice are the following:

- Chlorine is a strong disinfectant when applied
to low water turbidity with a small dissolved
organic content.

- Residual chiorine content is extremely simple
to determine by colorimeters, which is not the
case for other disinfection processes such as
ozone or UV radiation.

- Since chlorination installations are relatively

- small, they do not require large civil engineer-
ing structures and their investment costs are
relatively low.

- Chlorine is often applied as a safeguard (es-
pecially in the form of stabie chloramines)
against secondary water pollution. Although
small quantities of chlorine may deal with
minor contaminations resuiting from incorrect
water handling at household level, they will
neverbe able to combat heavily contaminated
water caused by cross-connections or waste-
waterinfiltrationinintermittently operated water
supply systems.

Numerous disadvaniages of chiorination, how-
ever, question the application of this water treat-
ment process in rural water supply schemes. Chlo-
rination is associated with the following problems:

- Chiorination requires a reliable water treat-
ment system. it is neither applicable to turbid
water nor to water of high organic content.

- With inadequately pretreated water, chlorine
torms by-products (e.g. trihalomethanes) that
are considered carcinogenic.

= Chlorine is usually an unstable and corrosive
chemical that loses its disinfecting power dur-

ing storage, and attacks ihe delicate installa-
tions in the dosing room.

- Dosing equipment and chemicals must often
be imported, which leadsto aforeign currency
demand and high operating and maintenance
costs.

- Consumers frequently refuse to drink chlorin-
ated water for reasons of taste and odour.

Accurate chiorine dosage is essential to attain
efficient disinfection. Only partial disinfection is
achieved with chlorine dosages lower than the
chlorine demand of the water. Water containing a
too high chlorine concentration might not be ac-
cepted by the consumers, as chlorinated water has
a distinct odour. A strong smell develops when
chlorine reacts with ammonia to form chioramines.
People oftenreject chlorinated water evenwhen
chlorine is carefully handled and dosed at low
concentrations.

Chlorine is available in gaseous, solid, and
liquid form, Chlorine gas is extremely toxic, diffi-
cultto handle and, therefore, usually inappropriate
for rural water supplies. Chiorinated lime, com-
monly known as “bleaching powder®, calcium
hypochlorite powder, or sodium hypaochiorite solu-
tion, also calied “Javel water”, are used as chlorine
derivatives. Since a chlorine solution is prefer-
ably added to the water, chlorinated lime and
calcium hypochlerite should be dissolved in the
water to a stock solution containing usually 110 3
percent active chlorine. Chlorine solutions require
careful preparation; i.e., it is exiremely dangerous
to spill water on dry hypochiorite. Fig. 14 summa-
rises the different chlorine applications. Please
note that adequate disinfection is attained not only
with a sufficient chiorine concentration C {mg/l),
but also requires an appropriate contact time T
{min) as the inactivation of mircroorganisms is
dependent on the product CxT.

A constant rate of chlorine solution is added to the
water by dosing' devices. The relatively small
doses of chlorine call foraccurate dosing equip-
ment. These are, however, exposed fo the corro-
sive action of the chlorine and often get damaged.
The dose has to be adjusted to the chierine de-
mand of the water fo be disinfected. In practice, a
fimited chlorine dosage adjustment is possible,
e.g. on a day-to-day basis. Reliable water treat-
ment prior to chiorination is consequently neces-
sary. Adequate water disinfection is generally
feasible only with water virtually free of solid
and organic matter,
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Fig.14

Areliable supply of chlorine is often difficult to
obtain. Chlorine must be purchased on a regular
basis as its unstable nature does not allow lengthy
storage. Chlorine generaliy has to be imported
and, thus, requires foreign currency; an often scarce
amenity in developing countries. In addition, these
countries usually face other difficuities, such as
communication and transport‘ation problems. Fi-
nally, chemical water treatment requires skilled
personnel often unavailable in rural areas. All
these aspects are a stumbling block to a reli-
. able and efficient chlorine application and, more
generally, to the use of chemicals in rural water
supply schemes in developing countries. This ob-
servation is endorsed by numerous cases of
malfunctioning or abandoned chemical water
treatment installations.

Since conventional disinfection methods are gen-
erally unsuccessful in small rural water supply
schemes, simple, robust and easily maintained
low-cost, reliable methods of disinfection are thus
necessary.

New water disinfection techniques have already
been developed and field-tested {22]. The use of
iodine instead of chlorine bound onto resins housed
in a cartridge is but cne alternative. By placing this
cartridge in the water, the microorganisms are
rendered non-viable by oxidative reaction with

ApplicationofChiorine

todine. Compared to chlorine, iodine does not react
so easily with organic compounds in the water.
However, this disinfection method requires further
development before it can be used on a larger
scale, especially with regard to fixing the todine on
an adequate supporting material. Furthermore,
dosing of iodine must be well-controlled - at high
dosage, it may pose a health hazard, particularty to
pregnant women.

The use of an electrolytic cell which produces
an oxidising gas when an eiectrical current is
passed through a saturated sodium-chloride solu-
tionis a second water disinfection alternative. The
Moggod method ("mixed oxidant gas generated on
demand") requires salt, water and electric current
to produce a strong oxidising gas. This method,
however, is sensitive to the use of normal salt as it
creates substantial problems when associated with
calcium and magnesium depaosits on the mem-
krane. Further investigations on the nature of the
gas produced and on operational aspects regard-
ingthe use of low-quality salt, are necessary before
this disinfection method can be recommended for
wider use.

The described methods suggest different proc-
esses rather than reatl disinfection alternatives to
replace or produce chlorine at the site. Other
processes (e.g. the MIOX method) are being de-
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veloped and field-tested. A comprehensive de-
scription of chlorination and alternative disinfection
methods is beyond the scope of this manual,
however, reference is made {o the relevant litera-
ture [23, 24, 25].

ganic matter. The use of chlorine in rural water
supply schemes often creates enormous prob-
lems and is, therefore, frequenily bound to fail
as documented by numerous treatment plants.
Furthermore, the rural population often rejects

chlorinated water. Thorough technicai, institu-
To conclude it can be said that an efficient and tional and sociocultural investigations are nec-
reliable disinfection with chlorine requires essary before chlorination is introduced in ru-
pretreated water virtually free of solid and or- ral water treatment. '

 Chlorindted Water “Not for Drinking”

_ _ ontl er cently constructed publwstandpost Its deugn dzﬁersfmm
“the many other thousands ved around the world. The local standpost uses water siphons with
ﬂexlble tubes. A floating. valve mammms thewaler ata constant levelinthe closed steelcylinder. This

_ preventyledaks or brokeén dow;z tap.s' due fo frequent public use. However the interest of our group,
compuosed of representatives of the foremgn consultant and supplier and led by a  Desk Ofﬁcer of the
national water company and the local Director of the water supply, was not only restricted to this
special standpost design but to the entire water supply system. The system visited was the first of four
which had just started operation. Construction of an additional twelve . schemes was under

discussion. Allthe water supply schemes were identicalin design; ie.,a surface water mtake, Water 5 : -

tredtment consisting. of. pre-chlormatwn, pH -cantml aeranan, coagulanan wu‘h alum sulphate :
ﬂacculauon, tilted plate settlers, rapid sand filtration; and final dtsmfectmn, as wellas'a clear water
pumpmg Station supplying. the reservmrand“d 'ftnbutlon scheme, A module system for the treatment
plantallowedrapidand eﬁ"mtenteonstmcnon However, we had some doubts whether the river water

draining dense and unpopulated wouvdlands would require such extensive treatmentin this location.
The abstractéd raw river water was quite clear even during our visit in the rainy season. Nevertheless,
the water, which ran through the different freatment stages, was still treated with chemicals.

Two girls passing by the standpost were asked by the Desk Officer of the water company if they
enjoyed the new water supply. Their answer was unexpected and also depressing as they declared
that the water supply was used for many other purposes than for drinking. On account of its artificial
and strange taste, the distributed water was not consumed by them, their families nor by the villagers.
This is why they still draw water from the nearby river.
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6. Layout of a Water Supply Scheme

6.1 General Considerations

From the téchnica_l point of vi'ew, the following
three main questions have 10 be answered dus-
ing the planning phase of a water supply scheme:

« which raw water source should be used for
the water supply scheme?

« if treatment is necessary, what type of treat-
ment scheme should be favoured?

* how much water should be distributed to
the consumers, and at what service level?

Source selectionis a very basic decision entailing
numerous consequences for the future water sup-
ply scheme. The different local water sources have
to be evaluated with respect to their quantity,
quality and accessibility. The future water de-
mand must be covered by the selected source with
the best possible water quality, and located as
close as possible to the supply area.

Since water treatment is usually the most difficult
element in any water supply scheme, it should be
avoided whenever possible. The general state-
ment that no treatment is the best treatment
especially applies to rural water supply schemes
which generally exhibit a poor infrastructural and
institutional framework to adequately maintain wa-
ter treatment facilities. The use of better water
guality sources is, therefore, an alternative which
will always have to be taken into serious considera-
tion. If no other alternative is available, rural water
treatment must concentrate on improving the bac-
teriological water quality by locally sustainable
treatment processes.

Water distribution systems depend onthe type of
water source used, on the topography, and on the
provided supply service level. Individual water
supplies, e.g. rainwater harvesting and shailow
groundwater wells equipped with hand pumps
usually do notneed piped supply systems. Treated

semi-piped scheme

Q;fﬁ river intake and

pumping station

raw water supply treatment distribution
traditional water supply E & 8 g & ﬂ ﬂ ﬁ
gravity scheme T T -
river o . - iped system with
intake sed. ; Al pipea sysiem wi
tank rUU?th public standpost
filter

sed. ' L
intake tank roughing  [E£ird H—W L e

river pe— 4+
¥ cistern.
filter with
slow sand
S fitter handpump
pumped scheme ;‘v—ﬂ_‘
raw water roughing IL,__. ¥
tank filter
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sfow sand
filter reservoir # &
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Fig.15 LayoutPossibilities of Water Supply Schemes Using Surface Water
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surface water, however, is normally distributed by
a piped system. A suitable topography often allows
the installation of a gravity system which will
improve reliability and supply continuity. Since
pumped water supply schemes depend on the
reliable supply of energy and spare parts, they are
very susceptible to temporary standstills. Finally,
the service level of water supply strongly governs
water demand. Water usage increases drastically
with the provided service level, e.g. public standpost,
yard connection, multiple tap house connection.
Water supply is always interlinked with waste-
water disposal. The health situation of a commu-
nity supplied with treated water does not necessar-
ily improve, especially if public heafth and waste-
water disposal issues are neglected. The main
components necessary to significantly improve the
public health situation of a community are there-
fore a reliable and safe water supply, an adequate
waste disposal systerm and a comprehensive hy-
giene education programme.

As schemaltised in Fig. 15, surface water has to be
collected, treated and stored before it reaches the
consumer, These activities can be met by different
water supply layout options. Figs. 15 and 16 only
illustrate some arrangement examples.

6.2 Hydraulic Profile

Selection of the hydratlic profile is a basic criteria
when planning a water supply scheme. First choice
must be given to gravity supply systems since
they guarantee reliable operation at low run-
ning costs. Schemes, which integrate the use of
handpumps, are given second choice. The instal-
lation of mechanically driven pumps should be
chosen as last option and only applied in special
cases where a reliable and affordable energy sup-
ply is guaranteed, including the infrastructure for
pump maintenance and repair work. Hydraulic
rams making use of the potential energy of a large
watervolume to pump a small fraction of this water
volume to a higherlevel [26] may be an appropriate
option where surface water gravity is available and
watervolume abundant. Under special local condi-
tions, collection and pretreatment of the raw water
may be combined in a single installation such as

-infiltration galleries.

Water freatment plants should, whenever possi-
ble, be operated by gravity and with a free water
table to minimise water pressure onthe structures.
The totat headloss through the treatment plant will
amouni to 2 or 3 m. In general, any type of water
lifting, except through handpumps, should be

1 stage pumping scheme

infiltration
gallery
river

TR
" pretreated water
high lift

pump

R

2 stage pumping scheme

river

max 7 treaiment

raw water clear water
low lift pump  high it pump

storage + treatment

village
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Fig.16 General LayoutofPumped WaterSupply Schemes
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Spring for Minimum Water Supply -

: Irmga, a town in EastAﬁzca of 80,001 nhabztants is pleasantly lacated 1t eofan

" “The citizens have a beauttful view.of they _lley where the Ltttte Ruaha rive, _'  gently -
through maize and cassava ﬁelds This turbid riveris aiso the main water source of the tawn The
river water is pumpedto an ad]acent eonfeutwnal treatment plant collected j a: clear-water tank
and, ina second step, lifted over the steep-escarpment to the reservoir located m the town. Iringa
often faces water shortage, mainly due to the frequent breakdown of the raw water pumps. The silt-
loaded river water claims its victims in the form of rubber seal wear outs, impeller grind offs and
shaﬂ blockages, which put a great stmm on the plant manager. the frequently, none of the raw

water pumps are workin g L R

Fortunately, a gmwty ptpe con veys" ate' to the c!ear water tank fmm a tapped sprmg 1 0 km acmss o
el : perated for d few hours_ o §

The sprmg water supply is obvmusly more relzable not onl ly far u‘s smgle pumpmg step, but also for
its better water quality. Rehabilitation of t the intake could signifi cantly reduce the operational
diffi culties of the raw waterpumps'_ The intake suction pipes hanging loosely in the river should be
replaced by a grit chamber, or even better by intake filters or in_ﬁl_tratian :galleries, which would
remove a large fraction of the solids that considerably reduce the life of any pump.
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avoided as the supply of energy and sophisticated
spare parts is generally unreliable. If water lifting
is absolutely necessary for topographical rea-
sons, the number of pumping steps must be
limited. As illustrated in Fig. 16, a one-stage
pumping scheme should be chosen for raw water
to be pumped to an elevated site where the treat-
ment plant and reservoir are located. Such a one-
stage pumping scheme has greater advantages
overatwo-stage scheme as itincreases its reliabil-
ity by a factor of 2. Moreover, the risk of flooding in
lowland areas can often not be excluded entirely.
Protecting a high-lift pumping stationagainst floods

is easier than a full-sized treatment plant. How-
aver, a two-stage pumping systemis unavoidable
for a piped supply on a flat area devoid of natural
elevation and in case of setjous raw water quality
fluctuations, e.g. heavy sediment loads during the
monscon. In such a situation, installation of a low
lift raw water pumpis recommended. It may consist
of an irrigation unit of low efficiency but of simple
repair to limit high lift pumping fortreated waterand
protect impellers and seals from damage. Hence,
high lift pumps should be used for treated water or
raw water pumped from infiltration galleries or
simitar infake systems.
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turbidity

raw water
turbidity
characteristic

siow flowing
lowland river

stagnant water
(reservoir, pond, lake)

1 year

treatment
scheme

- time

1 year 1 year

grit chamber
= sedimentation |
© tank
E
= v -
b dynamic filter
-
1]
o
[~

intake filter

) —

roughing filter |
g ' R R L P ey s o e o 7 e o i B B ey P W ' s Sy e A Sy

Slow SANG filter o b e T ey
% 3 R R o o e A A b ok ot T e b e e
£ e
= chlorination | I
) L_ _ - - _ - - - _ - !
E

:_-:.-3 necessary treatment unit

likely necessary treatment unit

] optional treatment unit
4

1
L

SANDEC 25.8.95

Fig 17 Treatment of Surface Water
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6.3 Treatment Steps

As discussed in Chapter 2, surface water has to
undergo a step-by-step treatment. Coarse sol-

. ids andimpurities are first removed by pretreatment,
whereas the remaining small particles and micro-
organisms are separated by the ultimatetreatment
step. Under special local conditions, raw water
collection and pretreatment may be combinedina
singleinstallation, such as intake or dynamicfilters
or, alternalively, by infiliration galleries. Fig. 17
illustrates different schemaes for surface water treat-
ment. The required water treatment scheme is
mainly dependent on the degree of faecal pollu-
ticn, characteristics of the raw water turbidity and
on the available type of surface water.

6.3.2 Aeration

The water's dissolved oxygen content plays a key
role in the biology of the slow sand filtration proc-
ess. The activity of the aerobic biomass decreases
considerably if the oxygen concentration of the
water falls below 0.5 mg/l. Furthermore, nitrifica-
tion of ammonia is associated with a significant
consumption of oxygen, e.g. 1 mg NH_-N/I requires
4.5 mg O,/l. Hence, an adequate oxygen content
in the water to he filtered is of prime impor-
tance. Physical processes are the main mecha-
nisms in roughing filtration. However, biochemicat
reactions might also occur in the prefilters, espe-
cially if the raw water contains high crganic loads.

list of symbols
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6.3.1 Removal of Coarse Material
Separation of coarse solids fromthe wateris
preferably carried out by a high-load sedi-
mentation tank (grit-chamber) or by a plain
sedimentation tank, since sludge removal
from such tanks is less troublesome than from cross - section
roughing filters. Simple sedimentation tanks _
can be designed according to the layout and weir load:
guidefines given in Fig. 7, or constructed as AN 10 1/s+m
earth basins as illustrated in Fig. 18. ; =4
£ ‘ H<70cm
B B>2 H
Use of one sedimentation tank should be suf- i 4
ficient for a small-scale water supply scheme. =T
The accumulated sludge can be removed dur- A,
ing periods of low siltioad. Abypassis required
to maintain operation of the treatment plant g
during cleaning periods. In order not to inter-
fere too much with normal operation of larger SANDEC 2589
water treatment plants, two or more sedimen-
tation tanks operating in parallel should be
provided to atlow cleaning, maintenance and Fig.19 Layoutand Design
repair of one tank. of anAeration Cascade
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Singe turbulent surface waters are generally well
oxygenated, they do not require additional aera-
tion. Still water, however, can exhibit low oxygen
contents, especially when drawn from the bottom
of poliuted surface water reservoirs. Multi-level
drawoffs are recommended as intake structures
for stratified water bodies to allow abstraction of
best raw water quality. However, stagnant raw
surface waters are preferably aerated.

Cascades are simple but efficient aeration de-
vices, A submerged cascade aerator, as illus-
trated in Fig. 19, should be installed in gravity
systems with sufficient hydraulic head. The cas-
cade should preferably precede filters to meet the
possible oxygen demand. The different weirs, used
forflow control, are an additional source of oxygen

supply.

6.3.3 Roughing Filtration as
Pretreatment

Roughing filtration mainly separates the fine
solids which are not retained by the preceding
sedimentation tank. The effluent of roughingfilters
should not contain more than 2-5 mg/ solid matter
to comply with the requirements of the raw water
quality for slow sand filters.

Coarse gravei filters mainly improve the physi-
cal water quality as they remove suspended
solids and reduce turbidity. However, a bacterio-
logical water improvement can also be ex-
pected as bacteria and viruses are solids too,
ranging in size between about 10-0.2umand 0.4
-0.002 um respectively. Furthermore, accordingto
the specific literature [27], these organisms get
frequently attached by electrostatic force 1o the
surface of other solids in the water. Hence, a
removal of the solids also means a reduction of
pathogens (disease-causing microorganisms). The
efficiency of roughing filtration in micrcorganism
reduction may be in the same order of magnitude
as that for suspended solids, €.g. aninlet concen-
tration of 10 - 100 mg/l can be reduced by a
roughing filter to about 1 - 3 mg/l. The bacterio-
logical water quality improvementcould amount
to about 60 -~ 99%, or the microorganisms are
reduced to about 1 - 2 log. Larger sized pathogens
(eggs, worms) are removed to an even greater
extent.

Roughing filters are used as pretreatment step
prior to slow sand filters. Slow sandfiltration may
not be necessary if the bacteriological contamina-
tion of the water to be treated is absent or small,

particularly in surface waters draining an unpopu-
lated catchment area, or where controlled sanita-
tion prevents water contamination by human waste.
However, physical improvement of the water may
be required with permanent or periodic high silt
loads in the surface water. Excessive amounis of
solids in the waterlead to the silting up of pipes and
reservoirs. For technical reasons, roughing fil-
tration may therefore be used without slow
sand filtration if the raw water originates from
a well-protected catchment area and if it is of
bacteriologically minor contamination; i.e., in
the order of less than 20 - 50 E. colif100 mi.

For operational reasons, at least two roughing
filter units are generally required in a treatment
plant. Since manual cleaning and maintenance
may take some time, the remaining roughing fiitra-
tion unit{s) will have to operate at higher hydrauiic
loads. A single prefilter unit may be appropriate in
small water supply schemes treating water of pe-
riodically low turbidity.

6.3.4 Slow Sand Filtration as
Main Treatment

The substantial reduction of bacteria, cysts
and viruses by the slow sand filters is impor-
tant for public health. Slow sandfilters also remove
the finest impurities found in the water. For this
reason they are placed at the end of the treatment
line. The filters act as strainers, since the small
suspended solids are retained at the top of the
filter. However, the biological activities of the slow
sand filter are more important than the physical
processes. Dissolved and unstable solid organic
matter, causing oxygen depletion or even turning
to fouling processes during the absence of oxygen,
is oxidised by the filter biclogy to stable inorganic
products. The biological layer on top of the filter
bed, the so-called “Schmutzdecke”, isrespon-
sible for oxidation of the organics and far the
removal of the pathogens. A slow sand filter will
produce hygienically safe water once this layer is
developed. '

Uniike roughing filters, the time for slow sand
filter cleaning is determined by maximum avail-
able headloss level, and not by deterioration of
effluent quality. This offers some advantages as
recording of a hydraulic criteria is easier than
measuring water quality parameters.

Further information on slow sand filtration is sum-
marised in Annex 3, and detailed information on
design and construction of slow sand filiers is
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provided by differenttechnical manuals[15,16,17]
and proceedings [28, 29, 30].

6.3.5 Water Disinfection

Water from a slow sand filter with a well-devel-
oped biological layer is hygienic and safe for
consumption. Any further treatment, such as dis-
infection is, therefore, not necessary. As docu-
mented by humerous exampies in many develop-
ing countries, provision of a reliable chlorine
disinfection system in small rural water supply
schemes is often not practicable. A regular
supply of mostly imported chemicals, and accurate
dosage of the disinfectant, are the two main prac-
tical problems encountered.

However, as regards disinfection, one has to
differentiate between small (rural) and large
{urban) water supply schemes. Large distribu-
tion systems with often illegal connections present
arisk of recontamination, especially if the supply of
water is intermittent. In large urban water supply
schemes, final water chlorination is recom-
mended as a safeguard. However, residual chlo-
rine willbe too low and contacttoo short to deal with
sarious contamination introduced by infiltration of
highly contaminated shallow groundwaterininter-
mittently operated water supply systems. In rural
water supply system, implementation of agen-
eral health education programme with special
emphasis on correct water handling is a more

effective measure than preventive disinfection. -

An example of a water treatment plant operating
without any foreign chemicals or energy inputs is
itlustrated in Fig. 20. The pipe layout of this 60 m3/
d capacity plant provides the necessary flexibility
o run the plant uninterruptedly also during the
_required cleaning and maintenance activities.

6.4 Water Distribution
6.4.1 Water Storage

To make full use of the treatment capacity and to
avoid interference of the treatment process by
intermittent operation, water treatment installa-
tions should preferably be operated uninter-
ruptedly on a 24-hour basis. Particularly slow
sand filters should be operated continuousiy o
provide the biological layer with a permanent sup-
ply of nutrients and oxygen. Roughing filters are

less sensitive to operational interruptions, although
careful restarting offiltration should be observedin
order not to resuspend the solids accumulated in
the filter. Water supply schemes, operated entirely
by gravity, can easily handle a 24-hour operation.
However, pump operation is often reducedto 6- 16
hours a day in water supply systems requiring raw
water litting. In pumped schemes, construction
of a raw water tank may offer an economically
and technically sound option since it enables
continuous cperation of the treatment plant and
also acts as presedimendation tank. Fig. 21 illus-
trates possible installations for a controlled and
constant raw water supply of the treatment plant.

Water storage capacity must be provided fo
compensate for daily water demand fluctua-
tions. In rural water supply schemes, daily water
consumption occurs more or {ess in the morning
and evening hours. Therefore, a storage volume
of at least 30 to 50% of the dally treatment
tapacity should be provided to compensate for
the uneven daily water demand distribution.

6.4.2 Distribution System

Water accessibility and not so much water
quality is the most important criteria for the
consumer as his main concern is the walking
distance between his home and the water point.
Consequently, ireated or better quality water
has to be brought nearer to the homes than the
traditional water sources. Treated river water as
anew water source is likely forinstance to be more
readily accepted if the original walking distance to
the river can be reduced substantially by the instal-
lation of a water supply system.

A water distribution system will therefore have to
be constructed. The service level of a piped system
is dependent on the economic situation - construc-
tion costs of a distribution system normally amount
o 50 - 70% of the total investment cosis of a water
supply scheme, indluding a water treatment plant.
Gravity schemes should be installed whenever
possible. In many instances, however, topogra-
phy is unfavourable and differences in altitude
must be overcome by water lifting. Pumps require,
however, relatively high investment and operating
costs, spare parts and, particularly, energy, an
aspect which will, in future, gain increased impor-
tance. In rural water supply schemes, pumped
systems should therefore be introduced only
_after careful consideration and in exceptional
‘cases.
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Fig.20 Example ofa WaterTreatment Layout

Fig. 15 on page VI-1 illustrates difierent hydraulic
layout possibilities. On the raw water side, the
water flows by gravity directly to the treatment plant
or, if pumped, preferably firstto a raw waterbalanc-
ing tank. After passing through the treatment plant
it is stored in a reservoir and later distributed to the
consumers by a piped gravity scheme close to the
houses. In a semi-piped scheme, the water
flows by gravity through the treatment plant
into the reservoir equipped with handpumps,
or, as an extended alternative, the reservoir is
connected to a system of cistern located between
treatment plant and village. Treated water is now
supplied by gravity to these cisterns equipped with
handpumps. Each cistern acts as reservoir and
water point.

Such distribution systems may increase sustain-
ability and reliability of a water supply as the
energy suppiied by the consumers when oper-
ating the handpump keeps the water supply
system running at low operating costs and at
village maintenance level. The proposed system
of storage tanks equipped with handpumps can
bestcontrol excess water usage, prevent contami-
nation and avoid wastewater disposal problems.

However, the consumer may require higher sery-
ice levels than the aforementioned “handpump
option”. Onthe one hand, higher service levels run
parallel with increased water consumption and
wastewater disposal problems, on the other, col-
lection of water charges may become easier if the
distribution levelis shifted from public to individual

supply.
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Concerning the different service levels, the follow-
ing per capita daily water demand values are

generaily used:

The effective q values for the supply with public
handpumps or standpipes are greatly influenced
by transport distance, ranging from a few dozen to
300 and more metres. Foryard and house connec-
tions, water use will be influenced by the level and
mannerin which the water charges are fevied (e.g.

as a monthiy lump sum or on an effectively used
water volume basis recorded by water metres).
Furthermore, use of drinking water for backyard
garden irrigation leads to an enormous water de-
mand and should therefore be prohibited.

gravity scheme

]nlet.ttg}ox ‘
Wi distributor
valve overflow box

e -

sedimentation
tank

pumped scheme

raw water tank

mechanical distributor
flow-rate box
device

(see also Fig. 33)

Fig.21

Raw Water Supply
and Flow Control

SANDEC 26.8.95
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7. Roughing Filtration Application

7.1 Historic Use

The natural water treatment potential was
adopted long before chemical water treatment
methods, such as chiorination and flocculation,
were discovered and applied. Gravel and sand
used as filter media are key components in
naturaltreatment processes. Although sandwas
able to maintain its important role since the devel-
opment of the first sfow sandfilters at the beginning
of the last century, the use of roughing filters was
sitccessively replaced by chemical water treat-
ment processes. A comprehensive review of gravel
filter application is far beyond the scope of this
manual. However, a few examples presented
hereafter will document that the roughing filter
technology is an old water treatment process
used in the past and rediscovered in recent years.

Numerous castles and forts were constructed in
Europe during the Middie Ages. They were often
located at strategically important points, difficult to
conguer and also to supply with water. Ingenious
water supply installations were therefore con-
structed. A good example is the former castle of
Hohentrins located on top of a steep rocky reef in
the Swiss Alpine valley of the river Rhine. During
pericds of war, the pecple who sought protection in
this castle depended on rainwater collected in the
yard and stored in a cistern. In this extensively
used area, it was, however, not possible to avoid
water pollution caused by man and animal. There-
fore, in orderto treat the water, a gravel pack was
installed arocund the inlet of the cistern. This is
probably one of the first roughing filters used fo
treat surface water [31].

In 1804, John Gibb constructed the first water
filtration plant for a public water supply at
Paisley in Scotland. In orderto pretreatthe muddy
river water, John Gibb designed and constructed
an intake filter described as follows:

“Water from the River Cart flowed to a pump well
through a roughing filter about 75 feet long, com-
posed of “chipped” freestone, of smaller size near
the well than af the upper end. This stone was
placed in a trench about eight feet wide and four
feet deep, covered with “Russian mats” over which
the ground was levelled.” (cited from [1}).

The pretreated raw water was then lifted by a
steam engine-driven pump to a place 16 fest
higherthan the riverfromwhere it flowed by gravity
to the water treatment plant. This installation con-
sisted of three concentric rings each six feet wide
and arranged around a central clear water tank
measuring 23.5 feet in diameter. The water flowed
in horizontal direction from the outer ring, which
was used as settling basin, through the two other
rings towards the centre into the clear water tank.
The two inner rings contained coarse and veryfine
gravel or sand as filter material respectively. John
Gibb applied, already then, the muiti-stage treat-
ment approach; i.e., the intake filter, the set-
tling basin and the gravel fiiter were used as
pretreatment processes prior to sand filtration.
Many other water treatment plants in England
followed the example of Paisley and applied coarse
gravel and slow sand filtration. In the last century,
the general water treatment practice in Great Brit-
ain comprised the use of muitiple filtration in form
of roughing filters placed in front of slow sand
filters. It was only in 1925 that rapid sand filters
were slowly introduced to increase the capacity of
slow sand filters. In the US, however, the clay
centent in the raw water prohibing adequate slow
sand filter operation was one reason for develop-
Ing rapid sand filters at the turn of the century.

Puech-Chabal filters, constructed in France in
1888 to treat part of the water supplied to the city
of Paris, are another example of roughing filter
application. The treatment scheme consisted of a
series of filters and cascades totreat turbid surface
water. The water flowed through four downfiow
roughing filters and one so-called prefilter be-
fore beingtreated by afinishingfilter. Cascades
were used to aerate the water in between the
different filter stages. The fiiter material decreased
successively in size, andthe filtration rate was also
reduced from filter to filter. The Puech-Chabal
freatment system was used extensively in Europe.
By 1935, 125 plants were builtin France, nearly 20
in Italy and some in other European countries [1].

After some time, the roughing filters were virtu-
ally converted into rapid or mechanical filters.
Coagulation, combined with sedimentation, was
introduced as a pretreatment method and, more
recently, direct filtration {coagulation, flocculation
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and solids removal are carried out in filter units
only) replaced the prefilter technology. in recent
years, however, the roughing filter technology
has been revived in Europe through its use in
artificial groundwater recharging plants. in the
early 1960s, the waterworks of Dortmund, Ger-
many, constructed horizontal-flow roughing filters
of 50-70 milter length which are operated atabout
10 m/h filtration rate [32]. The raw water falls over
an aeration cascade, crosses a sedimentation
trough before entering the roughingfilter at the top
of the gravel bed. The filter inlet zone is progres-
sively impounded with increasing running time,
and the entrance area of the water thus slowly
shiftsindirection of the filter outlet. After prefiltration,
{he water falls over a second cascade, percoiates
through the sand filter bed and finally reaches the
aquifer. Other waterworks in Europe (e.g. in Swit-
zetland and Austria) foowed the example of Dort-
mund with modified horizontal-flow roughing filter
designs as shown in Fig. 22,

European rivers usually exhibit low turbidity,
however, filter cperation is stopped during the
short periods of high turbidity. A continuous suppily
of waterto the consumersis guaranteed by the use
of the aquifer's water storage capacity. in contrast
to filter plants in moderate climates, roughing
filters in tropical countries usually have to
handle raw water of permanent or seasonabie
high turbidity. Since aguifers are often unavail-
able due to unfavourable hydrogeotogical condi-
tions, the water supplies have o draw the water
directly from surface water, treat it and supply itto
the consumer throughout the yearand evenduring
periods of extremely poor raw water quality. Reli-
able operation is especially required during the
rainy season, at the beginning of the wet period
when the risk of epidemic outbreaks of diarrhoeal
diseases increases as a result of rain washing
pootly disposed faecal material into surface wa-
ters, and later on to cope with heavy sediment
loads when the faecal pollution may be reduced by

water supply longitudinal section fitr.rate v | gravel size dg
Dortmund, % = 15-20 m/h dgy =32-64mm
Germany % dg,= 8-16mm
* 50-70m ¥
X 5
g .
Graz, 3 e :\'.q
Austria S O A 14-18m/Mm | dg= 8-32mm
i 5
Aesch, e
Switzerland S D e - = 50-
e n.__w_._&}-:_;\_.‘;:._-.}-.-.ﬁ.;:.:!..__ 5-10 m/h dg = 50 - B0 mm
% i5m ,
Developing dgy=12-18mm
Countries 0.5-1 m/h dg,= B-12mm
dgs = 4- 8mm
SANDEC 25.8.95
Fig. 22

Different Layouts of Horizontal-flow Roughing Filters
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high dilution. Efficient and reliable water treatment
is nevertheless also required in the dry season
when surface waters in arid areas may discharge
poorly diluted wastewater. The need for reliable
and simpie watertreatment processes initiated the
development of roughing gravel filiration which
received considerable attention In recent years.
Studies on design and performance of prefilters
functioning under tropical water quality condi-
tions have been, and are still being, conducted
by various research groups.

7.2 Development of Roughing
Filters

Motivated by the simplicity of horizontal-flow
roughing filters, different institutions embarked
on laboratory and field studies in orderto assess
the potential of horizontal-flow roughing filters in
reducing the solid matter concentration of highly
turbid surface water. In 1977, the Asian Institute
of Technology (AIT) in Bangkok, Thailand, con-
ductedlaboratory tests with a prefilter composed of
seven gravel layers [33]. Three full-scale water
treatment plants applying the AT prefilter design
were later constructed in combination with slow
sand filter units. The treatment plants, monitored
for about half a year, revealed a good performance
of the prefilters and enabled slow sand filter runs of
several months {34]. These investigations were,
however, discontinued and, therefore, marked the
end of the projectin Thailand. Since 1879, the Pan
American Centrefor Sanitary Engineering {CEPIS/
PAHQ)} conducted an experimental programme
that concluded in a comprehensive review and
design manualintroducing the roughingfilter tech-
nology {351.

The University of Dar es Salaam, Tanzania,
embarked on laboratory filiration tests in 1980.
tnitially, investigations on vertical-flow roughing
filters revealed short filter runs of a few days only.
Subsequently, the horizontal-flow roughing filter
concept was developed andthe design tested with
a 15-m long open channel filled with three gravel
fractions ranging in size from 16-32, 8-16 and 4-8
mm. The laboratory tests clearly indicated that
significant solids removal is achieved only under
laminar flow conditions, as sedimentation is the
predominant process in roughing filtration [36].
Field tests were then conducted to assess the
applicability of the horizontal-flow roughing and
slow sand filter treatment combination. The pilot
plantinvestigations compared the developed filter

resistance of different slow sand filters fed either
with untreated or with prefittered turbid river water.
A significant increase in slow sand filter runs was
achieved with prefiltration. The fieldtests revealed
that horizontal-flow roughing filtration combined
with slow sand filtration could be a viable system
for {urbid surface water treatment [37].

From 1982 to 1984, extensive filiration tests were
conducted by the Department of Water and Sani-
tation in Developing Countries (SANDEC), for-
merly IRCWD, at the laboratories of the Swiss
Federal Institute for Environmental Science
and Technology (EAWAG) in Duebendorf, Swit-
zerland. Amodelsuspension of kaolinwas usedto
investigate the mechanisms of horizontal-flow
roughing filtration. Two impartant laboratory test
results established that filter efficiency is hardly
influenced by the surface properties ot the filter
medium, and that filker regeneration can be en-
hanced by drainage. The results of the research
are summarised in a scientific paper [38], and the
more practical aspects on implementation of hori-
zontal-flow roughing filtration are compiled in a
design, construction and operation manual [39]. In
a collaborative effort, the University of Surrey, the
DelAgua Organisation and CEPIS/PAHO devel-
oped and implemented vertical roughing fiitration
in Peru in 1985. Implementation and evaluation of
horizontal roughing filters [12] were extensively
supported by SANDEC in subsequent years.

Financially supported by the Swiss Development
Cocoperation (SDC), which already cofinanced
SANDEC's laboratory tests, promotion and dis-
semination of the horizontal-flow roughing fil-
ter technology started in 19886. Under the techni-
cal assistance of SANDEC, engineers of local
institutions designed full-scale demonstration plants
in orderto study this technology and gain practical
experience withthe treatment process. Frequently,
horizontal-flow roughing filters were constructedin
orderto rehabilitate deficient slow sand filter plants.
Inthe pastten years, the promoted filter technol-
ogy has spread to more than 20 countries and,
according to SANDEC's knowledge, over 80
horizontal roughingfilter plants have been con-
structed during this period [40]. Fig. 23 indicates
the countries where these filters have been con-
structed. Basic information on roughing filtration,
as wellas new approaches and designs developed
by local engineers and practical field experience
with the filter technology are presented in the
following chapters of this publication,

;
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3
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Furthermore, several institutions conducted addi-
tional studies, usually in the form of postgraduate
research work [41, 42, 43, 44, 45, 11, 12], on the
horizontal-fiow roughing filter process. The Uni-
versity of Dar es Salaam, Tanzania, the Tampere
University of Technology in Finiand, the Uni-
versity of Surrey in Guildford, England, the
International Instituie for Hydraulic and Envi-
ronmental Engineering in Deift, the Delft Uni-
versity of Technology in the Netherlands, and
the University of Newcastie upon Tyne in Eng-
land, as well as the University of New Hamp-
shire in Durham, USA conducted, among other
institutions, laboratory or field tests with roughing

filtration were carried out at the imperial College in
Londen, England [46].

Different pretreatment metheds, including hori-
zontal-flow roughing filtration, are currently field-
tested on a comparative basis by an extensive
research programme in Cali, Colombia, where the
Instituto de Investigacion y Desarrolloen Agua
Potable, Saneamiento Basico y Conservacion
del Recurso Hidrico (CINARA) investigates, in
coliaboration with the International Water and
Sanitation Centre (IRC) in The Hague, The Neth-
erlands, and different other internationaitechnical
institutions and supporting agencies, the potential

filters. Furthermore, lahoratory tests anpebble bed to optimise and simplify pretreatment processes

[47].

l.atin America Africa Asia

1 Costa Rica 6 Burkina Faso 17 Pakistan

2 Colombia 7 Ghana 18 India

3 Peru 8 Cameroon 18 SriLanka

. 4 Bolivia g Sudan 20 Burma

5 Argentina 10 Ethiopia 21 China
11 Kenya 22 Thailand
12 Tanzania 23 Malaysia
13 Malawi 24 Indonesia
14 Zimbabwe

15 Swaziland
16 Madagascar
17 South Africa

Australia and Oceania
25 Australia

SANDEC 25.8.95

Fig. 23  Geographical Distribution of Horizontal-flow Roughing Fifter Use
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 “Hot Water” for Filter Promotion

schemes have been put mta operatwn A suecess whw}; is not shared b_y tke progress
development pro;ects carrzed outin rhe regwu.

The pins on the map were of a’szerent colaurs; i.e., red, green and blue dependmg on the year of
construction. The pins were not evenly arranged an the map Some were scattered alongth' ials,

buet an: zmportant number of pms were clustered araund a Izmzted area of the map. All bui 0 e.pm L

_were green ami blue, the smgle red pin was marked “Harzga” the name of the v:l!age.

: Ne:ther the project afﬁce,
: Nonetkeless, this spotseemed tobethe, focal point of the project. A large smile covered the. manager’s
face when he revealed thie seciet of: Harzga The village was well-known to everybady Jor its illegal
production. ofalcokol ‘Customers fromneighbouring villages came to purchase the distilled alcohol
atnight and the purchase was guite often combined with cheerful social activities. Since distillation
was not yet quite refined, the alcohol had to be diluted with clear water produced by the recently
installed filter. The nocturnal customers saw the treatmentplant, enjo, yédithe crystal clear water and
wanted a similar installation in their village.

Sadig deliberately selected Hariga as demonsiration site to introduce the new freatment process, as
Hariga means kot water in the local language ..... '

—:The programete has started three years ago ami sim:e then. aver, 30
af ether

the werkshap or the training centre were located near Hariga ,
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PART 2

Design, Construction and Opera-
tion of Roughing Filters

8. Classification of Roughing Filters

As shown in Table 1, filters can be classified
according to fiiter material size and filtration
rateinto the following categories: rock filters, rough-
ing filters, rapid sand filters and slow sand fiiters.
Roughing filters, using mainly gravel as filter me-
dium, are operated without chemicais and do not
require sophisticated mechanical equipment for
operation and maintenance. Nevertheless, their
design and application vary considerably. The dif-
ferent roughing filter types are classified ac-
cording to:

- location within the water supply scheme
- main application purpose

- flow direction

- filter design

- filter cleaning technigue

Construction of infiltration galieries in the river
bed or next to the river embankment is an oid
technique used to draw surface water and pretreat
it at the same time. Infiltration galleries basically

consist of an excavated trench filled with gravel
and sand layers surrounding a perforated pipe.
However, construction workin water bearing aqui-
fers might prove difficult unless extensive alluvial
deposits and high seasonal flow variations prevail
asmay be the case in South-East Asia. There, the
infiltration gallery could be the inlet technology of
choice as it is almost maintenance free and may
easily be installed during the dry season, provided
the aquifer characteristics prevent clogging as welt
as breakthrough of fine material. Maintenance and
cleaning of infiltration galleries are hardly possible
uniess installed in the river banks or in the bed of
irrigation canals where the flow can be regulated or
even interrupted. Such flow regulations allow a
controlled operation, protect the installed gravel
layers from being washed away, and enable main-
tenance work, e.g. cleaning or replacement of the
filter layer.

Howevér, due to the limited application and briefly
mentioned operational inconveniences, infiltration

Table 1 Filter Classification it
Filter Type Size of Filter Material Fiitration Rate
dg [mm)] vip [m/h]
rock filter > 50 mm 1-5m/h
roughing filter 20 -4 mm 0.3-1,5m/
rapid sand filter 4-1mm 5-15m/h
slow sand filter 0.35 - 0.15 mm 0.1 - 0.2 m/h
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galleries will not be further presented inthis manual.
Intake and dynamic filters are usually the first
components of a treatment scheme. Similar to
infiltration galleries, their structure oftenforms part
of the water intake instaliation. intake filters are
used as first treatment step, mainly for separation
of solids. The reduced sotids concentration in the
pretreated water allows a more econamical layout
and operation of the subsequent filter units. Dy-
namic filters are applied to safeguard the treat-
ment plant from sudden solids concentration peaks.
Hence, they are usually used not so much for
water quality improvement, but to protect the
treatment plant from heavy silt loads and cumber-
some filter cleaning work.

Roughing filters are generally located at the
treatment plant and used as last pretreatment
process prior to slow sand filtration. These filters
can be operated either as upflow, downflow or
horizortal-flow filiers. The different gravel frac-
tions of roughing filters are installed either in
separate compartments and hence operated in
series, or the differently sized gravel is placed in
succeeding layers in the same compartment.

Filter cleaning, which is carried out manually or
hydrautically, is dependent on the pattern of the

retained solids in the filter. Intake and dynamic
filters separate the solids usually within the inlet
zone of the filter and thus act as surface filters.
The relatively fine gravel of these filters is cleaned
manually by scouring the top of the filier with a
shovel or rake, and flushing the resuspended sol-
ids from the filter bed. Roughing filters containing
differently sized filter material act as deep bed
filters and allow deep penetration of the solids into
the filter medium. Removal of the accumulated
solids is carried out by periodic fitter flushing.
Roughing filters might gradually get sited up if the
retained solids are not compietely removed by
hydraulic filter cleaning. Such ‘undesirable filter
clogging calls for fedious manual cleaning and
should thus be avoided whenever possible by
regular and efficient filter drainages. Construction
of shallow beds in upflow roughing filters mini-
mises consiruction and maintenance work and,
finally, also manuali cleaning. However, such shal-
low upflow raughing filters should be used only with
raw water of moderate turbidity.

A general layout of different prefilters is given in
Fig. 24, the main differences in use and configura-
tions of the prefilters are summarised in Table 2,
and the detailed filter design and operation ex-
plained in Chapters 10 and 14 respectively.

intake and dynamic filters

s R

,‘. i N i
/'._‘-‘f = min i —TAH:F“‘V
™ N T =

river

TSR | e [l e

Qiq o e ]

b

roughing filters
— -

Q

« downflow
(in series)

—

S

« horizontal
flow
(in series)

7

+ installed in the bed
of small canals

= upflow
(in series)
B**T
+ upflow
{in layers)
T

SANDEC 255?_5

Fig. 24

Classification of Prefiiters
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9. General Aspects of Roughing Filter Design

91 Main Features

Different installations are required for controlled
and adeqguate filter operation and maintenance.
However, the main pan of the filter is the section
containing the filter material. A filter comprises

the following six elements as schematically ilus-

trated in Fig. 25;

- inlet flow control

- raw water distribution

- actual filter

- treated water collection
- outlet flow control

- drainage system

The inflow to a filter has 1o be reduced 1o a given
flow rate and maintained thereafter at this rate as
constant flow conditions are essential for efficient
filter operation. In order to simplify flow control
during operation, the adjusted constant flow rate
can remain unchanged even during filter cleaning.
However, intake filters require a controlied in-
crease of the flow rate in order to provide sufficient
washwater to flush the resuspended solids out of
the filter surface.

The raw water distribution on a filter should be
homogenecus to achieve uniform flow conditions
inthe filter bed. Therefore, the flow emerging from
a pipe or a channel ought to be evenly distributed
over the entire filter surface. Submerged filter
beds, inlet weirs covering the full fiter width, or
perforated walls supplying the entire filter cross

Fig. 25 Main Features of a Filter

section are used for this purpose. To avoid scour-
ing effects of the filter material, the hydraulic en-
ergy of fast flowing water has to be reduced by
baffles positioned in the inlet zone. For the same
purpose, congrete slabs orlarge flat stones should
be placed on top of the filter material next to
overfalls.

The actual filter consists of a watertight structure

. contatningfilter material. The shape of thefilterbox

isnormally rectangularand the walls vertical. How-
ever, depending on the local construction tech-
niques, circular tanks and inclined walls may aiso
be built. Hound river bed gravel or broken stones
with sharper edges are generally used as filter
matetial, although any type of inert material resist-
antto mechanical forces, insoluble, and not impair-
ing the water quality with respect to odour or colour,
can be used as filter material.

Collection of the treated water also has to be
uniform over the entire filter bed. Uneven water
abstraction would reduce the overall filter effi-
ciency and create undesirable hydraulic short
circuits. Provision of a free water table on top of the
filter bed is the best option to achieve even collec-
tion of the treated water for upflow fiiters, or the
construction of a false filter bottom {see Fig. 47) for
downflow filters. A second but less favourable
option is the installation of perforated pipes in
downflow filters. For horizontal-flow filters, con-
struction of a perforated wall in the outlet chamber
is necessary for even abstraction of the treated
walter.

The outlet flow control prevents the
filterbed fromdrying cut. Hydraulic clean-

intet flow
control

flow distribution
O ey o e el ot

ing of a dried up roughing filter filled with
accumulated solids is a very difficult if
notimpossibletask. Therefore, all rough-
ing filters must be operated under satu-
rated conditions. A weir or a raised and
aerated effluent pipe maintains the wa-
ter above the filter bed level. Further-

filter g@ more, a V-notch weir might be installed
& ggﬂﬁt{){low to allow flow rate measurements at the
- filter outlet.
=
o
drainage A A The drainage system of roughingfilters
system flow collection serves two purposes: it is used for hy-
SANDEC 25.8,95

draulic filter cleaning and allows com-
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transformation

Fig.26

plete drainage during maintenance or repair work.
Hydraulic filter bed cleaning calls for high dis-
charge rates and, therefare, requires rather large
pipes and fittings. For complete water removal,
additional but smaller drains in inlet and outlet
compartments can be installed.

9.2 Basic Filtration Theory

The following explanations aim at providing some
information about the filtration mechanisms and at
elucidating the process in more details. Removal
of suspended solids by roughing filters is a
rather complex process that includes sedimen-
tation, adsorption and biological as well as bio-
chemical activities. Basically, as illustrated in Fig.
26, solid particles have to be transported to a
surface and remain attached to that surface be-
fore they are possibly transformed by biological
and bicchemical processes. The laiter are also
important for the removal of dissolved impurities.

Let us now follow the path of a small 4 pim (0.004 mm)
clay particle through a roughing filter. Please note
that the following described journey of our clay parti-
cle through a roughing filter is not a science fiction
story but a pepular description of particle removal
mechanisms taking place in roughing filters. Annex 4
provides addtional analytical details of the processes
described more scientifically in [38]. The small clay
particle is exposed to different transportation, attach-
mtent and transformation mechanisms.

Transportation mechanisms
Screening removes particles fargerthanthe pores

ofthefilter bed. The smallest pore sizes are roughly
one sixth of the gravel size.

Solid Separation Mechanismsin Roughing Filters

Since our clay particleis travelling unhindered through
the large pores aof the coarse, medium and even fine
Jfilter gravel, as shown in Fig. 27, it will never be
retained by screening mechanisms.

Sedimentation separates settleable solids by grav-
ity. The settling velocity is influenced by mass
density, size and shape of the particle, as well as
by viscosity and hydraulic conditions of the water.

Let us now assume that our clay particle has reached
the finer gravel fraction of our roughing filter oper-
ated at 0.5 m/h filtration rate. Even at this low filtration
rate, the time of flow through a pare of 4 mm length
and 1.25 mm height is only 10 seconds whereas the
settling velocity of the clay particle amounts to 0.01
mm/s. Hence, our clay particle would need 125 sec-
onds to overcome only half of the pore height and will,
therefore, hardly touch the surface of a gravel grain
but continue to drift deeper into the filter bed as shown
in Fig. 28,

Interception is described as the process which
enhances particie removal through gradual reduc-
tion of the pore size caused by accumulated mate-
rial.

Our floating clay particle wants fo settle on the filter
medinmand desperately calls his friends already rest-
ing on the gravel surface for help. He knows that
hundreds of million of colleagues have already en-
tered the roughing filter before he started his hopeless
Journey, and that the filter load (weight of accumu-
lated solids per unit filter volume) has reached a value
of 5 g/l. However, the initial filter bed porasity of 35%
can only be reduced by 0.25% if his resting clay
particle colleagues are packed like sardines. Fortu-
nately, they are building up on the gravel grains and
Sform siructured pyramids, thereby increasing the oc-
cupied filter volume by a factor 10. As illustrated in
Fig. 29, they are thus able to reduce porosity by 2.5%.
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However, our desperate clay particle is missing his
colleagues since the settling distanceis still far too big.

Hydrodynamic forces are responsible for the
water in the filter to flow continuously through the
pore system and not to turn stagnant. The water
has to surround each single gravei grain onits way
through the filter. The flow lines are, therefore, not
straight but curved around the grave! grains. The
water hasto change evenits velocity, since restric-
tions require flow accelerations, and large pore
volumes even force the water to take a short rest.

As iltustrated in Fig. 30, our old clay particle is also
-exposedto this flow pattern and hydraulic shear forces
which drive him on a twisted trail. He gets thrown off
track by these hydrodynamic forces that lead him into
afilter compartment with stagnant water where he has
time to settle and join his waiting colleagues.

Hence, our clay particle had to be grateful to the flow
pattern and hydrodynamic forces which transported
him closer to the filter grains or to a quiescent zone

where he could settle on the filter material. On his way

through the filter he noticed that some very tiny parti-
cles, known as colloids, had slightly changed their
direction when compared to the bulk of the solids, and
had diffused due to molecular forces (Brownianmove-
ment) in some other directions. However, these forces

did not affect him in the least.

Altachment mechanisms

Our clay particle, glad to have escaped the flow, is still
exposed to the water current which tries to drag him
away. In this delicate situation, the clay particle can
count on the help of his colleagues and on the support
of the grain surface.

Mass attraction and electrostatic force - a com-
bination of these two forces is frequently called
adsorption, enable the particles to keep in contact
with other solids and the filter material. Mass
particle attraction (van der Waals force} and the
attraction between opposite electrically charged
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particles (double layerforces) very much decrease
with increasing distance between the particles. In
roughing filters, these forces are important only to
hold the settled particles together on the grain
surface.

Biologicat activity will develop in the filter when
particles of organic origin are deposited on thefilter
material. Bacteria and other microorganisms will
form a sticky and slimy layer around the gravel or
may build a large chain of organic material floating
in the pores of the filter material.

This biological microcosm is alive. A forest composed
of microbes is inhabited by monsters in the form of
larvae and smaller microorganisms such as bacteria.
The forestis subjected to constant changes, the micro-
inhabitants are eaten wup by their macro-residents,
thus making a prediction of the behaviour pattern
almost impossible. Particles readily adhere to this
organic material and are retained in the filter.

Electrostatic and mass attraction as well as
biological activity allow particles to remain on
the deposited material.

Transformation mechanisms

As time goes by, new particles settle on top of our small
clay particle and slowly turn it into a firm structure of
accumulated material. However, he is no longer alone
with his clay particle colleagues since other material of
organic origin and biological matter have started to
invade the pyramid-like structure. He also nofices the
changein water quality within the structure as heis no
longer exposedto fresh water flowing on the surface of
the accumulated material,

Biochemical oxidation starts to convert organic
matter into smaller aggregates and finally into
water, carbon dioxide andinorganic salts. Also part
ofthe dissolved matteris subjected to these chemi-
cal and biochemicai reactions. Turbidity and colour
also undergo changes, while iron and manganese
traces are precipitated and removed.

Microbiological activity also play animportant partin
roughing filters. The back of our old clay particle
started to itch and he realised that three tiny microor-
ganisms had attached themselves lo his surface. He
then remembered that some faecal coliforms, which
were tired of swimming around, had asked him for a
lift before entering the roughing filter. He had agreed
to give them a ride and they therefore started their
journey through the filter like boat-people on the back
of the clay particle. They also remainedtogether as the
particle settled on the filter material. But as time went
by, these faecal coliforms started to starve and were
attacked by other microorganisms. It was their last
twitch just before they passed away which disturbed
our clay particle colleague.

Hence, biologically active roughing filters are
not only efficient in removing solid matier but
also in improving significantly the chemical
and microbiclogical water quality.

The “1/3 - 2/3 Filter Theory”

Our old clay particle still did not feel comfortable even
after the death of the three faecal coliforms as he was
embedded in a large clay deposit. Conversation with
his colleagues became boring and he started to ponder
on how to change his present unsatisfactory situation.
He remembered seeing a lot of clay fellows sitting
cheerfully on the larger grains while he had to travel
through the filter uncomfortable and squeezed in.
Thanks to his guick mind he developed the “1/3 - 2/3
filter theory”.

He knew by experience that a particle can bypass a
gravel grain either on the left or on the right or setile
on its surface. Hence, the chances o fall on the grain
is 1/3. However, the game continues as there is a
second, third and many other gravel grains to settle on.
Af this point our clay particle started making some
calcnlations. He assumed that if about 300 clay parti-
cles enter the filter, 100 clay particles would settle on
the first layer of grains and 200 clay particles would
have to continue their journey to reach the second
Iayer of grains. Here again, 1/3 or 67 particles would
attach themselves o the second line, and 2/3 or 133
particles remain in the water flow. The next line of
particles would be split in 44 to 89 particles. He
continued his mental arithmetic and was glad that
someone was writing it down in Annex 4.

Proud of himself, the clay particle evaluated his calcu-
lation and came to the conclusion that 90% of the 300
particles which enter a filter are removed already after
the Sth or 6th gravel layer. The remaining 10% have fo
travelthroughanother five to six gravel layers in order
to achieve a 99% particle separation. Hence, com-
pared to an efficiency of only 1.5% per layer in the
second filter section, the first part of the filter is
apparently more efficient in particle removal, since
every layer of this filter section retains about 16% of
the particles. The following filter sections are obvi-
ously less efficient in particle removal. However, our
clay particle found it hard to believe that a gravel grain
in the inner part of the filter with the exact same size
and shape as a gravel grain located in the filter inlet
should be less efficient in particle remaval. He then
remembered that filter efficiency is dependent on par-
ticle concentration: the higher the concentration of

" impurities, the greater the apparent efficiency.

Nevertheless, the clay particle was not yet satisfied
with his filtration theory as it would mean that the
number of particles found on the gravel would con-
tinuously decline on his journey through the filter.
Nevertheless, herememberedthat he has encountered
a sudden increase of settled particles at some specific
points in the filter. He quickly concluded that these
places were identical with the changes in the gravel
fractions. Furthermare, he recalled that his finer clay
particle fellows did not have the same seitling pattern;
i.e., they penetrated deeper into the roughing filter.
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And finally he had the feeling that the settling condi-
fions were not always the same. There was a crowd at
the filter inlet and it was hard to find a free space to
rest. However, the inner filter part provided more
space, and settlement on the gravel grains was even
supported by a sticky layer built on the gravel surface.
Hence, filter efficiency not only depends on the size of
the filter medinm and particles, but also on-the actual
filter load and biological filter activity.

Our clay particle was pleased that his filter theory and
conclusionswere endorsed by someresearchers carry-
ing out filtration tests. Their results and developed
correlations between the different parameters on hori-
zontalroughing filtration are summarised in Annex 4.
However, based on his own experience and reflec-
tions, our small filtration expert was convinced that
this filter theory is basically also valid for upflow and
downflow roughing filters. Hydrodynumic forces are
present in all roughing filters where quiescent condi-
tions allow particles to settle. Nevertheless, he was
[frustrated that his “1/3 - 2/3 filter theory” did not fit
this ratio. Recorded filter efficiencies are much smaller
onaccount of the numerous flow lines curving around
the gravel grains.

Sudden Iiberatiqn

Cur puzzled clay particle became aware that his envi-
ronment was deteriorating during his reflections on
[filtration. Togetherwith his colleagues he was densely
packed in a structure made of decomposing organic
matter and hungry microorganisms. The water around
them was also foul-smelling. However, this liquid
hardly mixed with the water that was flowing gently at
avery constant rate and under laminar flow conditions
through the filter. The clay particle had the strong
urgetodive into this fresh water, or evento swimaway.

All of a sudden, the quiescent and dull conditions
stopped. The filter was filled with tremendous noise
which felt worse than a giant earthquake, The water
was shooting downwards through the gravel to the
filter bottom, and all the clay particles were anxiously
holding each other. A side of his structure was flushed
away. Our terrified particle then saw a clump of
particles roll down like an avalanche. The dragging
Sforces grew stronger, his structure collapsed and then
everything went very fast. Under very turbulent flow
conditions, he was flushed to the filter bottom, pressed
through a pipe where a valve nearly broke his neck,
and was finally discharged into a lagoon. Our old
SJellow gained his liberty and felt like a new-born.
However, he was not used to the bright sunshine ard
decided to settle again, but this time under different
conditions.

Closing remark: since the complex mechanisms of
hydraulic filter cleaning are notyet fully explored, our
clay particle had no time for further philosophical
contemplation on this matter, Thisis where our excur-
sion through the basic filter theory comes to an end.

9.3 Design Variables and
Guidelines

The main objective of roughing filters is the reduc-
tion of solid matter in the raw water from a specifie,
in many cases however unknown concentration, fo
a level which allows a sound slow sand filter
operation. A turbidity value of about 10 - 20 NTU,
or a suspended solids concentration of 2 - 5 mg/,
is generally considered an adequate pretreated
water standard for slow sand fidtration. Further-
more, since the roughing filters have to treat a
certain volume of water per day, a reasonable
operational pericd is necessary between two filter
cleanings. Explicitly, roughing filters have to meet
the following three design targets:

- reduceturbidity and suspended solids con-
centration by AC (mg/l) to a level required
for adequate slow sand filter operation

- produce a specific daily output Q (m3d)

- allow adequate operation during a deter-
mined filter running period T, (days or
weeks).

Filter design has to meet these targets and is
defined by the following six design variables
which can be selected within a certain range:

- filtration rate or filter velocity v_ (m/h)
- average size dg, (mm)of eachfilter medium

- individual length | {m) of each specific filter
medium

- number n, of filter fractions

- height H {m) and width W {m) of filter bed
area A (m?).

Filtration rate v_ generally amounts to 0.3 - 1
m/h. Filters are occasionally operated at a filtration
rate of up to 1.5-2 m/h or even 9 mv/h as in intake
and dynamic filters. However, the applied filtration
rate significantly influences filter performance al-
though removal efficiency does not seem very
much affected in between varyingfiltration rates of
0.3 and 0.6 m/h [48]. Filtration rate or filter velocity
expressed in {m/h) is defined as the hydraulic load
{m®h} applied to the filter and divided by the area
{m?) of the filter bed perpendicular to the flow
direction.
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Table 3

Gravel Fraction Sizes for’ Roughing Filters

Filter Material

Size of Filter Material dg [mm]

2nd Fraction

Characteristics 1st Fraction
coarse filter 24 - 16
omalfer | a2-180 |
fmé filter 8.12

3rd Fraction

12-18 8- 12
4-8 2-4

Size dg, of the filter material usually ranges
between 20 and 4 mm. The gravel should be
rather uniform to achieve large porosity. The uni-
formity coefficient U, defined here as quotient
between the largest and smallest size of a filter
fraction (U =dg, ./ dg,,,), should be in the order
of 2 or less. Filter medium fractions as listed in
‘Table 3 would meet the recommended uniformity.

Since length | of thefilter materialis dependent
on the fiiter type it may vary greatly. Dynamic
and intake filters acting as surface filters require a
smaller filter depth of about 40 - 60 cm, compared
to roughing filters operated as deep bedfilters. The
depth of upflow and downflow roughing filters is
limited by structural constraints, however, it is
generally between 80 and 120 cm. The length of

horizontal flow roughing filters is, in this respect,
not limited. However, overall length normally fes
within 5and 7 m.

Number n, ot filter fractions is also dependent
on filter type. Surface filters might only need one
fraction whereas roughing filters are usuaily com-
posed of three gravel fractions. The req uired over-
all filter length can substantially be reduced with
the use of differently graded. filter fractions as
illustrated in Fig. 31. The bulk of the solid matter is
removed by the coarse filter fraction, the medium
sized gravel has a polishing effect, and the finest
gravel ought to remove only the remaining traces
of solid matter. Therefore, individual filter length |
of roughing filters are often designed in a 3:2:1
ratio.

Height H (m) and width W (m)

turbidity

maximum
turbidity

wmams | coarse gravel

mussee medium gravel

[EE———

fine gravel

acceptable
level

for slow
sand filter
10-20 NTU

AV

with 2 gravel fractions _ |

el Lt I
with 3

gravel fractions

) with 1 gravel fraction 4
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are dependent on structuraland
operational aspects. Shallow
structures of about 1 - 2 m are
recommended to avoid problems
with respect to water tightness. In
view of a possible manual filter
cleaning, 1-m deep structures are
even recommended for easy re-
moval of filter material. The width
of the filters should also be limited
to allow efficient hydraulic clean-
ing and avoid washwater disposal
problems. Therefore, fiiter width
should generally not exceed 4 - 5
m, and filter surface area A for
vertical flow filters should not
be larger than 25 -30m?or 4 -6
m? (cross section area) for hori-
zontal-flow roughing filters.
Since these recommended maxi-
mum sizes limit hydraulic filter ca-

total
filter
length

Fig. 31

Turbidity Reduction along a Roughin'g Filter

pacity, several filter units operated
in paralle! are required to meet the
requested treatment plant output.
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Construction of at least two paralle! filter units is
anyhow advisable to allow continuous treatment
plant operation even duting major maintenance
and repair work.

94 Flow and Headloss Control

The hydraulic conditions in roughingfilters are
determined by the filtration rate v_(m/h), calcu-
lated as flow rate Q {m¥h) divided by the active
cross-sectional filter area A (m?), e.g.:

v, (m/h) = Q (m¥%h} / A (m?)

For adequate filter performance, flow control is
essential and must meet the following targets:

- maximum flow through the treatment plant
should be limited in general, and through the
fiiter units in particular

- total flow should be distributed evenly over
the parallel running filter units

- - contrelled water levels should be main-
tained within the filter units.

Weirs, overflow pipes and valves are used to
control the flow through the treatment plant and
the different filter units. Maximum flow through the
treatment plant is limited by an overflow generally
focated at the intake. At the treatment plant, the
flow is equally divided by a distributor box or
channe!into the different filter units. The simplest
flow cantrol device is a V-notch weir. Finally,
maximum flow through the filter unit is limited by an
overflow located upstream of the V-notch weir.

The outlet structure controls the water level in
roughing filters. Installation of a V-notch weir to

maintain a fixed water level is the simplest flow
control option. Even a normai effluent pipe can
keep this water table at a constant level. However,
such an effluent pipe, without weir but connectedto
adjacent pipe installations, does not allow dis-
charge measurements necessary for detection of -
possible ieaks in the filter structure.

Filter resistance increases with progressive fiiter
operation. Final headloss in a roughing filter is
usually small; i.e., 10 to 20 cm, or 30 cm at the
most. Headloss variation in the filter can be
recorded by the water level in the inlet fiiter
compartment. A general layout of inlet controlled
filter is illustrated in Fig. 32. More details on dis-
charge measurements are contained in Annex 2.

A variabie water level on the etffluent side is
achieved with the installation of a manually oper-
ated valve, a self-regulating floating weir or a
constant flow device as suggested in [43]. How-
ever, since final headlosses for horizontal-flow
roughing filters are relatively smali, use of a vari-
able effluent level is not recommended.

Fig. 33 contains the main details of self-regulating
flowrate devices. Suchinstallations are usefulto
maintain a constant flow throughout the treat-
ment plant In pumped raw water supply
schemes, particularly at night, provided a raw
water balancing tankis installedfor continuous raw
water supply.

9.5 Filter Drainage System

Accumulation of large volumes of solids in the filter
media decreases filter porosity and ultimately also
filter efficiency and increases fiiter resistance. To

inlet filter outlet
=P\ : EEH;EEE el
= — O e
N E E E 4
BT LT TN E T ST ST f%f z

Fig.32

Layout of an Inlet-
Controlled Roughing
Filter

coarse medium fine

gravel

(@) water table in clean filter (at beginning of filter operation)
(@ water table in loaded filter (at end of filter operation)
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maintain adequate filter performance andlimitfilter
headloss, periodic removal of the accumulated
solids from the filter media is essential.

Roughing filters are cleaned either manually or
hydraulically. Manuat filter cleaning {excavation,
washing and refilling of the filter media) is labour-
intensive and cumberscme. Therefore, hydraulic
fiiter cleaning plays a key role in long-term and
efficient roughing filter operation.

Hydraulic filter cleaning entails fast filter drainage
of the accumulated solids, which are flushed down
to the filter bottom, draggedto the drainage system
and washed out of the filter. The following are most
important design variables for hydraulic filter
cleaning:

filter drainage velocity v, (m/h)
- inlet area A, of the drainage system

- horizontal distance L, (m) between the
drains or openings in the filter bottom

- washwater voliume Vw

- cleaningfrequency 1/T orfilter running pe-
riod T..

Filter drainage velocity is identical with the drop-
ping rate of the water table in the filter. High initial
filter drainage velocity v, is recommended for
efficient cleaning. Turbulent flow conditions are
absolutely necessary for resuspension and trans-
port of the accumulated solids through the filter.
Therefore, a drainage velocity of atleast 30 m/h, or
preferably 60 - 90 m/h, is required for efficient
hydraulic cleaning.

Maximum drainage rate velocity is very much
influenced by minimum cross section area avail-

able for washwater flow. The cross section of the
drainage pipes constitutes a bottleneck, the other
fimiting factor is the overall inlet area A of the
drainage system, which should be designed as
farge as possible. Perforated faise filter bottom
systems provide a larger inlet area than a perfo-
rated drainage pipe system.

After having been flushed to the filter bottom, the
resuspended solids have to be transported to the
inlet of the drainage system. The horizontal dis-
tance | between the openings of the drainage
system should be as small as possible to pre-
vent gradual accumulation of studge at the filier
bottorn. Here again, the installation of a false filter
bottom is recommended since the washwater can
be collected more evenly than in a perforated
drainage system, which should be installed with a
small horizontal distance L, of maximum 1 -2 m
between the drains.

" Hydraulic filter cleaning is carried out with the

washwater volume V_ stored in the roughing
filter. Normal fitter operation is interrupted and the
drains opened. Hence, compared to rapid sand
filters, hydraulic roughing filter cleaning does not
require additional equipment, such as backwash
pumps oreven aircompressors. To prevent 10ss of
washwater, fast opening valves and gates are
necessary o make best use of the washwater
stored in the filter bed. Since such devices of
relatively large diameter (about 150 - 250 mm) are
rather expensive, alternative installations, as pre-
sented in Fig. 34, have been developed by local
institutions, Fast opening devices must be sim-
ple in design, sturdy and easy to operate as
well as watertight. Furthermore, they should be
fitted with a closing device to save washwater
during drainage. Locally manufactured devices
need to be carefully field-tested priorto their use in
full-scale filter units.
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removable stick
(Helvetas)

plug with forged box with
bottem gate (ZHAS)

milk can cover
as valve (CINARA)
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Fig.34 Layout of Fast Opehning Devices for Filter Drainage

Cleaning frequency or filter running period T,

“of roughingfilters is dependent on solid matter
load and biofogical activity in the filter. General
recommendations are not possible since each filter
operates under specific local conditions. Never-
theless, periodic hydraulic cleaning is advisable to
prevent gradual accumulation of solids in the filter
that filter drainage cannot remove due to agglom-
eration and consolidation. Cleaning frequencies
could amount fo once every one to two weeks
during the rainy season, and once every onetotwo
months during the dry season. However, very high
solid loads with turbidities > 1000 NTU call for daily
hydraulic flushes. Furthermore, excessive biologi-
cal activities could hinder efficient hydraulic clean-
ing or affect taste and odour of the water. Such
conditions would also require frequent hydraulic
cleaning. Research in the laboratory [11] with
biclogically ripened roughingfilters suggeststhata
drying period will have a positive impact on hydrau-
lic filter cleaning. However, this observation is in
contrastwiththe general recommendation on keep-
ing roughing filters always wet.

Safe dispoesal of the washwater is important.
Filterflushing generates relatively large washwater
volumes (up to 10 m?) within a short time (about 1
- 2 minutes). To prevent erosion in steep regions,
intermediate storage in a small, separately con-
structed pond may be necessary. Such aninstalla-
tion would allow gradual and controlled discharge
of the washwater in a water course or its agricul-

tural use. Furthermore, the solids washed out of

the filter and settled in the pond are a valuable soil
conditioner and fertiliser.

The drainage system used for hydrauic fitter clean-
ing might not be designed to drain the entire filter

structure. However, complete drainage is required
during maintenance and repair of the filter. Addi-
tional small drainage installations are thus nec-
essary for complete removal of the water stored
inthefilter. Forthis purpose, smalldrainage pipes
equipped with taps or plugs can be used in large
roughing filters. Small structures can, however, be
dewatered with buckets or a tube used as siphon.

9.6 General Desigh Aspects

Treatment facilities have to be dimensioned for
extreme loads; i.e., in terms of solids removal for
maximum solids concentration in raw waters. How-
ever, it is preferable to pretreat the raw water ina
sequence of different tfreatment units. Gradual
reduction of suspended solids, turbidity or patho-
genic microorganisms by a sequence of different
pretreatment units probably offers the most eco-
nomic option with respect fo investment and oper-
ating costs. Small pretreatment units, such as
intake filters or sedimentation tanks, can signifi-
cantly reduce solid matter concentrations or turbid-
ity peaks. Furthermore, cleaning of these instalia-
tionsis generally easierthan roughingfilters. Hence,
roughing fitters should preferably not be designed
to handie maximum water peaks, but pre-condi-
tioned water that has already been subjected to
pretreatment.

Filter length and permissible filter running pe-
riod are correlated. Horizontal-flow roughing fil-
ters in particular were originally designed to pro-
vide a large silt storage capacity at low headloss,
as filter cleaning was carried out manuaily. Rela-
tively important filter lengths of 9 to 12 m were the
consequence of this original design approach,

h—;__—_—.____~_____~__——‘
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permitting filter runs of several months, similar to
those of well-operated slow sand filters. However,
importance and benefits of hydrauliccleaning have
meanwhile been recognised.

Current design practice tends to reduce filter
lengths and incorporate efficient hydraulic
cleaning facilities. Regeneration of filter efficiency
through frequent hydraulic cleanings has to coun-
terhalance shorter filter lengths.

The use of smaller filter material can improve
filter efficiency. However, besides efficiency in
suspended solids separation, othercriteria such as
terminal headloss, filter running time and filter
cleaning aspects have to be taken into considera-
tion. Use of only a uniform and fine filter material
allows sufficient pretreatment of the raw water, but
atthe expense of high head losses, shortfilter runs
and filter cleaning difficuities. The roughing filter
technology requires the use of coarse filter
material sizes between 20 - 4 mm graded in
different fractions. However, the use of filter
material coarser than 20 mm with lower removal
efficiencies is not advisable as it would require
longer filters to achieve the same treatment effi-
ciency. Furthermare, the filter material should not
be smaller than about 4 mm to facilitate hydraulic

filter cleaning. These recommendations are not
applicabie to intake and dynamic filters as these
operate differently. Since intake and dynamic
filters are basically surface filters, they require
small filter material sizes between 2 - 8 mm.
These filters act as surface filters, and their filter
depth therefore has no great influence on the
overall efficiency.

Filtration rate greatly influences fitter efficiency.
Sedimentation is the main solids separation proc-
ess in roughing filters. Therefore, roughing filters
must be operated under laminar flow conditions to
achieve adequate solids removal efficiencies. Fiow
conditions are described by the Reynolds Number.
At a value of less than 10, laminar flow can be
expected (see also Fig. 35). As the Reynolds
Number is directly proportional to the filter material
size, maximum allowable filtration rate for laminar
flow conditions will be determined by the coarsest
gravel fraction in a roughing filter. Hence, for
optimum filter use, coarser filter material re-
quires smallerfiltrationrates. However, filtration
rate can only partly be increased by applying
smallerfilter material, as particle size distribution of
the solids and suspension stability also determine
the filters' solids separation efficiency.

filter material
hroken coral limestone
gravel size dj
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Fig.35 Roughing Filter Efficiencyin
Correlation to Flow Conditions
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10. Detailed Filter Design

10.1 Intake Filters

Intake filiers are combined with water abstrac-
tion structures and installed next to small and
narrow river beds as ustrated in Photo 5 and Fig.
36. Intake filters are often used as first
pretreatment unitin a water treatment scheme. A
small weir regulates the water level of the surface
waterand channels part of the flow into anadjacent
filter compartment. This filter box is filled with two
gravel layers. The top layer consists of relatively
fine gravel of less than six millimetres in diameter.

The lower coarser gravellayeracts as filtersupport
and ailows an even abstraction of the prefiltered
water through perforated drainage pipes. The ab-
stracted raw water, after being distributed evenly
by a small weir over the entire width of the filter box,
flows gently over the gravel bed surface. Part of
this water percolates through the gravel layers and
the remaining water is discharged over an outlet
weir back to the river. Intake filters are con-
structed along rivers and not directly in the river

Photos

Example of an
intake Filter

Fig.36

Layout of Intake
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Filters
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bed, as the filter material would be washed out
during periods of high river discharge. Construc-
tion of a separation wall between river bed andfilter
box is recommended to prevent the filter from
being washed out.

Intake fitters can also be installed in the bed of
small canals. Upland rivers with a steep river bed
and a suitable topography might alfow the accom-
modation of a small diverting canal. The filter bed,
comprising different gravel layers, is installed over
a small stretch in the canal. Part of the canal water

isfiltered through the series offine to coarse gravel

layers, while the remaining water is returnedto the
river. The prefiltered water is collected by perfo-
rated drainage pipes laid at the bottom of the
coarse gravel fayer, and the discharge rate regu-
lated by a valve piaced at the filter control box. The
flow velocity in the canal must be regulated by
the canal’s intake structures to protect the fiiter bed
from being washed out during periods of high river
discharge. The flow velocity in the canal should
actually range between 0.10 and 0.30 m/s to pre-
vent fine matter from settling and remaining on top
of the gravel bed, and also to avoid fine filter
material from being washed out. This layout may
alsc be applied to irrigation canals, provided they
are continuously supplied and regulated through-

out the year. However, construction of intake
filters alongriversis strongly recommended as
these filters allow a more reliable operation
than intake filters installed in canal beds.

Finally, “intake” filters may be located directly
at the treatment plant site and function as
pretreatment facility. This particular lccation is rec-
ommended in gravity water slpply schemes with a
raw water intake located in a remote area of difficult
access. Such a layout will faciiitate monitoring and
reguiar filter cleaning.

Filtration rates of intake filters range between
0.3 and 2 m/h. However, significant solids removal
rates can be expected only atfiltervelocities smaller
than 1 m/h. Design of the hydraulic structures
should be based on maximum filter resistance of
20 to 40 cm. This figure will not be exceeded if
regular filter cleaning, (e.g. cnce a week), is ob-
served.

Relatively small filter material of less than 6
mm is used in intake filters which act as surface
filters as the solids mainly accumulate ontop of the
filter bed. Since filter cleaning is carried out manu-
ally, the different gravel layers might be disturbed
and mixed up if filter material of different sizes is
used in intake filters. A filter cloth is sometimes
placed in-between the different gravel layers to

Fig.37 Design of Intake and avoid mixing of the filter fractions and possibly
Dynamic Filters reducing filter porosity and efficiency. However,
g /;H:\:'\. max i 14
.'\.-\.f\.f,/l H — #’f
/\.-‘:.-’:/:l';: = min - l \ AH ; ?
,\x\f\/_‘z K g 1 e
3 ] ”
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list of symbols design guidelines intake filter  dynamic filter
filtration rate
dg (mm) gravel size Ve = 03-2mh  >5mh
L {m) ftiterlength mﬁx. headloss {operation)
W (m) fiiter width ~20-40cm ~20-40 cm
2 o
A (m%) fiterarea gravel size gravel layer height
AH (cm} headloss e = 2.4 mm — 20- 30 cm
3 %,
Q (m/h) flow rate =4-8 mm 30-40cm  10cm
vg (m/h) filtration rate =3 dg = B-12 mm (10-20¢cm). 10cm

4  (m3h) surplus flow rate
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coarsergravel hardly confributes to solids removal,
but allows an even abstraction of the pretreated
water. Nevertheless, reguiar filtered water collec-
fion is also possible with a single filter bed layer,
moderate filtration rates, medium-sizedfilter struc-
tures and reascnabie layout of the petforated drain-
age pipes. Design guidelines are summarised in
Fig. 37. Use of a single filter layer and false filter
bottom offers a favourable design alternative
for intake filters, as filter material mixing is no
longer possible, and even abstraction of the
prefiltered water is guaranteed.

10.2 Dynamic Filters

Dynamicfilters protect the treatment plant units
from high turbidity peaks. Highly turbid surface
water can quickly clog fiiters, especially slow sand
filters. Therefore, during periods of extremely high
raw water turbidity, the flow may be interrupted to
reduce cumbersome filter cleaning. Separation of
solids is only of secondary importance in dynamic
filters.

Dynamic filter performance is, as described by its
adjective, dynamic. The water quality between
filter inlet and outlet hardly changes during pericds
of low raw water turbidity. During raw water turbid-
ity peaks, however, the quantitative change is
drastic as no water is available in the filter outlet!
Dynamic filters act like turbidity melers con-
nected to an open-close valve; i.e., they rapidly get
clogged when raw water of high turbidity passes
through the filter.

Dynamic filters are similar in layout to intake
filters, but differ in filier material size and filtra-
tion rate. Especially the gravel size of the top filter
layer is smaller; i.e., less than 6 millimetres in
diameter, while filiration rate is usually more than
5 m/h. Maximum available headloss is still limited
and ranges between 20 and 40 cm in spite of finer
filter material and greater filter velocity. Finally, the
horizontal flow veiocity over the filter bed surface
should be small or non-existent; i.e., lessthan 0.05
m/s or nil, to prevent removal of accumulated silt
during turbidity peaks.

Dynamic filters are cleaned after each raw wa-
ter turbidity peak. Cleaning is also carried out
manually and in the same way as in intake filters.
During periods of dynamic filter interruptions, treat-
ment plant operation is reduced (e.9. by declining
filtration rate operation in slow sand filters). Never-

theless, dynamic filters should only be used
with raw water experiencing short turbidity
peaks; i.e., from a few hours to maximum half a
day. Dynamic filters are preferably located at the
site of treatment plants to facilitate monitoring and
cleaning by the caretaker.

Russian sanitary engineers introduced the idea of
dynamic filters to Argentina [50], where abouf 50
filters wereinstalledand operatedinthe late 1970s.
However, filter design differs from the one pre-
sented here. There raw water flows into a dissipa-
tion chamber and from there over an inlet weir on
top of a sand filter. The filter is operated in such a
way that a water layer of a few millimetres flows
aver the sand surface. This flow washes the solid
matter deposited on top of the filter bed into a sand
recovery chamber installed at the end of the filter.
Pilot plant studies conducted by Wateriek with
Water Research Commission funding to test and
demonstrate the use of this filter design {51] are in
progress in South Africa.

10.3 Vertical-flow Roughing
Filters

Roughing filters can be considered a major
pretreatment process for turbid surface water
since they efficiently separate fine solid partictes

~ overprolonged periods. They are therefore placed

at the treatment plant site and operated in combi-
nation with other pretreatment units such as dy-
namic filters or sedimentation tanks. Roughing
filters precede final freatment processes, such as
stow sand filtration and chlorination.

Vertical-flow roughing filters usuaily consist of
three fiiter units arranged in series as shown in
Fig. 38. The water to be treated flows in sequence

~ through the three filter compartments filled with

coarse, medium and fine filter material. The size of
the three distingt filter material fractions is gener-
ally between 20 and 4 mm, and graded, for exam-
ple, into fractions of 12-18 mm, 8 - 12 mm and 4
-8 mm.

Vertical-flow roughing filters operate either as
downflow or upfiow filters. They are hence ei-
ther supplied by inflowing water at the filter top or
at the filter bottom. The filter material of vertical-
flow roughing filters is completely submerged. A
water volume of about 10 cm depth usually covers
the gravel. The top should be covered by a layer of
coarse stones to shade the supernatant water and
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thus prevent algal growth often experienced in
pretreated water exposed to the sun. Drainage
facilities, consisting in perforated pipes-or a false
filter bottom system, are installed onthe floor of the
filter boxes. Finally, pipes or special inletand outlet
compartments are required o convey the water
through the subsequent three filter units.

Vertical-flow roughing filters are usually oper-
atedat 0.3 to 1.0 m/hfiltration rates. Vertical-flow
roughing filters may be sensitive to hydrautic fluc-
tuations, especially if loaded with large amounts of
solids. Settled matter might be resuspended at
increased filtration rates, causing solids to break

through the filter. Filter operation at constant flow
ratesis, therefore, recommended. Raw watercon-
taining colloidal mafter and a high suspension
stability should be treated at low filtration rates and
preferably with fine filter material. Filter resistance
is usually less than 20 cm per filter unit and, hence,
not a decisive operational criteria for properly de-
signed and operated roughing filters.

Dueto structural constrainis, vertical-flow rough-
ing filters have a relatively small filter depth of
about 1 m. Total filter depth of the three filter units
used in series is thus 3 m. This total available
filter depth limits vertical-flow roughing filter
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application. It can generally and efficiently handle
moderate raw water turbidities of 50 to 150 NTU.
Rawwater pretreatment by intake filters, reduction
of filtration rate or provision of additional fiiter
boxes would be reguired to treat raw water of
higher turbidities. ‘

In vertical roughing fiiters in layers, where all
three gravel fractions are installed in one filter box
with a total filter distance of about 1 m, low turbid-
ity raw water can be pretreated. However, dueto
cleaning aspects this filter design can only be used
for upflow operated roughing filters. In such filters,
the coarse filler material is placed at the bottom
and the finest material at the top of the filter. The
separated selids, which accumutate mainly in the
coarsefilter fraction next to the filter bottom, can be
easily flushed out with the water stored in the filter.
Therefore, the use of upflow roughing filters in
layers is recommended. Downflow roughing fil-
ters in layers face considerable problems with
hydraulic filter cleaning. The bulk of solids accumu-
‘lated in the coarse filter material on top of such
filters would have to be flushed through the finer
rather clean filter materiat and would thus soil the
entire filter bed.

Adequate and efficient washwater collectionis
important for reliable roughing filter operation.
Perforated pipes or a false filter bottom can be
installed in vertical-flow roughing filters. Perforated
pipes, which should be laid in a coarse gravel pack
to support an even washwater absiraction, would
require the installation of additional filter materiaiin
vertical-flow roughingfilters. Preference is givento
false filter bottoms as.they allow an even
washwater abstraction and do not require addi-
tional gravel layers. Aithough special perforated
concrete slabs will be necessary, they may he
readily produced locally.

A comparison of downflow with upflow roughing
filters reveals the following:

« Direction of flow and sedimentation are obvi-
ously the first differences which might interfere
or support solids settling on the filter material.
Solid removal efficiency should consequently
vary in the two filter types. Theoretically,
downflow filters should have a better perform-
ance than upflow filters as the solid particles
are more likely to settle on top of the gravel
surface in the direction of flow than under
countercurrent conditions. However, practical
field experience has shown a similar effi-
ciency for both filters. In dead filter zones,
where the water flow is reduced to a minimum,
solids settle regardless whether the roughing
filter is operated in upflow or downflow direc-
tion. Hence, filter efficiency is similar in both
filter types.

+ The accumulation pattern of retained sol-
ids is another difference between downfiow
and upflow filters. The bulk of the solids is
deposited at the inlet of the filter; i.e., for
downflow filters in the upper part of the filter,
and for upflow filters in the filter medium lo-
cated next to the filter bottom. This, however,
has a tremendous impact on hydraulic filter
cleaning. In downflow roughing filters, the bulk
of accumulated solids has to be flushed with a
relatively small washwater volume from the
soiled filter top through the lower and cleaner
filter part to the fiiter bottom. The opposite is
true for upflow roughing filters. The bulk of
retained solids is accumulated next to the
drainage system and a relatively large
washwater volume, accommodated in the up-
perfilter part, is availabte to flush the solids out
of the filter. Owing to the important filter
cleaning aspect, use of upflow roughing
filters rather than downflow fiiters is re-
commend{gg.
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10.4 Horizontal-flow Roughing
Filters

Unlimited filter length and simple layout are the
main advantages of horizontal-flow roughing
filters. Generally, the shallow structure does not
create structural problems, and the filter length is
notlimited to a few metres. Furthermore, its simple
layout does not require additional hydraulic struc-
tures and installations as in vertical-flow roughing
filters. The raw water runs in horizontal direction
from the inlet compartment, through a series of
differently graded filter material separated by per-
forated walls, to the filter outlet as illustrated in Fig.
39. Filter material also ranges between 20 and
4 mm in size, and is usually distributed as
coarse, medium and fine fraction in three sub-
sequent filter compartments. To prevent algal
growth in the filter, the water level is kept below the
surface of the filter material by a weir or an effluent
pipe piaced at the filter outlet.

Filtration rate in horizontal-flow roughing fil-
ters ranges between 0.3 and 1.5 m/h. lthas been
defined here as hydraulic load {m?h} per unit of
vertical cross section area {m?) of the filter. Filter
length is dependent on raw water turbidity and
usually lies within 5 to 7 m. Due to the compara-
tively long filter length, horizontal-flow roughing
filters can handle short turbidity peaks of 500 to
1,000 NTU. '

Drainage facilities, such as perforated pipes,
froughs or culverts, allow hydraulic filter bed
cleaning. These drainage systems are placed at
the filter bottom perpendicular to the direction of
flow. Drainage faciiities in flow direction must be
avoided as they could create short-circuits during
normal filter operation. Hence, false filter bottom
systems cannot be installed in horizontal-flow
roughingfilters. Since mostof the solids accumu-
tate at the inlet of each filter medium, drainage
facilities should be placed at the inlet of each

list of symbols

dg {mm) gravel size

H (rm) filter depth

Lypg (M filter length

w (m} filter width

A (m2) fiiter cross-section area
AH  (cm) maximal headloss

Q  (m¥h) flow rate
Qq (m3h) drainage rate
Vg {m/) filtration rate

Vg {m/n}  drainage rate

design guidelines
% =0.3-1.5mh

vg= — 4 _50-90mh
(L1 +L2+L3)'W

AH -~ 30cm *v

H ~ 080-120m

[Ef dg =12-18Bmm Ly ~2-4m
[[1dy = 8-12mm Lp-1-3m
: dg = 4-8mm Lg~1-2m
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Fig.39

Layout and Design of a Horizontal-flow Roughing
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filter compartment to enhance hydraulic cleaning
efficiency. Installation of troughs complicates con-
struction of the filter box fioor. Furthermore, since
the horizontal distance L, between the troughs is
usually large, an even abstraction of the sludge is
correspondingly difficult. Therefore, use of perfo-
rated pipes is the best drainage system for
horizontal-flowroughing filters, as it allows easy
installation of a dispersed system. Although pre-
fabricated culverts may allow a more even solids
removal, connection to the washwater effluent
pipes is more complicated,

Horizontal-fiow roughing filters have a large
silt storage capacity. Solids settle on top of the
filter medium surface and grow to small heaps of
foose aggregates with progressive filtration time.
Part of the small heaps will drift towards the filter
bottomas soon asthey become unstable. This drift
regenerates filter efficiency at the top, and slowly
silts the filter from bottom to top. Horizontal-flow
roughing filters also react less sensitively to filtra-
tion rate changes, as clusters of resuspended
solids will drift towards the filter bottom or be
retained by the subsequent filter layers. Horizon-
tal-flow roughing filters are thus less susceptible
than vertical-flow filters to solid breakthroughs

caused by flow rate changes. However, they may
react more sensitively to short circuits induced by
a variable raw water femperature,

Pericdic cleaning is also essential for horizon-
tal-flow roughing filters. Hydraulic cleaning is
carried out by fast drainage of the water stored in
the filter. During filter drainage, the small unstabie
heaps of accumulated solids collapse and are
flushed towards the filter bottom. The sclid matter
storedinthe filtermaterial is washed out of the filter
box through the drainage system. Drainage ve-
locities of 60 to 80 m/h are necessary to achieve
a good hydraulic cleaning efficiency. Drainage
pipes of adequate size are required to achieve the
recommended velocity which drains the filter within
1to 2 minutes. Depending onthe solids concentra-
tion in the raw water, reguiar hydraulic filter clean-
ing, at intervals of every few weeks, is required to
avoid deterioration of filler efficiency and develop-
ment of excessive filter resistance. However, filter
resistance will not exceed 20 cm if normal filter

. operation and regular cleaning are observed, Fre-

quent and efficient filter drainages will also defer
the need for manualfiiter cleaning, which nonethe-
tess becomes unavoidable after some years of
filter operation.

Photo 6

Inside View of a Roughing Filter

Bed during Hydraulic Cleaning
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11. Roughing Filter Efficiency

11.1 Practical Experience

Treatment efficiency is dependent on raw wa-
ter characteristics, layout and operation of
roughing filters. On the one hand, size, concen-
tration, type of particles and suspension stability
are the most important water quality parameters
influencing suspended solids removal efficiency.
On the other hand, filter material size and filter
length, applied filtration rate and cleaning fre-
guency are the key factors determining filter effi-
ciency. Hence, roughingfilters with identical layout
and operation may vary in filter performance with
different raw water sources. Even a specific filter
will most probably not have a constant filter effi-
ciency with the same raw water source: high par-
ticle removal rates will be recorded during periods
of high raw water turbidity whereas lower rates will
be experienced during periods of moderate raw
water turbidity. Therefore, an exact indication of
filter efficiencies is generally quite impossible.

Treatment efficiencies of different roughing
filters have been studied extensively by CINARA
[47] at a pilot plant in Puerto Mallarino, Cali,
Colombia (reported also in [48]). Thesefield tests
areconsidered the most comprehensive pilot plant
studies for roughing filter development. The piiot
plant consists of a first pretreatment step using
intake/dynamic filters to precondition the raw water
drawn from the Cauca River. The flow is then split
into five lines where the filter perfermance of differ-
ent roughing filters is tested in combination with
identical slow sand filters used as reference. The
following types of roughing filters are instalied at
Puerto Mallarino: '

| ":llzontat-ﬂow roughmg ftlter‘ i _
dnwnfiow roughmg fllter m serles DRFS -

Allroughing fikers have similar gravel fractions but
differ in filter length. Total filter length of URFS,
MHRF and DRFS, amounts to 4.40 m. Total filter
length of the HRF unitis 7.10 m and 1.80 mfor the

URFL unit. The slow sand filter units are circularin
shape, 2.00 m in diameter and 2.00 m in height.
They were filled with a 1-m deep sand layer, which
was gradually reduced due fo subsequent sand
cleanings, but never fell below 0.60 m. The sand
has an effective diameter of 0.2 mm and a uniform-
ity coefficient of 1.57.

Fig. 40 summarises filter efficiencies of the dif-
ferent roughing filters with respect to turbidity
removal at differentfiltration rates and two distinct
raw water turbidity levels. The graphs show higher
removal rates of generally 85 - 890% or more for
periods of high turbidity (150 - 500 NTU). Filter
efficiency is reduced to about 80 - 85% or less
during periods of moderate turbidity (30 - 50 NTU),
and is hence in accordance with the general filter
theory. The different but small filtration rates had
no significant influence on the turbidity removal
efficiencies of the filters, as laminar flow prevailed
in .all gravel fractions also at the highest filter
velocity of 0.60 m/h. The upflow roughing filter in
series and the horizontal-flow roughing filter unit
exhibited best performance throughout all test
conditions. The smailest turbidity removal effi-
ciency was achieved by the downflow roughing
filter unit.

Fig. 41 elucidates the efficiency of the different
pilot plant tfreatment steps with respect to sus-
pended solids and faecal coliform reduction.
The intake/dynamic roughing filfers reduced the
average suspended solids concentration by 55%
from about 200 mg/l to 90 mg/l. This concentration
was further reduced to less than 5 mg/l by the
roughing filters and the filtrate of the slow sand
filters had an average suspended solids concen-
tration of 0.2 - 0.3 mg/l. The relatively high sus-
pended salids concentration of the upflow rough-
ing filter in layer might be an indication of a com-
paratively low process stability of this tilter.

Avarage faecal coliform concentration of the raw
water of about 40,000 CFUA00 ml was subse-
quently reduced to about 24,000, 400 and fo less
than 1 CFU/ 00 mi by the treatment scheme con-
sisting of intake/dynamic filters, roughing filters
and slow sand filters. The modified horizontal-flow
roughing filter had the smallest faecal coliform
removal efficiency of 96.5%. This rate also influ-
enced performance of the subseqguent slow sand
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Fig.40

filter, which produced an average effluent of 2.6
CFU/100 ml. All the other slow sand filters had
average faecal coliform concentrations of less than
1 CFU/100 mi in their effluents.

Fig. 41 documents the high treatment efficiency
of the pilot plant. The two pretreatment steps and
the slow sand filters were able to reduce the
suspended solids concentration from about 200
mg/l to about 0.2 mg/l, or by 3 log, whereas the
faecal coliform concentration was reduced from
about 40,000 CFU/100 ml to generally less than 1
CFU/100 mil, which corresponds fo a 4 - 5 log
reduction.

Full-scale treatment plants are not so extensively
monitored and controlled as pilot plants. Neverthe-
less, Fig. 42 documents the development of
biological filter activities in the filters of acom-
munity water supply [52]. The raw water of La
Javeriana’s treatment plant originates from the
Pance River, a highland river of moderate turbidity.
The water is treated by an intake filter, two horizon-
tal-flow roughing filters, and two slow sand filters
operated at 1.3, 0.6 and 0.08 m/h filtration rates.
Faecal coliform concentration ranging between
about 1,000 and 10,000 GFU/100 ml is proof of
relatively high faecal contamination of the raw
water. Turbidity of about 20 NTU is refatively low
during the dry periods, but increases to short
turbidity peaks after periods of precipitation. The
apparent colour averaging about 100 CU/H follows
a similar pattern as turbidity. Mean faecal coliform

Turbidity Removal by Different Roughing Fifters

concentration inthe pretreated wateramounted o
about 200 CFU/100 mi and did not decline during
the monitoring period of half a year. Although the
treated water had initially somewhat elevated fae-
cal coliform concentrations of more than 10 CFLY
100 ml, the effluent concentration levelled out to
about 1 CFU/100 ml after three weeks of opera-
tion. This corresponds to the period of maturation
of the slow sand filter. The overall turbidity and
apparent colour reduction, however, indicated a
distinct improvement within the first six months of
operation. With progressive filter operation, the
respective treatment efficiencies also increasedin
the roughing fiter, most probably on account of the
gradual development of biclogical processes in
this filter.

Table 4 summarises treatment efficiencies of
roughing filters operated at different tlow di-
rections. The filter material in the downflow and
haorizontal-fiow roughingfilteris rather coarse com-
pared to the one used in the upflow roughing filter
operated, however, at more than double the nor-
mail filter velocity. Nevertheless, in all three treat-
ment plants, turbidity reduction by the roughing
filters ameunts to about 70 - 90%. The bacterio-
logical water quality improvementwas about ofthe
same order for these three treatment plants.

Treatment efficiency of roughing filters is also
limited asthey are notcapable of treating any type
of water as iilustrated by the following example
[56]. Construction of a water supply scheme was
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slow sand filter -2 28 - 99,9

The Andean experzence reveals that gravel prej' ilters enhance slow sand  filter operation andincrease
the ovem!l plant performance The multzple barrier system proves to be an appropriate concept for
rural’ water supply
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treatment scheme

filter intake/dynamic roughing slow sand
type filter filter filter
filter 1.5 mfh 0.3 m/h 0.15 méh
velocity ’ ’ )

treated
raw water water
—.--—.._._>.

-—-——.».

@

suspended solids (mgfl}| faecal coliforms (CFU/00 mi)
treatment
mean min. max. | mean min. max,
(D Jaw l1083 470 o780 39527 6545 117000
water
(@) | oyRF | 868 90 6190 |2wess 400 1swo0o DyRF Dynamic Roughing Fiter
URFS 22 0.3 10.0 100 0 1500 URFS Upflow Roughing Filter in Series
URFL | 5.0 0.4 28.0 3 10 13089 URFL Upflow Roughing Filter in Layers
@ MHRF | 4.2 0.5 14.0 834 130 2600 MHRF Modified Horizontal-flow Rough. Filter
HRF 1.7 0.3 5.7 187 15 660 HRF  Horizontal-flow Roughing Filter
DRFS | 24 0.3 8.3 136 17 780 DRFS Downflow Roughing Filter in Series
S5F1 0.3 - 1.0 02 0 2
S5F2 0.2 - 1.4 0.6 0 4 ‘
@ SSF2 | 0.3 - 1.3 26 0 13 S8F  Slow Sand Filter
S5F4 0.2 - 0.7 0.9 0 8
S8F5 0.2 - 0.7 0.6 0 5

SANDEC 26.8.95

Fig. 41

Suspended Solids and Faecal Coliform Reduction

by Roughing and Slow Sand Fiitration

one component of the Laka Laka. multi-purpose
profect. The project team decided to draw raw
water from the newly constructed water irrigation
reservoir to supply their scheme. High raw water
turbidity lead to extremely shortfilter runs of the two
slow sand filters. Two horizontai-flow roughing
filters were therefore designed on the basis of the
available literature data in order to improve opera-
tion of the slow sand filters. The 18-m long rough-
ing fitters were operated at 2.5 mvh filtration rate.
Since filter efficiency was very poor at this rate,
filter velocity was gradually reducedto 0.5 m/h, but
without achieving a substantial treatment efficiency
improvement. These problems were encountered
mainly because roughing and slow sand filters

have never been used in this area before. How-
ever, they could have been avoided by pitot ptant
tests (which are strongly recommended in such a
situation) conducted during the project design
phase.

11.2 Pilot Plant Tests

As described in the previous chapter, the world-
wide experience with roughing and slow sand
filters documents the significant potential of
this treatment concept in producing potable wa-
ter from poiluted turbid surface water. There is no
doubt about the general treatment efficiency of
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 turbidity (NTU} apparent colour (CU) faecal coliforms { /100 ml)

100 -

0 30 60 90 120 150180 0 30 &0 90 120 150 180 0 30 80 90 120150 180
running time (days) ‘ running time (days) running time  (days)
s - paend] raw waive{ v — 2 ETAGE, TAW water ‘
f gtsa;e filier e —— 2VE[AGE pretreated water
.H:;:__ HRF memmem——— AVErage ireated water

SANDEC 25.0.65

Fig. 42 Turbidity, Apparent Colour and Faecal Cofiform Reduction
at the Treatment PlantLa Javeriana, Colombia

Table 4 Examples and Practical Experience with Reughing Filters

Layout and Azpitia, El Retiro, Blue Nile Health

Performance Peru Colombia Project, Sudan

type of roughing filter downflow upflow horizontal-tlow
{multi-layer-filter)

filtration rate (.30 m/h 0.74 m/h .30 m/h

design capacity 35 m¥d 790 m¥d 5 m¥d

filter length 60 cm, ¢ 40-25 | 20cm, ¢ 18"+ 270 cm, @ 25-50

and size (rmm) 60 cm, $25-12 | 15¢m, ¢ 12 85 ¢m, g 15-20

of material 60 cm, $12- 6 | 15cm, g 6 85 cm, g 310
15 cm, g 3

turbidity (NTU)

* raw wafer 50 - 200 _ 10- 150 40 - 300

« prefiltered water 15 - 40 5-15 5-50

faecal coliforms

£/100 ml]

* raw water T00 16,000 > 300*

» prefiltered water 160 1,680 < 25%

reference [53] [34] [55}

*as E.coli
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The Laka-Laka Pro;ect in the Andeau regwn isa multbpurpi s¢ p
ta-a large tmgatwn scheme and m-Tamta, asmall town of 3, 00 mhabnants-lo
h _m‘the re rownish :

aff decuied to construct two

by the turbui raw water. The lzterature was. agam ‘consulted.c
the

* horizontal-flow: mughmg filters as recommended in the manual Each of

filter length.of 18 m and were. operated ataflow rate of more than 2.5 m/
.snll not be: reduced szgngﬁcantly by the pref Iters Smce lreatment i
LS. -

ke ﬁrst field visit, she-went IV
zoutof the ughmgﬁlters operateda educed,
¢ raiit hi ‘ :

rVoil 1-hard£y ckanged ap, Wy _
- Maria’s prehmmary conclusionwas onﬁrmed by laboratary tests which reve_aled ﬂzattheraw water
s carrymg a Iarge ariount of catlma'al matter wh:ch could not’ settl inth stable susp

gravel fram the old filter, howw_eg al _ ana
.column, -Hence, the second two inits. were. operate _ C
' extmordmary The raw water tur out 350°- 4 NT _s reduced to about 340 NTU in
the first filter column, to about BO-NTU inthe second, and to 1.5 NTU.in the third filter column at
adosage of 40 mg/l alum sulphate and'a pH af 10 adjusted with the addition of lime. The pilot plant
results were used as design values for the réhabilitation of the treatment ' plant.

This éxperience proves that each treatment process has its limitation just as the campetence of field

staff.
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slow sand filters, since a biologically mature filter
wiil consistently reduce the concentration of micro-
organisms by 2 to 4 log (99 to 99.99% reduction).
[tis more a question of specifictreatment efficiency
of roughing and slow sand filters when fed with a
tocal raw water source. Hence, treatability of a
particular raw water is of major concern to
design engineers, especially if local practical expe-
rience with the considered treatment process and
raw water source is not available.

A wide range of raw water qualities can theorati-
cally be treated by conventional water treatment
processes; i.e., coagulation, flocculation, sedimen-
tation, rapid sand filtration and chlorination, as
these treatment schemes are flexible with regard
tochemical dosage, detention time, hydraulic loads,
and water pressure. In contrast to such schemes,
roughing and slow sand filters are rather limited in
operational flexibility but provide high process sta-
bility. Owing to the simplicity of the roughing
and slow sand filter techhology, oniy the fol-
lowing three salient points will have to be an-
swered by pilot plant studies:

= can roughing filters reduce raw water tur-
bidity to a level required for reasonable
slow sand fiiter operation?

* at whai rate does the headloss in the slow
sand filter increase?

+ on what design values should the project
layout be based?

The first question centres on pretreatment effi-
ciency of roughing filters with regard to turbidity
reduction. A comprehensive literature review [17]
reveals that an upper turbidity limit amounting
between 5 and 20 NTU wili allow a reasonable slow
sand filter operation. The most adequate
pretreatment scheme is dependent on the raw
water characteristic. However, information on
raw water quality is quite offen scarce or hot
available, especially for small surface waler
sources. The lack of water quality data can be
partly offset by a characterisation of the raw water
source. A highland river, lowland stream or a still
surface water will carry different types of solid
matter, An inspection of the water course and the
study of sludge deposits in the river bed and on the
embankment will provide information on type and
size of solids found in the water during periods of
high discharge. Interviews with the local populatien
might provide some details on seasonal water level

fluctuation and type of turbidity (colour, period of .

turbidity peaks) overthe year. Finally, simple tests,

h__*

such as settleability and suspension stability tests
as described in Annex 1, will generate valuable
information on the separation characteristics of the
solids. The information obtained will help to select
the type and number of pretreatment steps as
presented in Chapter 12. Efficiency of the cho-
sen pretreatment scheme willthen be assessed
in a smail pilot plant as outiined in Annex 5.

The second question focuses on the develop-
ment of headloss in the slow sand filter, The
rate of filter resistance increase is crucial for the
determination of slow sand filter performance in
treating a specific pretreated raw water. Slow sand
filter runs (time between two consecutive filter
cleanings) of at least one month should be possi-
ble. Frequentfilter cleaning wouid interfere with the
biological activities concentrated mainly on the
filter bed; i.e., in the so-called “Schmutzdecke .
Slow sand filters with short filter runs of a few days
act predominantly as physical filters and are thus
not able to substantially improve the microbiclogi-
cal water quality. Development of the “Schmutz-
decke ” is known as ripening period and greatly
depends .on the organic load and biological raw
water composition. This biological layer gradually
grows cn top of the sand bed and becomes more
compact with progressive filtration time. Thus, the
water level will start fo increase in aniniet control-
led slow sandfilter. The filter has to be cleaned the
moment the superpatant water level reaches the
overflow. Since every water is unique with respect
to the building up of the “Schmutzdecke , devel-
opment of the headioss should be recorded by
simple piezometer readings. Operationai charac-
teristics of slow sand filters should therefore
be studied by pilot plant tests if practical experi-
ence is not available locally.

The last question aims to optimise treatment
plant design. Size and filter layout may be modi-
fied once the selectedtreatment scheme has proven
its general suitability. The hydraulic filter load has
a direct impact on the size of the structures as it
influences them proportionally. However, rough-
ing and slow sand filters should not be de-
signed on the basis of their highest permissi-
ble filtration rate. Use of more conservative vai-
ues is recommended, e.g. a filtration rate of 0.1 -
0.2 m/h for slow sand filters. Higher filtration rates
may anyhow be necessary with increasing water
demands. However, installation of a prefilter as a
first pretreatment step, use of finer filter material in
the roughing filters or reduction of the depth of the
sand could offer cost saving alternatives which
can be assessed hy pilot plant studies.
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Additional aspects are, however, necessary in
the planning and implementation phase of pilot
plant studies. These will include:

- location of the raw water intake should,
whenever possibie, be identical with that of the
planned treatment plant. However, the raw
water supply might create some problems,
especially if the water hasto be pumped. Inthis
case, tapping of raw water from another water -
supply system using the same raw water source
should be investigated. A continuous raw wa-
ter supply is essential for adequate pilot tests.
Provision of a raw water tank is necessary if
water cannot be pumped or supplied continu-
ously.

- access to the pilot plant should be easy and
possible throughout the year. The site should

entail the control of the flow through the filters,
measurement of the raw water turbidity and
that of the different freatment steps, as well as
recording of the headloss development in the
slow sand filter. Additional water quality analy-
ses with field test kits or in the local laboratory
are included in the monitoring programme. A
monitoring programme is outlined in Annex 5.

the field test report presents the results of the
monitoring programme, evaluates the dataand
draws conclusions for the design of the full-
scale treatment plant, The large number of
data are best reported in tables and in the form
ofgraphs. Water quality data are usually graphi-
cally illustrated on a nermal or logarithmic
scale as a function of filtration time plotted on
a normal scale.

be protected from vandalism and robbery and Field tests with pilot plants not only cover techni-
allow easy discharge of filter drainage water. cal issues, they also have the following impor-
Availability of a small storage roomforfield test tant side effects:

equipmentnearthe pilotplantwould be advan-
tageous. -

- the material required for the pilot plant
should be available locally. PVC or concrete
pipes with a minimum diameterof 30 cmcan be
used to simulate vertical flow roughing or slow
sand filters. Slow sand fiters can also be
installedinferro-cementtanks. Horizontal-flow
roughing filters however require the construc-
tion of open channels fo allow adequate fifling
of the filter material. Recommendations and
design examples of pilot plant layouts are
illustrated in Annex 5. -

- the pilot plant tests should fast for several
months. The field test pericd should at least
cover the period with the highest raw water
turbidity and ideally runovera fullyear. To gain
preliminary operational experience with the
pilot plant, field tests should start a few months
prior to the expected turbidity peaks.

- pilot plant operation must be performed at
constant flow conditions. Generation of con-
clusive test results requires unchanged opera-
ticnal conditions throughout a complete filter
run. Since slow sand filter test runs might fast -
more than a few months, operation of filter
units in paraitel are recommended forthe study
of different design options.

- the pilot plant should be monitored by local
people trained on the job. A daily visit should

presentation of the treatment process to
the future beneficiaries. Laymen may have
little knowledge about the technical aspects of
a treatment plant, but may still have to con-
struct their own treatment plant through a self-
help project. Motivation of community work
could prove very ditficuitif the villagers have no
idea of the kind of structures they are supposed
o build. A pilot plant is best suited to introduce
the prospective water treatment facility 1o the
general public.

demonstration of the treatment efficiency
1o the future consumers. Villagers are far
more motivated to contribute by cash and kind
to the proposed treatment plant if they can see
forthemseives how the water quality changes.
They should also taste the treated water and
fook at its appearance. Bactericlogical water
quality improvements couid be demonstrated
tc the public with colony counts on membrane
filters for raw and treated water. Appreciation
and acceptance of the freated water quality by
the consumers are important criteria for long-
term use of a treatment plant.

training of future treatment plant person-
nel. Invelvement of local staff in the construc-
tion, operation and monitoring of a pilot plant is
anexcellenttraining oppertunity forfuture treat-
ment plant operators. Experience with pilot
filter operation is directly transferable to full-
scale operation.

—~1
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It can therefore be concluded that pilot plant.

tests should be conducted with roughing and
stow sand filters in areas where practical expe-
rience is not yet available. Field tests are rec-
ommended particularly with raw water exhibit-
ingahigh suspension stability. Pllot planttests

Photo 7
Vertical Roughing Filter Column

should also be conducted prior to the design of
large-scale treatment piants to achieve a more
cost-effective layout. Finally, field tesis will
determine raw water treatability and avoid fail-
ures with respect to roughing and slow sand
filter application.

Photo 8
Slow Sand Filter Column
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regmnal water uthtm
experzence w:th rau' h

the colour of the water didnot change, -gTherefore
water samptes for qualzty analys:s :

blamed the chemist for his maccurate work and accused hzm af h' Vi
analysis was repeated but produced. szmzlar results Perplexed by t

af the gravei led them to the solutwu, s
the lateritic material.

The roughing filters performed well after the gmvel had been exchanged by filter media fauud
elsewhere. However, the experience with the “hidden iron mine” saved the project from additional
costs, as replacement of filter material in the 1000 m’/d would have been quite an expensive
undertaking. '
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12. Selection Criteria for Roughing Fiiters

Roughing filters are primarily used to separate
fine solids fromthe water that are only partly ornot
retained at all by stilling basins or sedimentation
tanks. Roughingfilters mainly act as physicalfilters
andreduce the solid mass. However, the largefilter
surface area available for sedimentation and the
relatively smallfiltration rates also support adsorp-
tion as well as chemical and hiological processes,
Therefore, besides solid matter separation, rough-
ing filters also partly improve the bacteriologi-
¢al water quality and, to a minor extent, change
some other water quality parameters, such as
colour or amount of dissolved organic matter.

Since several different prefilter types are avail-
able, such as intake and dynamicfilters, downflow
and upflow roughing filters, and finally horizontal-
flow roughingfilters, choice of the mostappropriate
nretreatment method becomes difficult. Selection
of an adequate treatment scheme should be
based on the following crieria:

s raw water characteristics

* type of surface water

« topography af the intake and at the
treatment plant site

* economic aspects

* operational aspects

The first two aspects focus mainly on raw water
quality and are discussed in the next chapter. The
last three criteria deal mainly with treatment plant
layoutand operation, andare therefore considered
in a second separate chapter.

121 Raw Water Quality as Selec-
tion Criteria

The raw water characteristics determine 1o a
large extent the type of pretreatment process.
Turbidity and suspended solids fluctuation is thus
" the most important information required for the
selection of the pretreatment schemae.

» Average and maximum levels of turbidity
and suspended solids concentration are of
great importance forthe design of pretreatment
units. In addition, information on the period of
turbidity and suspended solids concentration

peaks is essential. Do such peaks lastforafew
hours, some days or a few months? Further-
more, the solids should also be characterised
according to their setileability and size. Do
particies setile easily in the water or remain
suspended? Finally, some information on the
organic matter content would be useful.

Information, especially on peak values of
solids concentration, is unfortunately often
missing. The sanitaty engineeris thusforcedto
assess peak values or, in case of an available
database, he will use the probability paper
analysis before designing atreatment scheme.
Some simple sedimentation tests carried out
during periods of high and normal river dis-
charge will allow the study of the seitling prop-
erties of the solid matter and characterisation
ofthe suspension stability. Separation of coarse
sand and silt can certainly be achieved by a grit

chamber, while finer settleable matter can be

removed by sedimentation tanks. Roughing
filters will separate suspended solids, but may
only partly remove colloidal matter.

The faecai pollution level shouid also be
taken into account when designing pretreatment
units as they can improve, to some extent, the
microbiclogical quality of the raw water. Hence,
they act as first hygienic barriers and reduce
the load of pathogenic microorganisms on the
slow sand filters. The faecal pollution levelina
raw water source canbe assessed by bacte-
riological analysis; i.e., determination of fae-
cal coliform concentration. This type of analy-
sis requires special equipmert and expettise.
Furthermore, a random water test is only rep-
resentative of the water quality at the time of
sampling. Several samples have to be taken at
different times, especially in flowing surface
water, to characterise the faecal peliution level
in surface water, A sanitary survey of the
catchment area may roughly assess the pos-

sible magnitude of faecal water contamination.

This requires inspection of the water course

andits contributors, investigation of wastewa-

ter and faecal disposal practices, assessment
of dilution during minimum flow, as well as
study of human activities in the catchment
area. The adapted Table 5 proposed in [6]
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Table 5 Speculative Surface Water Classification with Respect to Health Risk

possible situation for

surface water

health risk by E.coli/faecal coliform
consumption of .

untreated water [count/100 ml]

no risk 0

low . 1-10
intermediate 10 - 100

high 100 - 1000

very high risk > 1000

draining a well-protected
catchment area

extensive farming in
catchment area

farming and scattered houses
in catchment area

small settlements and water
use upstream of intake

large settlements with wastewater
discharge upstream of intake

presents a rough surface water classification
system with respect to hygienic risk. [t may be
used as preliminary determination of the faecal
pollution level in surface water.

In brief, average and maximum turbidity levels
and suspended solids concentration, solids
settling properties, as well as peak concentra-
tion period, are the most important raw water
characteristics for selection and desigh of
pretreatment units. Fascal pollution leve!l must
be taken into consideration when designing
entire treatment schemes,

Surface water type has also a strong impact on
the characteristics and amount of solids carried by
the water. Small upland rivers, large lowland
streams and still surface water generaily differfrom
gach other as shown in Fig. 17 on page Vi-4 and
described hereafter.

* Small upland rivers draining a catchment
area, protected by a manifold and rich vegeta-
tion, will probably have a clear or tinted water
colour during periods of mean discharge. Col-
ouredwater canbe observed especially in slow
flowing waters in contact with organic matter,
such asinrivers flowing through dense forests
or swampy areas where water washes out
humic substances from decaying material and
turns yellowish or brownish. The colour, which
may be partly reduced by roughing filters due
to biclogical activities, will not affect slow sand
filter operation which will further reduce cotour.
Thne small upland rivers will react to heavy but
short periods of rainfali with 2 suddenincrease

in run-off and water quality change. Turbidity
peaks and/or increase in colour are usually
correlated withriver discharge. These peaks
decrease with falling water level as soon as
precipitation stops. Insuch cases, eitherintake
or dynamic filters may be used to reduce the
exireme peak values or {o protect the treat-
ment plant from heavy solid loads discharged
by the river for a few hours.

Large lowland streams have a different re-
gime. Locai showers do not greatly affect their
discharge or water quality. Annual raintall dis-
tribution, including the wet and the dry sea-
sons, have a greater influence on the dis-
charge. Changes occur gradually over a
period of some days or weeks when in-
creased turbidity levels cor suspended sol-
ids concentration are recorded for a few
weeks or months. Water quality fluctuations,
expressedas ratio between average and maxi-
mum values, are usually smalerthaninupland
rivers. Therefore, pretreatmentis permanently
required and use of roughing filters, possibly
combined with intake filters, is recommended.
The choice of roughing filters is dependent,
among other aspects, on the level and period
of high turbidity or suspended solids concen-
tration. As a rule, moderate turbidities can be
treated with vertical-flow roughing filters in
series and higher raw water turbidities possibly
with horizontal-flow filters.

Still surface water will probably exhibit the
smaliest water quality changes. The influent of
reservoirs, ponds and lakes undergoes natural
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freatment processes. Suspended matter will
settle and microorganisms will die off with
increasing retention time. Nevertheless, sus-
pended and colioidal matter may still re-
main suspended and algae may grow de-
pending on the degree of eutrophication and
extent of solar radiation. To protecithe subse-
guent slow sand filter units from excessive fine
solids and algal loads, use of finely graded
roughing filters may be appropriate and neces-
sary in such situations.

in short, small upland rivers draining erosion-
protected catchment areas are likely to be of
iow turbidity which may, however, increase to
peaks of shortduration during periods of heavy
rainfall. Such conditions favour the use of dy-
namic and intake filters. Large lowland streams
are generally more turbid and change their
quality only gradually and according to the
annual seasonal pattern. Use of roughing fil-
ters, possibly combined with intake filters, may
offer an appropriate option for the pretreatment
of lowland river water. Suspended solids, col-
loidal matter, and aigae of a stagnant water
source, require as pretreatment method the
application of finer graded roughing filters.

Fig. 43 offers a matrix for the selection of an

adequate surface water treatment scheme. Type

and concentration of solid matter, as well as level
of faecal pollution, are the decisive criteria for the
determination of the most appropriate separation
process. Surface water greatly differs with respect
to these quality parameters. However, information
on these characteristics and values for a specific
raw water sourca is generally rather basic. Hence,
this matrix provides engineers with some guide-
lines for designing water treatment schemes.

The design of roughing and slow sand filters is
usually conservative, i.e., it allows uncertain-
ties with respect to raw water quality and
treatability. However, additional tests will allow a
more accurate design of the treatment units.
Setileability and suspension stability tests, charac-
terisation of sofids according to type and size
(inorganic matter such as silt or clay particles;
organic material such as plankton or algae) and
their concentration in the raw water will assist in
selecting the appropriate filtration rate, gravel size
and filter length. Inaddition, raw water may contain
other pollutants, such as true colour, dissolved
organic matter, iron or manganese which need to
be separated or reduced. Field tests are usually

necessary to determine the removal rate of these
substances by roughing and slow sand filtration.

12.2 Layout and Operational As-
pects as Selection Criteria

The topography has to be taken into considera-
tion in the design of water supply schemes. Loca-
tion of the intake, topographical conditions of the
site and operational aspects are essential criteria
for the conceptional fayout of water supply sys-
tems. '

+ Surface water intakes often have to be lo-
cated in remote places to allow the strongly
recormmended construction of gravity schemes.
However, access to the remote intake sites is
oftendifficult, usually time-consuming and regu-
lar control and cleaning of the instaliations not
guaranteed and quite often neglected. In such
a case, pretreatment at the intake should be
reduced to coarse solid removal, and the ac-
tual waser treatment should only be carried out
atthe treatment plant, generally iocatedin front
ofthe reservoir and as close to the supply area
as possible.

» Local topography may favour construction of
asmaif canalforcontrolled diversion of surface
water and, consequently, installation of an
intake or dynamic filter. Favourable river bed
conditions may also allow construction of infil-
fration galleries.

« Drainage aspecis should be considered care-
fully. Intake filters usually operate with drained
excess raw water, Hence, theirusein a pumped
raw water supply system according to stand-
ard design (see Fig. 37) is generally not the
best option. intake filters without raw water
discharge, should be used instead. Further-
more, operation of roughing filters requires an
adequate topography for washwater disposal.
High wastewater discharges must be possible
without causing erosion. The instailations
should be large enough for runoff to discharge
into a receiving water course or, preferably,
into a pond especially constructed for
washwater storage.

Summing up we can say that gravity schemes
should be constructed whenever possible, al-
though they may often require remote intakes
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Algorithm for the Design of Surface Water Treatrment
schemes Using Roughing and Slow Sand Filtration

Fig. 43
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which are difficult to maintain. Nevertheless,
favourable topographical conditions should be
used for the installation of intake and dynamic
filters to reduce wastewater discharge prob-
lems at the treatment plant site; an aspect
requiring careful consideration with roughing
filters.

Economic and operational aspects also influ-
ence the selection of pretreatment schemes. Con-
struction costs are correfated with operating costs.
Regular maintenance increases reliability of the
water treatment scheme.

+ Construction cosis may possibly be re-
duced with the muliibarrier concepti, Ad-
equate pretreatment units allow the design of
subsequent treatment units operated at higher
hydraulic rates or requiring reduced filter
lengths. Overall construction costs of the
treatment plant will thus be lowered. Apart
from taking advantage of the natural
pretreatment potential of stagnant surface water
oroptimally locating surface waterintakes, use
of grit chambers, sedimentation tanks, as well
as intake and dynamic filters should always be
taken into account to allow reduced roughing
filter sizes. Part of the capital costs might be
used for operating costs if the treatment units
are reduced in size, and filter cleaning fre-
guency increased. However, since the addi-
tional costs for filter cleaning are generally not
substantiai, use of intake filters as the first
pretreatment stage is usually recommended.

» Sedimentation tanks should be used iflarge
volumes of settieable matter are carried by
the raw water. The high suspended solids
concentration in flowing surface water may be
separated to a certain extent by perikinetic
(self-induced) flocculation, thereby reducing
the solid matter load on the subsequent filter
units. Construction of sedimentation tanks is
recommended in such cases since tank clean-
ing is easier than filter cleaning. A sedimen-
tation tank can easily be converted into a
roughing filter if the solids removal efficiency of
the sedimentation tank is insufficient.

* Regularfilter cleaningis notonlyimportantto
restore the treaiment plant's efficiency, but
also to enhance the caretaker's responsibility
andto keep him onthe job. Intake filters requir-
ing weekly cleaning may be a way to support
this aspect. Finally, the washwater demand,
which is dependent on the type of prefilter
used, increases as follows: dynamic filters,
intake filters, vertical-flow and horizontal-flow
roughing filters. This could also be a decisive
factor for the selection of the pretreatment
scheme, especially if water is scarce or has to
be pumped. :

In short, the overal] costs may often be reduced
by a sound treatment scheme design using a
sequence of different treatment steps. Sedi-
mentation tanks and intake tilters are adequate
pretreatment steps to reduce high solids con-
centration of readily settleable and filterable
matter. Routine maintenance work is essential
for good treatment plant perfermance. The
washwater demand and disposal should be
taken into consideration when designing a treat-
ment plant.

The solid matter removat efficiency of sedi-
mentation tanks, intake and dynamic filters is
iliustrated in Fig. 44. These pretreatment proc-
esses can conhsiderably improve the raw water
guality or protect the treatment plant from heavy
sludge loads, providing that the nature and occur-
rence of the solid matterallows for easy separation
inthe settling tank oraccumuiation onthefilter bed.
Pretreatment by twin stage prefiltration is gen-
erally favoured with regard to treatment efficiency
and in terms of construction and operating costs.
Reduction of the solid matter ioad on the roughing
filters by intake filters enables longer roughing filter
runs and, consequently, washwatersavings. Longer
filter operation may enhance biological processes
and, thus, increase filter efficiency with respect to
for instance true colour and dissolved organic
matter reduction. An existing treatment plant can
be increased in capacity by subsequent installa-
tion of intake filters. The numerous advantages of
intake filters favour a larger use of this filter type.
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Fig. 44  Roleof Sedimentation Tanks, Intake and
Dynamic Fifters in Raw Water Pretreatment
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Meanwhde, dszerent studxea on f Iter lmpmvement alt natives were carried out by students at ther .
treatment plant. However, an appropnate design, constructwn and opemuon of a new sedlmenta- _
tion tank is-the key io rehabtlztate Plumbon’s water treatment Scheme S
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13. Construction of Roughing Filters

As a matter of principle, local material, man-
power and community participation should be
used, whenever possible, in the construction
of any water supply scheme in developing
countries. The iniial costs mightbe higherthan for
package or conventional water freatment systems,
however, with the construction of roughing and
slow sand filters, most capital costs flow back into
the local economy. Furthermore, use of local ma-
terial and manpower is also imporiant with regard
to maintenance, repair and extension work, since
these resources will remain available even after
completion of the treatment plant. The filter struc-
tures should be simpie, sturdy and of good finish to
guarantee their long-term use and reduce future
maintenance and repair costs. The layout should
facilitate both operation and maintenance.

Local climate and avaryingrelationship to time
will be the determining factors for the con-
struction schedute. Projectimplementation should
be initiated long before site clearance and excava-
tionare started. Ideally, the project engineer should
be called by the village after the community's
decision to improve the water quality supplied by
the system in use or to construct a new water
supply. Quantity and quality of potential water
sources will then have to be assessed. Atthis point,
the engineer must be aware that a water treat-
ment plantis usually the most complex compo-
nent of a simple water supply system. Once
again we refer to the saying: “the best freatment is
no treatment”. Use of a remote spring instead of
nearby surace water should be taken into consid-
eration. If the community has to rely on surface
water, the water treatment project will have to start
monitoring the raw water quality, especially during
the rainy season. The subsequent dry season will
be usedto design the treatment plant, estimaie the
construction costs and secure the financial re-
sources. Organisation of construction work and
final preparations should be started during the
following rainy season-and prior 1o the actual
construction work, which will be initiated during the
following dry season; ie., two years after the
community’'s request for support regarding im-
provement of its water supply. However, this project
preparation largely depends on the way the com-
munity discusses the project, decides upon it and
organisesits contribution incash and kind. Project
preparation quite often takes more than two

years, a fime span which is not lost if the project
can be realised on a strong communal basis. Good
site organisation and availability of building mate-
rial will have a positive influence on the progress of
construction work, which ¢an often only be carried
out during the dry season when community partici-
pationis mostlikely and climatic conditions favour-
able. Therefore, targe structures might require an
additionaltwo ormore dry seasons..... - calculation
of the total time required by a project is left to the
reader.

Sound design, good bonstruction quality and

ownership development by community partici- -

pation are necessary prerequisites to achieve
a well-operated treatment plant. Much depends
on available skiils, on the quaiity of the material
used, and on supervision during construction. A
number of key issues need to be considered during
the planning and design phase, such as type of
locally available material, local construction tech-
nique, such as skills with masonry structures,
access to the planned treatment plant site, as well
as topographic and soil conditions. An experi-
enced construction foreman and regular site in-
spections by the design engineer will contribute to
improve the quality of the structures. Paricular
attention should be paid to the mixing, compacting
and curing of concrete, as this largely determines
sturdiness, water tightness, and durability of the
structures, Since a water supply should last for
more than two generations, during which time the
structures are likely to be exposed to adverse
climatic conditions, good quality structures are
absolutely necessary.

13.1 FilterBOX

Filter structures can generally be located be-

low or above ground, as illustrated in Fig. 45.
The respective choice depends on soit character-
istics, available construction material and hydrau-
lic profile. On a flat surface, gravity flow often
requires the structures to be placed below ground.
This, however, might cause some problems or
additional costs for adequate drainage of the
washwater, A partially buried fitter wilt require less
excavation work and provide support to the
sidewalis by the back-filled soil.
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Fig. 45

Roughingfilters are usually shallow structures
of about 0.6 m (intake and dynamic fiiters} to 1 -2
m {roughing filters). The size of the filter box is
dependent on hydraulic capacity (see also Section
9.4) andfilter length. Thefilter boxes should notbe
too big (maximum filter area for vertical-flow rough-
ing filters should amount to 25 - 30 m?, maximum
cross section area for horizontal-flow roughing
filters about 4 - 6 m?), to avoid problems with high
washwater discharge rates. Furthermore, the filter
box should aiso not be too high (preferably around
1 m) to allow easy removal of the filter material
during manual cleaning.

Atrench excavated in impervious soil, such as
clay, silt or lateritic ground, presents a low-
cost sclution for a filter box. The trench has
sloping sidewalls which do not exceed the slope
stability of the water-saturated soil (slope less than
I:}. Lining of the base and sidewalls preventsclean
filter material from mixing with the surrounding
ground. A layer of sand, prefabricated slabs, in-situ
applied coatings {concrete lining, ferro-cement,
lime moniar) or in exceptional circumstances (e.g.
refugee camps), prefabricated plasticlinings orthe
use of geotextiles, are the most appropriate mate-
rials to use.

A watertight box has to be consiructed in per-
meable ground or if the filter is installed above
ground. In such cases, vertical sidewalls are rec-
ommended. Burnt clay bricks with cement mortar
lining, concrete bricks or reinforced concrete should
be used for such filter boxes. The foundation and
floors of the box need special attention to avoid

Location and Materials of Roughing Filter Boxes

cracks caused by uneven soil settlement. Finally,
watertight expansion joints will probably have tobe
made for long filter boxes constructed for horizon-
tal-flow roughing filters. Alternatively, long filter
boxes resting on difficult ground can be split into
two or more separate units with flexible pipes
interconnecting the compartments. U-shaped units
can also reduce the total length of filier boxes. In
such a layout, inlet and outtet are to be placed on
the same filter side, and the box divided into two
equal parts by a longitudinal separation wall.

The filter box should be tested for watertight-
ness, preferably hefore it is filled with filter mate-
rtal. Leaks can be detected and repaired more
easily inan empty structure. Special attention must
be paidtothe joints at the floor-wall interface orthe
inlet and outlet boxes fixed to the filter box. Water-
tight joints require water stoppers made of PVC or
rubber. Other weak points in the structure include
the pipe sealings which possibly need additional
reinforcement to prevent cracking of the walls, and
seep rings to prevent leaks.

13.2 Filter Material

The filter material should have a large specific
surface to enhance the sedimentation process
taking place in the roughingfilter, and high poros-
#y to allow the accumulation of the separated
solids. Generally speaking, any inert, clean and
insoluble material meeting the above two crite-
ria can be used as filter medium. Filtration {ests
reveaied that neither the roughness nor the shape
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. Every Day and Every Kilogram Count

Iwas about to go for lunch-when the phone in my office rang. Peter, a former working colleague,
" was -at the other end. With the same enthusiasm as in critical situations, I was informed that his
office was contracted by the Disaster Relief Unit to design and construct a water supply system
Jor-a resettlement camp in East Africa. The camp should host 20,000 refugees and the
infrastructure should consist of simple shelters, a feeding centre, « small hospital, water. and “
sanitation facilities to be set up as soon as possible. Peter needed technical advice on the design
_ of the water treatment plant which had to meet special. construcnon crztena, z.e. »in alle
and wetght of building materzal had to be kept toa mzmmum .

L Aﬂer the_ call Fhad my lunch in the tram headmg towards the capn‘at where I met Peter m h:s o
f-éﬁj_"ﬁ‘(:é early aﬁ‘emaan todiscuss the water supply project. The raw water had to be pumped from
“alarge Irrlgatmn canal: whose water quahty was unknown but rather turbid looking. Cement is
* vather _expensive and oﬁen searce in that: country., We sat between drawings, reports and
. camputers and loaked ateach otherwaiting for a stroke of genius. Meanwhile, the water of asmall
-bmmpe in the back garden was reflecting the sunlight of the warm summer afternoon, Peter
suddenly got enthusiastic again and proposed to use the “biotope construction technique’. The
rest of the des:gn was completed within a short time.

Two. weeks later, Tonivolunteer of the Disaster Relief Unitand construcnon foreman was smmg
in a cargo aircraft heading for Africa. The aircraft also carried a number of large plasttc sheets
.and different plastic fittings which were unavailable in the country of destination. Soon after his
_'-_-:a vival, Toni started. constriction of the treatment plant with aboui 100 casual labourers, and
- within six weeks the pumpmg stition; two sedimentation tanks, four horizontal-flow roughing
) ﬁlters and the treated water reservoir were set up. The tanks and filters were designed as earth
-basins with inclined walls and earth dams made of bags filled with the.excavated soil. The basins
werethencoated with the prefabricated plastic linings. Perforated pipes werelaidin the roughing
filters to-allow hydraulic filter cleaning. Trial operation of the treatment plant revealed a
satisfactory efficiency; i.c., the raw water turbidity of 1,000 - 2,000 NTU was reduced to half of
itsinitial value by the sedimentation tanks, and turbidity in the effluent of the roughing filters was
recorded at 5 - 20 NTU.

The infrastructure of the refugee camp was then handed over to the local Conunissioner for
Refugees. However, political disputes about implementation and use of the camp started among
the couniries involyed soon thereafter. Finally, 5,000 refugees settled almost two years after
completion of the camp andreminded Toni of an experience he had during construction. A local
Joreman had told him: “You have a watch but I have the time ... ”.
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or structure of the filter material have a great
influence on filter efficiency [10]. The following
material could therefore be used as filter media:

« gravel from a river bed or from the ground

« broken stones or rocks from a guarry

« broken burnt clay bricks

¢ plastic material either as chips or modules
(e.g. usedfortricklingfilters) may be usedifthe
materialislocally available. Attention hastobe
paid to the uplift forces of the water

« possibly burnt charcoal, although there is a
risk of disintegration when cleaning the filter
material, i should only be consideredin special
cases (e.g. for removal of dissolved organic
matter)

+ possibly coconut fibre, however, due to the
risk of flavouring the water during long filter
operation, it should be used with care.

Gravel is the commonly used filter material but
it was replaced by broken burnt bricks in the
horizontal-flow roughing filters consiructed by the
Blue Nile Health Project in the Sudan {55], by palm
fibre called “juk” in a roughing filter project in
indonesia[45], and by plasticmaterial in laboratory
tasts atthe University of Newcastle in England [45].
Table 6 shows that filter efficiency of bricks and
plastic as filter material is similar to gravel with
respect to turbidity reduction. The filter filled with
palm fibre has a better respective performance
compared to the gravel filter. Greater porosity
(92% versus 37%;), responsible forthe reduction of

the effective flow velocity, is certainly an explana-
tion for this observation. However, since use of the
palm fibre caused a considerable drop in the dis-
solved oxygen concentration, odeurand taste prob-
lems could occur. Therefore, more detailed inves-
tigations are always necessary before paimfibre or
any other alternative material is used on a long-
term basis. '

Roughing filters are usually composed of three
filter fractions ranging in size from coarse to
fine. The coarse and a large amount of the finer
suspended solids are removed by the first filter
pack. Since a large pore volume is required in this
part of the filter, a coarse filter material is best
installed over a considerable filter length. The
subsequent filter material is finer and the packs
instalied over a shorter filter length, The last filter
fraction of iimited length should assume only a
polishing function as it Is supposed to remove the
last traces of the finest suspended solids found in
the water.

Since filter efficiency increases with decreas-
ing filter material, one is tempted to use the
smallest possible filter material or even {o omit the
targer filter material and to install only one - the
finest - filter medium. However, the roughing filter
technology requires coarse filter material as de-
noted by its name. The finest filter material should
not be smaller than about 4 mm to ease hydraulic
filter cleaning. Filter material which is too coarse,
however, has a smaller filter efficiency and would

Table 6 Relative Filter Performance with Different Filter Material
(parallel tests)
Turbidity reduction
(size of filter material)
Project Gravel alternative
filter material
burnt bricks, 87 % 77 %
BNHP/Sudan (20-30, 15-20 (bricks 30-50,
£55] and 5-10 mm) 15-20, 5-10 mm)
palm fibre™ 39 % 67 %
Plumbon/Indonesia {16-23 mm) {fibre)
(571
plastic material, 92 % 94 %
University of Newcastle {broken bricks, {(rings ¢ 38 mm
[45} 30-50 mm; pipes @ 30 mm
. gravel 14-18 and 5-9 mm) caps width 5 mm)

*only filled in first filter compartment
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Table 7 Guidelines on Size and Length of Filter Material for Different Types of Raw Water

rate Vi 3 fractions

filtration gravel sizes of |

16 - 24 mm
12 - 18 mm
8- 12mm

12 - 18 mm
£-12 mm
4 - 8§ mm

; 8-12mm
{ 0.3-0.5m/ 4 - 8§ mm
; 2- 4mm

1 o6-1mm

0.4-0.8 mh

therefore require a longer filter length to achieve
the same turbidity reduction. As already illustrated
by Fig. 31, use of at least two or generally three
different filter material sizes will result in an
economic filter design and adequate filter
operation.

Table 7 lists some general guidelines on size
and length of different filter fractions. These
guidelines should not be followed too rigidly. Prac-
tical aspects, such as e.g. availability of specifically
graded material froma quarry, are more important.
If adequately graded filter material is not available,
gravel at the construction site can also be sieved
through wire meshes or perforated steel plates
used as sieves.

During the initial development phase of the hori-
zontal-flow roughing filter technology, the Asian
Institute of Technology (AIT) in Bangkok recom-
mended the installation of six to eight small gravet
layers [58]. Gravel size should subsequently be
reduced from 20 fo 2.5 mm and thereafter in-
creased again to 25 mm. There is no reason why
the smallest graveifraction shouldbe locatedinthe
cenire of the filter bed since the following gravel
packs have, by nature, a smaller removal effi-
ciency.

The filter media used for roughingfilters has to
be clean and free from organic material. It is
therefore important to wash the aggregates thor-
oughly in order to remove all ioose and dirty mate-
rial from the surface of the filter media. If this

recommendation is not followed, the effluent qual-
ity of the roughing filter wili be poor and result in
rapid clogging of the slow sand filter.

The different filter fractions should be sepa-
rated from each other to avold mixing of the
aggregates during manual filter cleaning. The
filter material of an upflow roughing filter in layers
is preferably separated by a plastic wire mesh. The
different filter media of roughingfilters in seriesare
separated by the different filter boxes, and perfo-
rated separation walls are used for that purpose in
horizontal-flow roughing filters. Burnt brick or ce-
ment block walls with open vertical joints are best
suited for separating the filter fractions. The total
area of the open joints should ideally amount to 20
to 30% of the total filter cross section and be
equally distributed over the entire cross section to
maintain an even flow throughout the horizontal-
flow roughing filter, Prefabricated perforated bricks
or blocks {e.g. holes & 3 cm, spacing 5 x 5 cm) or
loose rubble cpyld be installed instead of open
joints. Simultaneousfilling of filter material in layers
must be observed with loose or weak separation
wall structures.

13.3 Inlet and Outlet Structures

Inlet and outlet structures are necessary to
regulate the flow, evenly distribute and ab-
stract the water, and 1o control the water level
in the filter. The inlet and, preferably, also the
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outlet are equipped with V-notch weirs for flow
control it weir overfalls of about 20 - 30 cm can be
accommodated in the hydraulic profile of the treat-
ment plant. The V-notch weir at the outiet can be
omitted in treatment plants with a small available
hydraulic head and replaced by an effluent pipe
which will maintain the water level in the filter at a
minimum height. A flow rate control allowing
accurate flow adjustments should always be
installed at the inlet of roughing filters. A flow
rate control at the filter outlet is not recommended
as backwater effecis create flow adjustment diffi-
culties. An iniet weir can contral the headloss and
the water level increase in the inlet box located
after the weir also indicates filter resistance devel-
opment.

Even flow distribution through the filter bed is
achieved either by a false filter bottom or by
perforated pipes inupflowroughingfilters, and
by an inlet chamber with a perforated separa-
tion wall in horizontal-flow roughingfilters. Fig.
48 illustrates the inlet and outlet structures of a
horizontal-flow roughing filter. The middle part of
the separation wall nextto the inlet chamber should
be perforated. A full wall at the bottom and at the
top respectively, prevents coarse settled solids or
floating matter from penetrating into the filter. The
minimum width of the inlet chamber should be at
least 60 to 80 cm for easy removal of settled
matter. A similar ocutlet chamber is installed in
horizontal-fiow roughing filters at the effluent side.

However, the openings in the separation wail after
the last filier pack are distributed throughout the
filter cross section. It is important to protect the
pretreated water from algal growth or from
airborne pollution. Forthat purpose and to avoid
mosquito breeding, horizontal-flow roughingfilters
have io be filled to about 30 to 40 cm above the
effluent weir level with filter material, and the outlet
chamber must be covered. in upflow roughing
filters, the effluent pipe located roughly 5 cm above
the top of the fiiter bed, controls the water level.
This free filter water surface should also be pro-
tected by a layer of large stones (about g 50 - 80
mm, height 20 - 30 cm) or by a removable roof
cover.

13.4 Drainage System

Roughing filters can be cleaned either hydrau-
lically or manually. Drainage systems with a high
hydrautic capacity and capable of abstracting the
washwater evenly fromthefilterbedare necessary
for hydraulic filter cleaning. Fig. 47 contains differ-
ent drainage layouts. The installation of a false
filter bottom is the best option for vertical-flow
roughingfilters. About 10-cm highconcrete blocks
supportthe perforated filter bottommade of roughly
5-cm thick congcrete slabs and perforation holes of
about 6 - 8 mm diameter. These slabs are usually
installed with open joints of about 4 - 8 mm clear
widih. Perforated drainage pipes or perforated

inlet outlet
distribution  inlet
channel chamber outlet chamber
with weir
o gauging fixed weir for
~—> rod flow control flow
inlet H “ﬂ\\ ?0 cm max == cover roof
v ;j E20~30 em minJy_K?\ M #
. / = = ?
over- | 11 {7 de~e—p
flow 7 = 17 outlet
7 100-120 om i ]
]
] s
L/ ]
/] ]
[ ! 2% 7]
/;: - "k Yoo YL 5
o B ~P
P drainage
T
SANDEC 25.8.85
Fig. 46  Inlet and Outlet Structure of a Horizontal-flow Roughing Filter
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culverts have to be used in horizontal-flow
roughing filters and could be a possible alterna-
tive to a false filter bottomn in vertical-flow roughing
filters. However, a false filter bottom cannot be
used in horizontal-flow roughing filters as it wouid
lead to water short circuits. Therefore, perforated
drainage pipes and culverts will also have to be
instailed every 110 2 m perpendicularto the normai
flow direction. Since intake and dynamic filters are
surface filters, the sludge which mainly accumu-
iates on top of the filter bed is cleaned manually.
Therefore, these filters do not require drainage
installations with a high hydraulic capacity.

Pipes and shutoff devices are required for
hydraulic filter cleaning and for complete de-
watering of the filter box. Large pipe diameters of -
15010 250 mm are necessary for efficient hydrauiic
cleaning. The hydraulic capacity of these installa-
tions should allow an initial filter drainage velocity
of 45 - 90 m/h. The outlet of drainage pipes should
be located at the lowest possible fevel in order to
make optimal use of the avallable hydraulic head.
For cost reasons, these large diameter drainage
pipes should be as short as possibie and firmly

fixed to the structures in order to withstand the
considerable dynamic pressures generated by the
flushing cycles. A manhole, as shown in Fig. 48,
can be used as interconnection between filter
bottorn and drainage pipe 1o alternatively reduce
the length of the hydraulic drainage pipes. In con-

trasttotheselarge pipes, smalltubescf 1 -2inches

in diameter sealed by nipples will adequately
dewater the different compantments (inlet, filter
and outlet boxes) of a roughing filter. Small struc-
tures, however, can also be dewatered with the
help of buckets or a tube used as a siphon.

Fast opening devices are required to initiaie a
fast hydraulic cleaning cycle in order notio lose
too much washwater during cleaning. These de-
vices should be simple in design, sturdy and
easy to operate. In the long run, they must be
watertight and equipped with a shut-off device to
interrupt the drainage process. Use of buiterfly
valves is the best but most expensive option. To
reduce construction costs, different local designs
of fast opening devices have been developed as
ilustrated in Fig. 34 on page IX-9. A good example
of an appropriate technology is the modified mitk

horizontai-flow
roughing filter

location of drainage points

e o et e i 1 g

drainage systemn
perforated pipe

gravel pack
for small
o X holes @ 6 mm
aggregates o ':.\ spacing 100 mm
(o, AN
o~
\ foor of
7L—Ja filter box
150 mm
prefabricated culvert
50 cm
{perforated and 7r—~'r
open joints)
. E [] ,_:t 10 em
)\‘Q\\\i\\\\\ \&)

upflow
roughing filter

e

e Py
SRR S

or

false filter bottom

6-8 mm

TR

prefabricated slah

0

5cmp_| 41
8-12c¢cm|  Av g 10-12 mm?

16-20 mm

DDQ

(
0

|
(
(

SANDEC 25.8.95

Fig. 47 Layout of Different Drainage Systems for Roughing Fifters
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Fig. 48

can cover developed by CINARA in Colombia.
ZHAS in China successfully uses a self-designed
plug valve installed in a steel box, and Helvetas in
Cameroon applies carefully shaped and firmly
installed plugs held by a removable bar.

Finally, structures for fast drainage and safe
washwater disposal must be provided. The
washwater is generally discharged into an open
canal used to convey the hydraulic flush to a
nearby surface water or to a small pond used for
intermediate storage. Construction of a small la-
goon is recommended to recover the solid matter
washed out of the filter for use in agriculture. Direct
discharge of the washwater in stagnant surtace
water may gradually silt up the reservoir and ad-
versely affect its water quality.

&

13.5 Gravel and Sand Washing
Facilities

Filter material needs to be carefuily washed
before it is placed into the roughing and slow
sand filters. The gravel and sand must be free
from organic material, silt and clay particles, as
these impurities cause serious cperational prob-
lems. The organic matter could decompose and
affect taste and odour, and the particles siowly
washed out of the filters could thus increase turbid-
ity of the treated water. it must be noted that

Levelling of the Drainage System

provision and cleaning of filter material by the
community require considerable effort and time.

Filter material washing is best achieved by
mechanical stirring of the aggregates in a
washwater basin, as mechanical friction rubs the
impurities off the aggregates’ surface. The wash-
ing site should be located in the centre of the
treatment plant, preferably next to the slow sand
filters which are cleaned manually and more fre-
quently to reduce the transport distance of the filtter
matetial, The site should also not be too small and
allow 4 - 6 men to wash the filter medium simulta-
neously. Washwater can be saved and gross im-
purities eliminated if small filter material loads are
stirred and removed with a shovel to a first tank
before they are transferred to a second tank for
final washing. Such a washing installation is iffus-
trated in Fig. 49. However, centralised cleaning
involves transport of the filter material. Use of the
open drainage channel located along roughing
filters is an alernative ta the washing site as it
requires less gravel movement.

Raw water of moderate turbidity canbe used as
washwater, and prefiltered water for final sand
cleaning. A flexible hose may also be usedto wash
the filter material, and should thus also be available
if raw water is supplied by gravity to the treatment
plant. The washing site may also be equipped with
a shower for the treatment plant operator if the
washwater is adequately disposed.

J—Y
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Fig. 49 Layout of Gravel and Sahd Washing installation
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plasti heet near the inte
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L clean condition. I ﬂwught of s several reasons far his negligence; i.e., his. salary may no langer meet

the currentstandard aof living; or he may have personal probilems withihe administration orat home.

I was about to take away the unpleasant plastic sheet which would had spmled my photo when
Alcibiades arrived on the scene. I told himmy problem and asked himi to remove the plastic. However,
Alcibiades was strongly opposed to my suggestion since this piece of plastic was used to clean the
entirefilter box during the biannual removal of the gravel from the intakefilter. Theplastic sheetwas
used as temporary slab in order not'to.soil the cleaned gravel. Ashamed of my ignorance I taak a
picture - along with the plastic sheet right in the middle of the photo! '
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14. Operation and Maintenance of
Roughing Filters

Nowhere in the world will a water treatment run
by itseff. An input of manpower will always be
necessary. Right from the beginning of project
implementation, operational and maintenance as-
pects require careful elaboration and approval of
the different parties involved, such as the Ministry
of Water, support agencies, and the community. A
village water committee is usually formed to man-
age a water supply scheme. However, the care-
taker plays a key role in the operation and
maintenance of a water supply. He and his
colleagues are normally elected by the watercom-
mittee which also clearly defines their duties and
working conditions, such as salary, fringe benefits,
etc. The majortasks of a caretakeratthe treatment
plant is to control the water flow, monitor the

.quality, clean the filters and carry out general
maintenance work. These activities will be de-
scribed in the following sections.

Main responsibility for operation and mainte-
nance of a water supply scheme must be given
to the community concerned, since reliability of
a water supply primarily affects its inhabitants. In
other words, the water supply system has to be
operated and maintained at village level as much
as possible, using locally available resources and
infrastructure. Roughing and slow sand filters meet
these criteria as they do not require chemicals,
mechanical spare parts or highly trained staff,
Ownership and self-management of a water sup-
ply by a committed community prevents project
failures and waste of public funds.

141 Caretaker Training

Comprehensive training of local staff is essen-
tial since technical installations must be run by
operators. While most technical problems can be
eliminated or reduced by appropriate design and
construction, human aspects which might affect
treatment plant operation are more difficult to con-
trol. Careful, formal training of caretakers and
extensive support, guidance, and supervision in
the first years of operation are necessary.

Adequate payment of the local staff is equally
important. The caretaker of a rural water supply
usually has numerous duties; he is often in charge
of treatment plant operation, maintenance of the
water distribution system, collection of watertaxes,
clearing irregularities and complaints, etc. Motiva-
tion alone will not keep him on the job; his or her
work must be adequately compensated.

The caretaker should he recruited from the
lacal village, he should preferably be setiled,
married, land owner and well-recognised hy the
community. Ideally, he should also have some
technical skills, however, interestand motivation to
run a water supply system are more important
criteria for his election. He should show his interest
and skills during construction of the treatment
plant. However, the future caretaker should prefer-
ably not be selected during the construction phase
of a project but after assessment of the perform-
ance of different candidates during this period by
the construction foreman and the design engineer
who couidthen propose qualified candidatesto the
water committee for election. Each caretaker must
also have a deputy who can assume operation of
the water supply during his absence for reasons of
iliness, personalmatters or other obligations. How-
ever, responsibilities of the different staff must be
clearly defined and separately developed foreach
employee.

Formal caretaker training is best carried out by
the executing agency and conducted in the
local language. Annex 7 cutlines a possible train-
ing programme. Formal training will be comple-
mented by on-site instructions given by the design
engineer. Eagh treatment plant is different and
thus requires the development of individual opera-
tion schedules that will have to be elaboratedjointly
with the superviscrinthe firstyear of operation and
reviewed regularly on the basis of the treatment
plant petformance. Caretaker training is a con-
tinuous process. Regular meetings with other
caretakers is an ideal platform fo exchange expe-
rlence, enhance reputation and value the impor-
tance of the caretaker’'s inconspicuous daily activi-
ties.
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14.2 Treatment Plant
Commissioning

Filter operation should only start when con-
struction work has been properly completed.
For instance, performance of a horizontal-flow
roughing filter only partially filied with gravel will be
poor. The water bypasses the impounded gravel
layers in such a way that the unit will not act as a
filter but as an inadegquate sedimentation tank.
Emphasis must therefore be placed on a good
finish of the construction work, including the instal-
lation of proper flow control and drainage facilities,
as well as the full supply of filter material. Once the
treatment plantisin operation, provision andinstal-
lation of missing filter material have repeatedly
proved impossible as the construction partners
might refuse to assume additional work. Subse-
quent filling of the remaining filter medium could
also impair plant performance.

Cleaning of the installed filter material by the
drainage system is recommended before start-
ing filter operation. The roughing filters should be
filled with water up to the effluent weir level at low
flow rates of 0.5-1 m/h. Thereafter, the water is
drained off by the first drainage installation situated
next to the inlet. Any dust on the surface of the filter
material is rinsed to the filter bottom. impurities
accumulated near the drainage system will be
flushed out of the filter. If necessaty, this procedure
will have to be repeated two or three times chang-
ing the point of drainage from filter iniet to filter
outlet. Such filter cleaning will prevent dust parti-
cles from settling on the fine gravel fraction and
increasing the initial filter resistance. Operational
control of the complete drainage system is a posi-
tive side effect of the described cleaning proce-
dure.

Project hand over is often combined with the
inauguration of the instailations. A supply of
clean and sufficient water on this special day
should be guaranteed. Water treatment operation
has to start about two to three months prior to the
official inauguration day to ensure a sufficient
supply of good quality water and to avoid disap-
pointing the community and the invited guests. The
treatment plant may at first not produce the ex-
pected water quality, as the biological processes,
known as filter maturation, will require some
time to develop (a few weeks or months) de-
pending on the raw water characteristics, The
treatment plant may be operated at reduced ca-
pacity during this period. Pretreatment may be

bypassed to accelerate slow sand filter matura-
tion. However, this procedure should be applied
only to slightly turbid raw water carrying dissolved
organic matter which wili not be reduced by the
prefilters but used for the development of the
“Schmutzdecke" In the slow sand filter,

14.3 Flow Control

A 24-hour continuous filter operation makes
maximum use of the installations. Continuous
and constant flow conditions usually improve freat-
ment piant performance and reduce the required
structure size. However, gravity flow is usually
necessary for such ideal situations. Continuous
flow might notbe possible in water supply schemes
where the raw water has to be pumped. When
pumping is required, the treatment plant might be
staffed for 8 or 16 hours a day, depending on
whether one or two shifis are available.

intermittent slow sand filter operation is not
recommended for quality reasons. in order not
to affect the biological activities in the slow sand
filter, this filter can be operated at a declining
filtration rate in pumped systems during the
unstaffed period of the day. In practice, the stock
of supernatant wateris drained through the filter at
a continuously declining flow rate during the night
and in the morning hours, the filter is refiled with
pretreated water to reassume normat operation.
Such an operation calls for special provisions as
pretreated water for the slow sand filter has to be
provided at higher pumping rates.

Roughing filters are mainly physical filters.
They are less affected by flow interruptions as
they do not depend on a continuous supply of
nutrients as biological filters. Hence, intermittent
operation can be applied without causing a signifi-
cantdeterioration of the prefiltrate, provided smooth
rastarting of filter operation is observed. Declining
filter operation rate of roughing filters to supply
slow sand filters with a constant flow is not advis-
able due to the relatively small water volume
stored in the prefilters. The most favourabie
option in a pumped scheme is the provision of
araw water balancing tank which aliows continu-
ous fiter operation. Removal of the coarse solids
is a positive side effect of such a tank. The different
tank volumes required for a 100 m¥d plant are
illustrated in Fig. 50.
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The flow through roughing filters is controlled
by a flow control device at the inlet and by a
fixed weir at the outlet as ilfustraied and recom-
mended in Fig. 32 on page I1X-7. Thisis alsotrue for
the recommended inlet controlled slow sand filters
which compensate the progressive headloss de-
velopment by a gradual increase of the superna-
tant water level. For gravity schemes, constant
feeding is maintained by a more or less fixed
position of the valve in the supply pipe and a
subsequent overflow in the distributor box. For
pumped schemes with a raw watertank, the flow to
the treatment plant is regulated by a mechanical
flow rate device as shown in Fig. 33. These two
main possibilities are ilustrated in Fig. 21 on page
Vi-9.

V-notch weirs are generally used for discharge
measurements. Permanently installed V-notch
weirs or transportable equipment used for flow
control are described in Annex 2. The flow rate
through each filter should be routinely controlled
once a day if V-notch weirs are installed, and with
transportable equipment at least twice a week
according to the monitoring programme outlinedin
Annex 8.

Filter resistance in roughing filters is minimal
and hardly reduces the flow through the filter.
The headloss increases to a few centimetres in
well-operated roughing filters. Filter resistance
builds up along the entire filter bed as roughing
filters act as space filters. it is reduced to its initial
value by efficient and regular filter flushing. How-
ever, intake and dynamic fiiters can build up
considerable filter resistance as they mainly act
as surface filters. Since the headloss in intake
filters can increase to 20 - 30 cmwithin a week [48],
the flow through the filter has to be adjusted by
gradual opening of the valve located in the effluent
pipe. Dynamic filters have to produce by definition
a high filter resistance within a short time during
periods of high raw water turbidity. This willclogthe
filter bed and prevent highly turbid raw water from
flowing to the subsequent filters. Intake filters are
usually cleaned once a week, and dynamic fiiters
after every high turbidity peak.

Filter resistance can easily be determined by
measuring the level of the free water tables in
the inletand outlet chamber of roughing filters. The
effluent's weir crest level can be used as reference
(0-level). Gauging rods fixed to the walls of these
two chambers will facilitate the respective mea-
surements.

14.4 Water Quality Control

A water quality monitoring programme usually
aims at:

» characterising the raw water quality

« establishing and monitoring treatment plant
performance

« developing operationalcriteria forthe roughing
fiters and slow sand filters (i.e., schedule for
filter regeneration/cleaning)

« optimising layout and operation of the filters
{i.e., exchange of filter material, increase or
reduce filtration rate).

The mosiimportant quality criteria for drinking
water is its bacteriological quality. However,
improvement of the bacteriological water quality
greatly depends on raw water turbidity, efficiency
of the pretreatrent units in reducing this turbidity,
and on adequate slow sandfiiter operation. Turbid-
ity and bactericlogical contamination of the water
are, therefore, the key parameters for rural surface
water characterisation. Turbidity measurements
play a major role in monitoring the pretreatment
step(s), slow sand filter efficiency is usually estab-
lished by bacteriological tests.

However, bacteriological water quality exami-
nation requires special equipment, specificfield
test kits or generally the infrastructure of a labora-
tory. Well-trained and experienced staff are essen-
tia] for a reliable analysis. Routinely petformed
bacteriological water quality tests of rural water
supply schemes are generally far beyend the ca-
pacity of the responsible institution and, therefore,
mostly restricted to random tests. A well-operated
slow sand filter is a stable and reliable water
treatment unit not requiring frequent bactericlogi-
cal tests. In practice, test frequency can be re-
duced to a minimum once the bactericlogical effi-
ciency of the slow sand filter is established.
Headloss development and length of filter run
are appropriate criteria to assess the bacterio-
logical efficiency of slow sand filters. Well-
operated slow sand filters use natural treatment
processes, and nature will rebel with a headloss
increase when filters are overloaded, in contrastto
chemical and mechanised treatment processes,
where chemical doses and water pressure can
often be increased at the cost of the water quality
produced. The caretaker may thus greatly influ-
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Fig. 50  Required Tank Volume of a 100m3/d Treatment
piant in Correlation to the Flow Pattern
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ence and control the quality of the treated water by
adequate slow sand filter operation and by moni-
toring the headloss development.

Turbidity measurements are in principle sim-
ple and can, therefore, be handled by the local
caretaker. However, regular conventicnal turbidity
measurements, éEthough theoretically simpie, may
be difficult to carry outin rural areas. Transportand
communication problems, the fragile nature of
delicate instruments and the difficulties with regard
to commodities supply (e.g. batieries, standards),
are aspects which may lead to possible failures of
the most simple turbidity monitoring programme.
Sturdy and simple field test methods have
therefore been developed to allow characterisa-
tion of mainly physical water properties under
actual field conditions. Although the different me-
thods described in Annex 1 will not provide abso-
lute but relative values, they are, however, a useful
tool for water quality description of any specific
treatment plant.

A simple turbidity testtube developed by DelAgua
[7] replaces the common turbidity meters which
usually require a power supply. Since the visual
method is dependent on the sensitivity of the eye,
it is not as accurate as electronic systems, espe-
cially inthe high turbidity range. The lower practical
limit of the tube can measure five TU (Turbidity
Units) and therefore meets the turbidity standard
required by slow sand filtration.

The filterability testroughly indicates the amount
of suspended solids in the water and can therefore
be used in place of the standard method for the
determination of the suspended solids concentra~
tion which requires a highly accurate scale, a
vacuum pump and a drying furnace in an air-
conditioned room. Furthermore, medified Imhoff
cones are used for the determination of the settle-
able solids volume,

The stability test gives some information on the
settfing characteristics of the colloidal matter and
on the stability of the suspension. The results of
this test not only reflect the size and surface
properties of the solids but also the chemical and
organic compasition of the water. Adsorption of
Ca?* and Mg® ions on suspended solid surfaces
may destabilise a suspension, while humic sub-
stances have been reported 1o increase, in many
instances, the stability of a suspension.

Water samples should be drawn from the raw

water and from the filter Inlets and outlets as
indicated in Fig. 51. Additional sampling points
may be used to optimise a rocughing filter layout
(e.g. by possibly exchanging the gravei size). The
efficiency of the individual filter layers can be
examined by sampling tubes instalied at the end of
the different filter layers. Water sampling from
these tubes should be carried out carefuily in order
notto resuspendthe deposits around the sampling
point which would otherwise lead to inaccurate
results. Drop-wise samplingis recommended, and
the first tube of sampled water must be discarded
hefore starting with the actual sampling.

Simple field test equipment should be atlo-
cated fo each treatment plant. The caretaker
must be properly trained in order to carry out the
ditterent water quality tests and monitoring pro-
gramme for his treatment plant. An example of
such a monitoring programme is summarised in
Annex 8. The local caretaker should be assisted
and guided by a supervisor attached to the opera-
tion and maintenance section of the governmental
institution responsible for the water supply (i.e.,
district or regional water administration). The su-
pervisor will initially carry cut monthly and later
biannual visits to the treatment plant in order to
support the caretaker's daily activities and provide
a feedback which will be useful for the design and
operation of other treatment plants.

14.5 Filter Cleaning

Filter efficiency is not constant but may in-
crease at the start of filter operation and cer-
tainly decrease when solid matteraccumulates
excessively in the filter. Hence, periodic removal
of this accumulated matter is required to restore
efficiency and possibly hydraulic filter perform-
ance. Filters are cleaned either hydraulically or
manually, and the cleaning methods are depend-
ent on the way sofids accumulate in the filter.
Hence, the cleaning procedures willtherefore have
to be adapted to the different filters.

In intake filters, the solids mainly accumulate
ontop ofthe filter bed. By increasing flow velocity
over the filter surface, a fraction of these accumu-
lated solids may be dragged away by the water.
However, intake filters are usually cleaned manu-
ally with arake and shovelonce aweek. The first
step in the cleaning process is the closing of the
valve on the prefiltered water line. Thereafter, the
inlet control valve is opened to increase the hori-
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zontal flow in the filter box to about 0.20m/st0 0.40
m/s. The flow over the filter surface may alsc be
increased by closing parallel! filter units and direct-
ing the total raw water flow into the unit to be
cleaned. This method is particutarly advisable in
systems with limited raw water supply such as in
pumped schemes or of smali hydraulic pipe ca-
pacities, The solid matter retained by the filter is
first resuspended by mechanical stirring and
then flushed back to the river. Manual cleaning
should start at the upper end of the filter and
continue in flow direction to avoid silting of the
cleaned gravel. The gravel of fhe intakefilterhasto
be cleaned completely about once a year. A flat
concrete slab next to the filter should thus be
available to deposit and wash the gravel. A back-
wash system with a false bottom may be installed
in intake filters where a large amount of raw water
(at least 10 /s per m? filter area at a minimum
pressure of 2 m water height) is available at the
site. Filter operation is restarted by draining the
prefiltered water into the river or to waste until it
turns clear. Thereafter, the pretreated watercanbe
reconveyed to the subsequent filters of the treat-
ment plant.

Since dynamic filters are also surface filters,
they are cleaned manually. The cleaning proce-
dure is similar to that of intake filters, however,
dynamic filters have to be cleaned after each high
raw water turbidity event or when filter resistance
gradually increases over an extended period with-
out turbidity peaks. Cleaning of dynamic filters is
easy due to the relatively small filter area as a
conseqguence of the high filtration rate applied {v, >
5 m/h).

‘Roughing filters are mainly cleaned hydrauli-
cally but can also be cleaned manually if neces-

sary. Regular cleaning of the filter medium is
important for proper filter operation. Contrary to
filter operation under laminar flow, hydraulic filter
cleaning is carried out under turbulent flow condi-
tions. The water stored in the filter is drained out of
the filter compartment at high drainage velocities.
In order not to lose too much washwater stored in
the filter, the valves or gates should be opened
quickly. Shock drainage is achieved by a fast
opening and closing of the vaives or gates
connected to the underdrain system of the filter.
Starting and stopping the drainage process will
induce unstabte flow conditions thatwillloosen and
disintegrate the solid deposits accumulated in the
filter. Subsequent high drainage rates are applied
to flush the resuspended solids out of the filter.
High peaks of suspended sclids concentrations
can be observed in the washwater as ilfustrated in
Fig. 52. However, these high concentrations rap-
idly decrease with progressive drainage time and
additional drainage cycles. The suspended solids
concentration in the washwater shows a slight
increase at the end of filter drainage when the
remaining studge deposit accumulated at the ficor
is washed out. In vertical-flow roughing filters,
each filter compartment can be drained sepa-
rately. This allows individual cleaning of the spe-
cific filter compartments or of part of a filter if the
false fiiter bottom is divided into segments. Con-
ventional filter backwashing as applied in rapid
sand filtration is not possible since the filter bed of
roughing filters cannot be fluidised. A large vol-
ume of washwater is available in horizontal-
flow roughing filters, since the diiferent filter
compariment are separaied by periorated walls,
allowing the stored water of the entire filter to flow
into the opened drainage pipe. Hence, a consider-
able volume of washwater is available o flush the
sludge accumulated around the drainage pipe out
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Fig. 51
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ofthe filter. However, unless all drainage pipes are
opened simultaneously, large vertical drainage
velocities required to flush the deposits accumu-
lated in the entire bed to the filter bottom are more
difficult to achieve. In such a situation, the high
washwater discharge may create a disposal prob-
lem. In horizontal-fiow roughing filters, it is
very important to start the cleaning procedure
at the inlet side as most of the sclids are retained
in this part of the filter. An initial vigorous drainage
at the rear of the filter would wash the bulk of the
solids towards this drainage point and enhance the
risk of clogging the fine filter part.

Efficiency of hydraulic cleaning can be as-
sessed by headloss comparison before and
after filter drainage. For this purpose, measure-
ments in the filter inlet and outlet must be con-
ducted underthe same operational conditions, e.g.
with similar filtration rates before and after filter
cleaning. Manual cleaning is necessary if initial
filter resistance starts to increase and no filter
regeneration is observed after hydraulic cleaning.
installation of transparent plastic tubes, used as
piezometers and fixed t¢ the outer wall of the filter
box at the end of each filter fraction, can be useful
for additional headloss control. The headloss data,
recorded at these points, is used to determine
regeneration efficiency and detect premature clog-
ging of the individual gravel fractions. Careful re-
cording of the water table is important since the
difference in head between the subsequent filter
layers is usually only within a few millimetres or
centimetres. If the water level reaches the top ofa
horizontal-flow roughingfilter, filter resistance might
become the decisive criteria for manual cleaning.

6 50 100 150 200 250 300

time (sec)
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A free water surface on top of such a filter should
never be tolerated since filter efficiency will dra-
matically drop due to short-circuiting of the water,

Filter cleaning frequency greatly depends on
the raw water characteristics, filter layout and
operation. Most of the solid matter (80-80%) of
tropical surface water is usually composed of sta-
ble inorganic material. Since this type of material
does not change the chemica! properties of the
water passing through the filter, it can therefore be
stored in the roughing filters without negative im-
pacts. However, high levels of organic matter call
for frequent and regular cteaning to avoid consoli-
dation of solid deposits, decomposition of the or-
ganics in the filter and to prevent water quality
deterioration with regard to taste and odour. Nev-
ertheless, regular hydraulic cleaning is advis-
able since it enhances filter efficiency and
reduces sludge compacting and manual clean-
ing frequency.

The annual hydraulic cleaning schedule has to
be adapted to the annual fluctuation of the raw
water quality. High turbidity loads are preferably
treated by relatively clean filters to prevent a break-
through of the sofid matter that would affect slow
sand filter operation. it is therefore recommended
ta thorecughly clean the roughing filters before peak
loads {e.g. before the beginning of the rainy sea-
son). Hydraulic cleaning can be handled by the
carstaker and does not normally require external
assistance (e.g. community participation). Each
caretaker will, therefore, have to establish,
through practical experience, the optimai clean-
ing procedure and frequency required by his
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own treatment plant. The caretaker will certainly
be most interested in an efficient hydraulic clean-
ing since manual cleaning is time-consuming and
labour intensive.

Manual cleaning must be applied when the
solids accumulated at the filter bottom or, at
worst, all over the filter, can ho longer be
removed hydraulically. This occurs if proper hy-
draulic cleaning has been neglected or if solid

matter has cohered to the filter material or at the,

bottom. A slimy layer may cover the filter material
if there is biological activity in the filter resulting
from high loads of dissolved organic matter in the
water. This biclogical layer will most probably in-
crease filter efficiency at the beginning, but will
subsequently hinder the drift of deposited matter
towards the filter bottom. Accumulated cohesive
matter might also hinder self-regeneration of the
filter. Finally, retained material in silted but drained
filter beds will also dry up and form a skin around
the filter material. Thus, roughing filters should
never be kept dry unless the filters are properly
cleaned in advance.

Manual cleaning procedure mainly consists in
excavating, washing and re-installing the filter
material. The filter material is excavated from a
drained filter. The coarsest filter material is nor-
mally removed first, cleaned and thereafter refilied
into the fikker section. The first part of the filter
material may be stored for awhile, whereas the
remaining material can be washed and directly re-
installed to save storage space and reduce clean-
ing operation. As regards horizontal-flow roughing
filters with strong separation walls, each filter frac-
tionis generally handled separately to avoid mixing
of material. Simultaneous excavation of the filter
materialis necessary in upflow roughing filters and
in horizontai-flow roughing filter where separation
structures are weak, or where these walls are
completely missing.

Resieving of the filter material is necessary if
mixing of the different fractions occurred or i
the filter medium has been broken up into smaller
pieces due to excavation and mechanical clean-
ing. A well-specified, uniform size for each filter
fraction is essential to maintain high porosity of the
filter bed. In this context, it is clearly more advan-
tageous to install a mechanically-resistant filter
material right from the beginning. Re-installation of
the filter material should not create any difficulties.
However, the material should preferably be brought
into the filter right after having been washed to

avold contamination with dust or other impurities.
Disintegrated materiat in roughing filters must be
replaced and filed back ta its original level. A stock
of additional filter material should therefore be kept
at the treatment plant.

Fitter cleaning involves a great deal of manual
work, often beyond the caretaker’s ability. Ad-
ditional manpower must be mobilised either by
contracting local casual labourers or by involving
the community. Careful planning and crganising is
necessary when manual filter cleaning is carried
out with village paticipation. The cleaning sched-

ule should, for instance, not coincide with a period.

of intensive agricultural work. Adequate material
and tools must be provided to allow efficient
filter cleaning, otherwise maintenance work will
become too tedious and might never be done.
Manual filter cleaning requires shovels, sieves,
preferably two to three sturdy wheelbarrows, some
wooden boards, and buckets. The same material
already used for construction should therefore
remain at the treatment plant or in custody of the
local operator at the end of construction.

14.6 Filter Maintenance

Major incidents are often the result of minor
causes. This saying alsc applies to roughing filter
maintenance. Fiiter maintenance is not very de-
manding as the prefilters do not include any me-
chanical parts apart fromthe valves. Nevertheless,
maintenance should aim at maintaining the plantin
good condition right from the beginning. External
assistance for maintenance work can usually be
avoided if the following work is carried out
properly by the local caretaker:

¢ pericdic upkeep of the ireatment plant's
premise (grass cutting; removal of smalibushes
and trees which could impair the structures by
their roots; removal of refuse)

» soil protection against erosion (especially
surface water intake structures, the washwater
drainage channels and surface runoff)

* repairing fissures in the walls of the different
structures and replacing the chipped plaster

« application of anti-corrosive agents to ex-
posed metal parts (V-notch weirs, gauging
rods, pipes)

« checking the different valves and drainage
systerns, and occasicnally lubricating their
moving parts
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« weeding the filter material

« skimming off floating material from the free
water table

= washing out coarse settled materiai (distri-
bution and inlet boxes)

+ controlling the anciilaries and replacing de-
fective parts (tcols and testing equipment).

The term “periodic” does not only apply to the
first point in this check list but to all of them.
Proper maintenance of the treatment plant guaran-
tees long-term use of the installations at low run-
ning costs.

Photo 9 Hydraulic Cleaning of Roughing Filter
(Note the Simple Design of the Fast Opening
Pevice as also illustrated in Fig. 34, p. 1X-9)
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15. Economic Aspects

Since numerous factors affect water treatment
plant costs, general, absolute values cannotbe
cited. Suchfactors include type of treatment plant,
localmaterial and labour costs, mode of implemen-
tation (construction by private contractors, national
institution, or community participation ina self-help
project), and geographic location (affecting type of
structure used to fulfil climatic conditions, accessi-
bility influencing transport costs, etc.). The overall
costs comprisethe initial or construction costs,
as well as operating and maintenance costs.
The different costs can be subdividedinto local
and foreign costs, an aspect of great importance
tor developing countries which may have to import
part of the equipment and material required for the
freatment plant.

15.1 Construction Costs

An evaluation of the construction cost struc-
ture for different roughing filter projects whose
design capacity ranged from 70 to 750 m¥d and
located in Tanzania, Kenya, Indonesia, and Aus-
tralia, reveal the following, rather similar break-
down of construction costs:

Topography and soil conditions (required excava-
tion work and type of foundation), including type of
structure (reinforced concrete or brickwork), are
cost decisive factors for earthwork and structure.
Availability of local filter material in the required
sizes significantly influences the purchase price;
i.e,, the supply. These first twe cost components
only have low economies of scale, however, the
relative costs for piping and accessories will de-
crease with increasing plant size.

The specific roughing filter construction costs
per m?® of installed filter volume range between
US $ 100 and 175, except for the plant in Australia
where the specific costs amount to US § 600. It is,

however, not only the smailestin capacity and built
inreinforced concrete, but it also reflects the prices
of a private contractor in an industrialised country.
In developing countries, specific costs ranging
from US $ 150 to 200/m? will most probably cover
the roughing filter construction costs. In self-help
projects where only building material has to be paid
for, construction costs can be reduced by 30-50%.

The specific roughing filter construction costs
per m3/d water output are dependent on filter
length and applied filtration rate. For an assumed
total filter length of 5 m and a filtration rate v, ot
0.5 m/hfor 24 h/d, the resulting specific daily costs
amount to:

Construction costs for slow sand filters are
dependent on the respective filter layout and
design. Costs are greatly influenced by type of
filter box chosen (earthen basin and reinforced
concrete filter box are the two exiremes), and by
the sand price. A slow sand filtration cost study
made in India [59] and based on 1979 prices
revealed specific construction costs of about US §
25-40/m?/d for a daily design capacity ranging from
70 to 750 m®. A material cost estimate in the Slow
Sand Filter Manual [60] revealad higher specific
costs. For the less expensive slow sand filter
options with sloping walis or masonry structure, the
material costs were estimated between US § 40-
60/m3/d afid US $ 160-240/m*d respectively. How-
ever, the cost estimate for these plants, whose
design capacity ranges between 70 and 350 m¥d,
also includes material costs for small clear water
tanks of 20 to 40 m® volume. Owing to the different
material and iabour costs, it is difficult to obtain a
generally valid cost indication as demonstrated by
the two studies.

A more comprehensive costs evaiuaticn was
made of 15 slow sand filters constructed in the
US [17]. Of these 15 plants, five slow sand fiiter
schemes, ranging in capacity between 130 and
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189,220 m?¥d, are gravity operated and have no
electrical equipment. A construction cost evalua-
tion of these five plants resuited in the following
subdivision of construction costs:

: ‘plpes, vaives and meters - about20% -

The specific construction costs feruncovered slow
sand filters in the US showed the following clear
economies of scale:

A slow sand filter plant with a 50 m?filter area,
operated ata 0.15 m/hfiltration rate, has a capacity
of 180 m?®d. Construction of such a plant would
cost about US $ 62,000. Based on the above
equation, investment costs for a stow sand filter
plant with double the filter area and daily capacity
would amount to about US $ 87,000. For slow
sand filters, this results in the following specific
construction costs per daily capacity:

These specific costs clearly demonstrate the econo-
mies of scale. Furthermore, when applied to the
considered filtration rates in roughing and slow
sand filters (0.5 and 0.15 my/h), the specific con-
struction costs have a similar order of magnitude.
The modified specific costs in the ratio of 0.5/0.15
for slow sand filters would amount to about US §

100 and 70 / m?*/ d for the 180 and for the 360
m?/ d plant, and can be compared to the costs of
US § 60 - 80/ m?/ d given for roughing filters.

A construction cost comparison is drawn between
stow sandfilters and rapid sandfilters[18]. Accord-
ing to an evaluation of the specific construction
costs for seven slow sand filter plants, they range
between about US $ 350 and 2,500/m¥d. How-
aver, it appears that the construction costs for
small capacity slow sand filter plants are substan-
tially lower than for equivalent rapid sand filter
piants on account of their simple design and mini-
mum mechanical equipment requirement. In addi-
tion, roughing and slow sand filter ptantstend to a
have long service lite which reduces the annual
depreciation rates of the capital costs.

15.2 Operating and Maintenance
Costs

Filter ¢leaning costs are the main operating
costs for roughing and slow sand filters as the
filters do not regquire any chemicals. On the one
hand, since hydraulic roughing filter cieaning
is cheap, as the work can be carried out by the
caretaker, the running cosis will remain low.
On the other hand, hydraulic filter cleaning is
very cost effective with respect to total operat-
ing costs as it reduces the frequency of manual
cleaning known to be labourand costintensive and
generally requiring additional manpower. The
manual cleaning frequency differs for each filter
type. Intake filters are usually cleaned once a
week, dynamic filters after every heavy rainfail.
Manual cleaning of roughing filters may be re-
quired every three to five years, or may not be
necessary with the installation of an efficient drain-
age system. Finally, a slow sand filter run may last
from one to six months.

Since salaries of water plant operators vary signifi-
cantly, the time required for filter cleaning is the
best way to assess its costs. Manual cleaning of
a 2-m?large intake ordynamic filter may take about
half an hour if the gravel does not have to be
removed from the filter box. Manual cleaning of
roughing filter media is more time-consuming as
the gravel has to be removed from the filter box,
transpented to the washing place, washed and
reinstalledinto thefilterbox. Asarule, about 1.5 m?3
gravel per man/day can be cleaned. Hence, upflow
roughingfilters runat 0.5 m/hfiltration rate fora 240
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m?/d capacity treatment plant will require a total
tabour input of about 14 man/days for manual
cleaning or, more practically, three men could
clean 20 m® of gravelin one week. Finally, aman's
daily ability to scrape a 2.5-cm thick layer from a
slow sandfilterandto transportthe sandin buckets
to the sand washing place may be in the order of
100 m? filter area. 50 m? slow sand filter area
(filtration rate 0.20 m/h) would be required for the
240 m¥d treatment plant, or half a day forone man.
More realistically, twe menwouldbe able to scrape
the sand from a 240 m¥d slow sand filter plant in
half a day. Sand washing can be carried out later
when the slow sand filters have restarted opera-
tion. However, a 240 m?d plant capacity is splitinto
several roughing and slow sand filter units, the
different filters are cleaned successively in
order te guarantee an uninterrupted supply of
water. These specific cleaning capacities and the
annual cleaning time required for the operation of

Table 8

240 m¥d treatment plant are summarised in Table
8.

Since operation of roughing and slow sand
filters only requires labour input, any commu-
nity with a strong interest in treated water can
afford the use of suchfilters. The running costs can
be reduced to a minimum if the community partici-
pates in filter cleaning.However, routine operation
and maintenance of a treatment plant will be car-
ried outby a caretaker or operator who significantly
influences efficiency, reliability and water treat-
ment costs. The community should appreciate his
work and reward him accordingly. The fully self-
reliarst treatment processes are therefore not
dependent on any external financial and tech-
nical support. Important operating and mainte-
nance costs, which are often too high for a rural
community, can be reduced to an absolute mini-
mum by the installation of self-reliant treatment

Annual Cleaning Time for a 240 m3/d Treatment Plant

Treatment Scheme

Cleaning Time per Filter
¢ hydraulic cleaning -
< manual cleaning

Cleaning Time
* dry season
* rainy season

Annual Cleaning Time

Manual Filter Cleaning
» frequency of manual

intake filter upflow roughing filter | slow sand filter
Treatment Design
« filtration rate vF 1.25 m/h 0.5 w/h 0.20 m/h
» filter bed area A 8 m? 20 m? 50 m?
= filter bed height H 04 m i m i m
» filter material volume V 32 m3 20 m3 50 ml
+ filter units - 2 2 2
» filter area per unit 4 m? 10 m? 25 m?
Cleaning Interval
* dryseason 8§ months 2 x / month 1 x / month 1 x/ 4 months
* rainy season 4 months 4 x / month 2 x / month 1 x / 4 months

(.5 man hour

16 man hours
16 man hours

32 man hours

0.25 man hour -
8 man hours

Hp

filter material washing 1 x/year
» cleaning capacity 1.5 m3/man/day
» cleaning time per filter I man/day

« contribution to annual
cleaning lime

16 man hours

22 man hours

4 man hours 32 man hours

4 man hours 16 man hours

8 man hours 48 man hours

I x/35 years 1 x /10 years

1.5 m3/man/day 1 m¥/man/day
7 man/days 25 man/days

40 man hours

Total Annual Cleaning Time

48 man hours

30 man hours

88 man hours
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proceSses, such as roughing and slow sand filtra-
tion. This is one criteria for long-term operation of
any water supply scheme.

15.3 Overall Costs of Water
Supply Schemes

The construction costs of a water treatment
plant may make up an important part of the
overall investment costs of a water supply
scheme. Costcomparisons between differentwater
supply alternatives should therefore be made in
the preliminary project design phase.

Selection of the water source should be based
ontechnical and economic considerations. Op-
erating and maintenance costs of a gravity-oper-
ated system are low compared to a slow sand filter
plant, which requires about 40% of the initial con-
struction costs to operate a plant for a period of 20
years. Under such aspects, it may be more eco-
nomical to tap a more remote source of good
quality water and invest in a longer water supply
main than in a treatment plant.

Construction costs for rural water supply
schemes can be subdivided as follows:

Annual operating and maintenance costs have
to be added to the annual capital recovery
costs to obtain a correct cost analysis. However,
since operating and maintenance costs greally
differ, a general estimate is difficult. 2% of the
construction costs may be an indicative figure to
estimate operatingand maintenance costs of rough-
ing and slow sand filters, excluding the deprecia-
tion costs for the treatment plant.

Finally, the local and foreign currency cost
component can also be an important factor in
project budgeting. Roughing and slow sand fil-
ters are an essentially self-reliant technology which
is largely reproducible with local means. Based on
the construction cost structure, 80 - 80% of the
investment costs are expenditures for construction
material, such as gravel, sand, cement, bricks and
stones, and for labour, both readily available inthe
country. The remaining 10 - 20% are costs for the
purchase of pipes, valves and accessoties (V-
notch weirs, gauging rods) which may partly have
to be imported. Hence, roughing and slow sand
filters make maximum use of local resources,
require mostly local currency and reduce the
need for foreign currency.
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F awaver he: electnczty bil .the salai'y of the two caretakers and minor mamtenance costs had fo be

B 'cavered by the water fees levzed sepamtely in each settlement. Despite lengthy meetings withthe water
eammzttee a few villagers were still not willing to pay the fixed rate, This gave rise to tariff policy
disputes and jeopardised smoothi operation of the water supply scheme until the local blacksmith
suggested'the installation of padlocks with steel cylinders on the taps. Al the taps were thus equipped
with padlocks which allowed a controlled supply of water to all those who settled their water bill
regularly.

Today the opponents of the water fees are no longer contesting them, and the padlocks installed at
the public standposts hinder people from neighbouring villages trying to collect water illegally.
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16. Desigh Examples

Five design examples are presented hereafter

to illustrate prefilter and roughing filter appii-
cation. The population of rural communities is
often inthe range of 500 to 5,000 inhabitants. The
daily water demand is dependent on the service
level; i.e., whether the population is supptied by
public standposts, yard or house connections, as
well as on the water price and water rate system
used; i.e., flat rate or billed on the basis of water
meter readings. In water supply schemes with
pubiic standposts, daily water demands can vary
between 20 and 30 litres per person.

The following design examples are based on the
supply of a village with a current population of
about 1,500 inhabitants and annual growth rate of
3 %. The current water supply through pubiic
standposts amounts to 20 litres of water perinhab-
itant. However, water supply instailations have to
be dimensioned to meet future water demands of
the design population. For a 10-year design pe-
riod, a treatment plant operated on a 24-hour
basis will require the following design capac-
ity:

Type of raw water source and raw water quality
determine extent and type of treatment. Turbid-
ity level and respective peak values are the most
important parameters for pretreatment unit de-
sign. Raw water quality data are often scarce and
records of peak values generally unavailable. With

time, raw water sources may deteriorate in quality
and quantity. Watershed protection is therefore
essential for a long-term use of the source. How-
ever, such projects may not prevent water quality
deterioration and, therefore, the treatment plant
layout should allow for the integration of addi-
tional pretreatment steps ifthese turn out to be
necessary in the future. Fig. 53 illustrates possi-
ble annual raw water quality variations for the
following design exampiles presented hereafter.

16.1. Treatment of an Upland River

Our presumed village is located in a hilly area of a
West African country. The area is very rural and
scarcely populated. Temperature and climate are
pteasant, with cold nights and annual rainfall of
about 2,000 mm, ideal fortea and coffee growth. A
small upland river flows through tea and coffee
plantations located on gently sloping hills sur-
rounded by dense forests. Infuture, thefarms will
be expanding their plots further uphill. The central
government has recently granted construction of a
road into the catchment area to facilitate the exploi-
tation of wood. A water supply is foreseen to
compensate the villagers forthe now poliuted small
upland river.

After a sanitary inspection of the catchment area,
as well as a discussion with the village chief and
with a recently established water committee, it was
decided to construct slow sand filters according to
the respective graph shown in Fig. 54. However,
the slow sand filters have to be protected from
high silt loads carried by the river during the
shortbut heavy rainfalls. The algorithmdiscussed
and presented in Fig. 43 of Chapter 12 and at-
tached in Annex 6 is used to determine the type of
pretreatment required. Fig. 54 shows that the
planned slow sand filters are at present suffi-
ciently protected by dynamic filters, however,
intake fitters may be required in future if the raw
water qualily deteriorates due to overexploitation of
the catchment area.

Please note that Figs. 54 - 57 are duplicates of
Fig. 43 shown on page XlI-4 to facilitate its use.
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The different filter units for the treatment of an
uplandriver water are dimensioned as foiiows:
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A possible dynamic filter layout is illustrated in
Annex 6/1 and general design guidelines are sum-
marised in Fig. 37 of Chapter 10. Layout and
design of slow sand filters are described in An-
nex 3. ’

16.2 Treatment of a Lowland

Stream

The village in question may be situated in a valley
ofthe Latin-American Andes. At that high altitude,

' grass and farmland may predominate and forests

are scarce. The living condition of the population
is difficult and the tarmers are forced to use every
possible plot of fertile land as a means of subsid-
ence and for cash crops. The only perennial
water source and water supply of the popula-
tion is the valley river ioaded with lateritic soil
eroded into the stream. The yield of the few
springs generally emerging at the hottom of the
hills is iow and the springs dry up inthe hot season.
Groundwater is non-existent in the valley.

The river and its smail waterfalls upstream fortu-
nately allow construction of a gravity water supply
scheme. However, the river is considerably
poliuted by the villages located in the upper
part of the valley. The Junta Administrativa, a
village committee also responsibie for community
water supply, is aware of this public health risk and
has initiated a water supply project with the sup-
port of a non-governmental organisation. Based
on the selection criteria illustrated in Fig. 65, the
project team has designed a water treatment

 scheme consisting of intake filters, horizontal-

flow roughing filters and slow sand filters.
Upflow roughing filters in series are an economic
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alternative to horizontal-flow roughing filters, and
their hydraulic cleaning is also easier than the
propased option.
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The different filter units for the treatmentofa  16.3 Treatment of Reservoir water
lowland river water are dimensioned as fol-

lows:

The village may be located in Asia. The landscape
there may be very flat and interlaced by many
canals regulating the water table essential for the
cultivation of rice. Land is very scarce and, there-
fore, even the smaliest plots are used for agricul-
ture. Neveriheless, some larger lagoons for duck
farming can also be spotted. In former times, the
population used the canal water as raw water
source, however, this source has become increas-
ingly polluted due to increased motorisation of the
ships and to industrial wastewater discharge.
Hence, the lagoons - although exposed to pol-
lution from aquaculture and agriculture - are
qualitatively the best raw water source nowa-
days. Groundwater may in the fong run not be
used as water source due to the progressing
infiltration of sea water which gradually increases
water salinity.

"To avoid constructing a water supply scheme with
two pumping stages, the water treatment plant wil
have to be located at the lowest point next to the
dam of a lagoon. The treatment plant will have to
be gravity-fed, which will ensure its continuous
operation. Ducks and human activities around
the lagoon deteriorate the microbiological water
quality. Furthermore, use of agricultural fertilisers
enhances eutrophication of this reservoir water. A
treatment scheme, as illustrated in Fig. 58, is
therefore necessary to turn the raw water into
drinking water. The population’s high drinking wa-
ter standards will not allow the supply of chiorin-
ated water as it affects the taste of tea. It was,
therefore, decided to construct a treatment
scheme applying natural purification processes
such as upflow roughing filters in layers and
slow sand filters. A construction brigade started
constructing the treatment plant which was com-
missioned six months later. This short construc-
tion period was possible only thanks to the avail-
ability of local material.

A possible layout of the intake filters is fllustrated in
Annex 6/2, and the general design guidelines are
summarised in Fig. 37 of Chapter 10. A design
example for horizontal-flow roughing filters is at-
tached to Annex 6/3, and the respective design
guidelines are listed in Fig. 39. Layout and design
of upflow roughinéﬁiters are described in Annex 6/
4 and Fig. 38, and those of slow sand filters in
Annex 3.
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Fig. 56  Treatment Option for a Reservoir Water

The different filter units for the treatment of a
reservoir water are dimensioned as follows:

An example of a layout of an upitow roughing filter
in layers is illustrated in Annex 6/4, and general
design guidelines are summatrised in Fig. 38 of
Chapter 10. Layout and design of slow sand filters
are desctibed in Annex 3.

16.4 Rehabilitation of a Slow
Sand Filter Plant

Finally, the village in question may have completed
its community water supply 25 years ago. How-
ever, the situation in this West African country has
changed in the meantime. The population has
increased, however mostof its young people have
leftthe vﬁ!agefortown Theirincome, earnedinthe
commercial capital, allowsthemio construct stately
~ houses which they use during weekends and after
retirement, and to supportthe infrastructural projects
in the village. Inflation and a drop in prices for
agricuftural products forces the rural population to
praciise extensive land farming. Feeder roads are
constructed to improve transpert capacity to the
capitat and export to foreign countries. Indigenous
forests are cut down and troplcal wood exported.
The sturdy structures of the water supply allows a
more or less regular water supply to the village.
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However, the distributed water quality has dete-
riorated significantly in the last ten years and
has given rise to consumer complaints. The
existing sedimentation tanks and slow sand
filters can no longer cope with the increased
raw water turbidity.

The small upland river, which was well-protected
by a dense forest in former times, is now exposed
to numerous sources of pollution. Extensive and
careless farming has enhanced soil erosion, cows
in the grassland have considerably increased in
numbers and neighbouring villagers have started
farminginthe catchment area. As shownin Fig. 53,
river water turbidity has increased noticeably and
springs are now running dry in the hot season.
Slow sand filter runs amount to a few weeks in the
dry season and are reduced to a few days in the
rainy season. The sand has therefore been re-
moved from the filter boxes and the water now
flows unfiltered into the reservoir. As the sedi-
mentation tanks cannot cope with the increased

turbidity, they will have to be converted into
roughing filters to allow a reasonable slow
sand filiration. However, the vault-type sedimen-
tation tanks are not easily converted into roughing
filters. In such situations, pan of the slow sandfiiter
area may be used for the installation of uptlow
roughing filters. The capacity loss of the reduced
slow sand filter area can be compensated by
higher filtration rates of adequately pretreated raw
water.

A rehabilitation optionforan overloaded slow sand
filter plant is illustrated in Fig.57.

An example of a possible layout of an upflow
roughing filter in layers is illustrated in Annex 6/4,
and general design guidelines are summarised in
Fig. 38 of Chapter 10. The Integration of an upflow
roughing filter into a sedimentation tank or into a
siow sandfilteris illustrated schemafically in Annex
6/5.
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Rehabilitation Option for a Slow Sand Filter Plant
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The rehabilitated treatment plant is dimensioned as follows:
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16.5 Standard Designs for Com-
pact Water Treatment Plants

Watertreatment plant projects canbe implemented
on a standard design basis to reduce designinputs
as well as construction time and costs. This ap-
proach is especially appropriate in rural water
supply programmes for the construction of several
treatment plants having o treat raw water of similar
guality. In such situations, routine construction
procedures can be developed to reduce con-
struction periods. Furthermore, compact de-
signs and careful supervision of the construc-
tion will lower investment costs and enable the
use of economic construction procedures such
as the ferrocement technique. Standard design
modules often cover a range of different design
capacities. They may be implemented succes-
sively in different construction phases to meet the
actual water demand of the community. Every
water treatment project will nevertheless have to
be carefully adapted to the local situation and,
therefore, calls for a critical evaluation of the pre-
vailing conditions.

A standard design example is illustrated in Annex
6/6 . Upflow roughing filter(s), slow sand filter(s)
andareservoir arg integratedin one structure. This
example uses a circular design, often applied in
reservoir construction, and takes advaniage of
locally available construction techniques. A circu-
lar ring, placed around the reservoir located in
the centre, provides space for iwo treatment
lines comprising upflow roughing filters and
slow sand filters. Design capacity of the illus-
trated example amounts to 30 m¥d. Hence, two
such standard design units are required to cover
the water demand of the village in question. These
two units may be located in different places to treat
different raw water sources, and may improve the
reliability of a water supply system. Depending on
the raw water quality, the illusirated structure could
be usedto host alternative treatment systems such
as upflow roughing filters installed in the outer ring

and two slow sand filters placed in the centre tank.
Such a layout would require a separate reservoir.

The construction of small standard design units
also enables a phased increase of the treat-
ment plant design capacity, satisfying the future
water demand development. A further advantage
of a phasedimplementationisthe integration of the
operationat experience in the extension design.
Filters can frequently be operated at higher
filtration rates without affecting the treated water
quality or without substaniially reducing filter run-
ning periods. The filtration rate of slow sand filters
may for instance be increased from 0.1 to 0.2 m/h
{recommended range in the literature). With an
efficient pretreatment and use of sandcoarserthan
0.15 - 0.35 mm (recommended range in the
literature for the specific sand size d_, }, it may be
increased to 0.3 and exceptionally to 0.4 m/h,

The filter units of a compact water treatment
plant are dimensioned as follows;
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17. Final Remarks

Ityou have reached this part of the manual, you are
either an experienced reader who first consults the
executive summary and conclusions of a publica-
tion, ora person with a real interest in the roughing
filter technotogy. After having given enough evi-
dence in favour of prefilters and roughing filters,
this manual will conclude with some strong
statements on rural water supplies in develop-
ing countries, and will emphasise some weak
aspects pertaining to the implementation of water
treatment plants.

1. No water source will reach people who
merely read publications. Therefore, since this
manual presents a practical technology for field
application, it is not just meant for mental pleasure
nor to be filed away in a bookshelf, the reader is
kindly requested to take action in his field by
promoting and implementing appropriate technolo-
gies.

2. Appropriate means adapted to the local condi-
tion. Therefore, no technology can be univer-
sally appropriate. This is also true for slow sand
filtration. The often negative experience with this
treatment process is frequently the result of an
inappropriate raw water quality,

3. Application of similar technological levels is
a critical factor to achieve a sustainable system.
Insufficiently flocculated and settled water
pretreated by complex and unstable processes will
create operational difficuities even for the simple
and sturdy slow sand filters. Raw water condi-
tioned by prefilters and roughing filters will usuaily
meet slow sand filter requirements.

4. Actual demand and economic aspects are
decisive factors for the selection of a water supply
system. Prefilters, roughing filters and slow sand
filters are fascinating treatment combinations as
they are based on a reliable, sustainable and
reproducible technology. However, since these
filters require a considerable structural input, they
should only be favoured if no superior water quality
source is available and if water treatment is truly
necessary.

9. This manual is mainly a technical document,
However, water supplies can be compared to
computers as they both depend on hardware and
software. The water supply users have to decide,
contribute and operate these facilities. Sociocul-
tural aspects must be integrated in a project, and
institutional aspects considered carefully. Degree
of training, support and assistance to caretakers
greatly influences the performance and lifetime of
awatersupply. Hence, an appropriate and sustain-
able technology always requires an interdiscipli-
nary input as illustrated in Fig. 58.

culturat
background

appropriate and
susiainable technology

financial technical
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natural
conditions

social
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SANDEC 25.8.95

Fig. 538  Muitidisciplinary inputs for
Appropriate and Sustainable

Technologics

6. Information exchange should be reciprocal.
Your experience with roughing and slow sand
filters is important and your feedback essential.
SANDEC, therefore, hopes to receive your views
on this manual, especially your practical experi-
ence with the presented filter technology.

Provision of safe water is a great challenge. We
hopethatthis manualis a step inthe direction ofthe
following policy formulated in New Delhi[61] at the
end of the Infernational Water Supply and Sanita-
tion Decade

“Some for all rather than more for some”
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Abbreviations
CFU Colony Forming Unit
NTU Nephelometric Turbidity Unit
Ve filtration rate, filter velocity
Q flow rate, design capacity
RF Roughing Filter, Roughing Filtration
DF Dynamic Filter
IF Intake Filter
DRFS Downflow Roughing Filter in Series
HRF Horizontal-flow Roughing Filter
MHRF Modified Horizontal-flow Roughing Filter
URFL Upflow Roughing Filter in Layers
URFS Upflow Roughing Filter in Serias
SSF Slow Sand Filter, Slow Sand Fiitration
ESA External Suppert Agency
NGO Non-Governmental Organisation
AlT Asian Institute of Technology
BNHP Blue Nile Health Project
CAPM Chinese Academy of Preventive Medicine
cbC Centre for Developing Countires
CEPIS Centro Panamericano de Ingenieria Sanitaria y Ciencias del Ambiente
CINARA Instituto de Investigacion y Desarrollo en Agua Potable,
Saneamiento Basico y Conservacion del Recurso Hidrico
EAWAG Swiss Federal Institute for Environmental Science and Technology
EIER Ecole Inter Etats d'fngénieurs de I'Equipement Rural
ETH Swiss Federal Institute of Technology
EWW Ethiopian Water Works
Helvetas Swiss Association for Development and Cooperation
IRC International Water and Sanitation Centre
IWSA International Water Supply Association
NEERI National Environmental Engineering Research Institute
NWDB National Water Supply & Drainage Board
PAHO Pan American Health Organisation
SANDEC Water & Sanitation in Developing Countries
SDC Swiss Development Cooperation
SDR Swiss Disaster Relief Unit
SKAT ' Swiss Centre for Development Ceoperation in Technology and Management
SVGW Swiss Gas and Water Industry Association
UDSM University of Dar es Salaam
UNDP United Nations Development Programme
UNR Universidad Nacional de Rosario
UoZ University of Zimbabwe
uUsP Universidade de Sdo Paulo
WB World Bank ‘
WHO World Health Organisation
WRC Water Research Commission

ZHAS Zhejiang Health and Anti-Epidemic Station
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Simple Methods for Water Quality Analysis

1. introduction
The following difficulties often hinder implementation of a water quality monitoring programme:

* availability of only a few water quality laboratories in the country, and possible transport and
communication difficulties between the laboratory and the field,

* analysisof watersamples only possible in the laboratory for lack of appropriate field test equipment.
Delay and mishandling of the samples may lead to errors,

* Unavailability of basic infrastructure (e.g. power supply) and quaiifiéd personnel atthe treatment
plant.

As a consequence, water quality monitoring on a regular basis is frequently neglected. Water
treatment processes, however, have to be controlled, otherwise it may often cause the disinterest in the
treatment as a whole.

In order to overcome the mentioned difficulties, some simpie sturdy field test methods have been
developed to menitor the efficiency of filters with respect to solid matter reduction: Turbidity and
the suspended solids concentration are the main parameters which determine physicalfilter performance.
In addition, the volume of settleable matter might be of interest if no pretreatment system (e.q.
sedimentationtank, raw water reservoir) is available prior to filters. Finally, the suspension stability has an
influence on the settling characteristics of the suspended matter.

Simple methods and sturdy equipment are now availabie forthe determination of the different parameters.
SANDEC has developed a fieid test kit, as shown in Photo 1/1, containing all the necessary equipment
for turbidity, filtrability and settieable solids determination. Neither chemicals nor energy are necessary to
carry outthe tests. Only filter paper required for the filtrability test will have to be supplied from outside. The -
field test equipment described hereafter can easily be copied by local workshops experienced in
processing plastic material.

Photo 1/1

Field Test Kit
{developed and
assembled by
SANDEC)
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2. Equipment and Procedures
21  Turbidity

Turbidity is measured by a test tube that has been developed by DelAgua and which is included in a
field test kit for bacteriological (faecal coliforms) and physical/chemical analysis (pH, conductivity,
chlorine). More information on this field test kit can be obtained from DelAgua, P.0.Box 92, Guildford GU2
5TQ, England [7]. SANDEC has adapted the turbidity test tube by the addition of a small valve which makes
turbidity readings simpler (drainage of the filled test tube untitthe black circle appears instead of a stepwise
tube filling until the black circle disappears).

Test Procedure for Turbidity Analysis: A direction of
_ observation
- assemble the two turbidity tubes by placing the lower | _
inthe stand and byinsertingthe upperinthe lowertube i
through the haole of the stand *

- check that the valve is in a closed pasition

- slowly pour the water in the inclined test tube avoiding =75
splashing andthe formation of bubbies. Fillthetubeup -10
tomark 5 > Turbidity Units (TU)

- ensure that no easily settleable solids are poured into -10

the test tube since these would cover the black circle ~50
-100
- place the test tube on a white paper and avoid expos- ﬁéoj hl‘ack
ing the equipment to direct sunlight tap circle

. . Turbidity Test Tub
- observe the test tube from a vertical position and open urbicify fest fube

the valve
- close the valve as soon as you can see the black circle at the bottom of the test tube
- record the water level, convert it into turbidity units and record the result in the log book

- remove all water from the test tube and clean it.

2.2 Filtrability

" The suspended solids concentration analysis, which requires very accurate equipment, is
replaced by the filtrability test. The test will produce relative values sufficient to monitor the efficiency
of prefilters and roughing filters in solid matter removal.

Test Procedure for Filtrability Analysis:

- remove the vessel from the filter support by lifting the clamp and separate the porous filter disk from
the filter support

- place the filter support on the stand

- close the tap {horizontal position)
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- fill the filter suppon with water

- reinstall the porous filter disk in the filter support and

make sure that the disk is fully saturated with water vessel

- place a filter paper No. 595 (Schleicher and Sechill) or
any other filter paper with a medium filterability on the
filker support and press it slightly to the porous disk to
avoid air pockets below the filter paper

filter paper

filter support

0 (00 D)

t
- place the funnel onthe support and fix it with the clamp @
- place a measuring cylinder underthe filtrabilﬁy appara- g?ﬁfé’gﬁng

tus
d.D
- pour 500 ml of the water to be tested in the funnel

Filtrability Test

- openthe tap (vertical position), turn the sand clock and Installation

record the filtered water volume in mi after 3 min. (after
1, 2 and 3 min. if watch is available)

- remove the filter paper and the porous disk, refili the filter support, reinstall the porous disk and replace
the paper according to the described procedure

- analyse a second water sample in the same way

- enter the results in the record sheet if they are of the same order of magnitude (deviation £ 20%),
otherwise repeat the test for a third time

- remove all water from the filtrability apparatus and clean it

- piot the recorded filtrability values of the different water samples in relation to time (min) on a graph
as shown in Fig. 1/1 as it enables the solids removal efficiency of the different treatment stages to be
determined; water to be treated by slow sand filtration should have a filtrability value of at least 200 m¥/
3 min, and the filtrate of slow sand filters a value of 300 ml/3 min.

filtered
water
volume
[mi] — filtrate slow sand filter
-~ filtrate roughing filter -
e filtrate intake filter
) 3004 raw water treatment
.. plantwith . ,
A — good per-
formance
2004
-+ treatment
plant with
bad per-
100 R formance
g e
I .
— Fig. 1.1
0 - - N :
0 1 2 3 Fiftrability ofdifferentraw
fiitration time [min] watersandtreatment
SANDEC 25.8.95 gtages
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2.3 Settleable Solids

An adapted Imhoff cone, commonly utilised for the analysis of wastewater containing large volumes of
settleable solids, is used here to measure also small quantities of settleable matter. This test enables
the determination of the amount of solids removed by sedimentation. However, the test is only usefut for
raw water carrying a high concentration of settleable solids. This test provides information on the settling
characteristics and suspension stability of the solid matter. Forexample, a raw water with an initial turbidity
of 50- 100 NTU which shows a volume of only 1 mi/l of settleable matter after a period of 24 hours will most
probably be difficult to treat and, hence, require pilot plant tests.,

Test Procedure for the Determination of Settleabie Solids:

- startyour sedimentationtestinthe early morning hours to avoid
taking late night readings

- check the tightness of the screw

Imhoff
- insert the Imhoff cone on the stand placed on a firm table cone

- pour 1 litre of the water to be analysed into the Imhoff cone measuting
‘ cytinder
- record the volume of settled material after 15 min, 30 min, 1, screw
2, 4, 8 and 24 hours and enter the results in the record sheet
Settleabie Solids
empty the water from the test tube by removing the screw and Test Cone

clean the Imhoff cone

- reinstall the screw in order not to lose it

2.4 Suspension Stability

The stability of a suspension and settling properties of the suspended matter can be determined by
a sedimentation test. Recording of turbidity decrease in relation to time is the simplest monitoring
procedure for such a test. The water sample must be kept undisturbed during the test peried.
Therefore, small water volumes are extracted carefully and the turbidity measured in a common turbidity
meter or by the turbidity test tube described above which, however, gives less accurate results.

Test Procedure for Suspension Stability Analysis:

start your suspension stability test in the early morning hours o avoid taking late night readings
- place the stability test vessel on a firm table not exposed to direct sunlight

- fill the vessel with the water to be analysed until the water level reaches the "0"- sign mark (required
water volume about 2.5 litres)

- place the short measuring stick into the vessel

- observethe vesselthrough the vertical slot located at the small end of the vessel, move the measuring
stick backwards and forward until you start to recognise the bold black line on the stick

- increase the sensitivity of the measurement by using the fine line of the measuring stick in case the
bold line does not disappear when placed at the rear end of the vessel
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record the type (fine or bold line) used for reading and the position of the stick by the scale installed
at the long end of the vessel, this record in mm is the initial turbidity value of the suspension stability
test

exchange the short measuring stick for the longer one and install it in the vessel by placing its end at
the far end of the botiom

observe the line of the stick through the vertical slot located at the small end of the vessel, record the
position where the inclined line of the stick disappears and note the time

do not change the position of the measuring stick anymore nor shake the vessel as this would disturb
the stability test

repeat your reading of the position where the inclined line of the stick disappears after 15, 30, 80, 120
min. and after 4, 8, 24, 32 and 50 hrs.

plot the recorded values {(mm) in relation to time (hrs) on a gfaph similar to the one shown in Fig. 1/
2 as it will help to analyse the stability of the suspension
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A special vessel without turbidity reading equipmentis required forthe described test procedure. A simpler
test with three beakers and some fine plastic tubes can be carried outin case a commercial turbidity meter
requiring small water volumes (about 25 ml) for turbidity readings is available.

Test Procedure for a Simple Suspension Stability Analysis:

- fix one small plastic tube on each wall of three beakers so that one end of the tubes reaches the upper
part (about5 cm below the beaker's crest) of the beaker, the other ends about 20 cmbelow the beaker's
bottom -

- place the three beakers on a firm table, fix a clamp at the outside end of the tubes and fill the beakers
with water

- carefully siphon water samples for turbidity readings out of the beakers
- record the turbidity of the water samples
- take records after 0, 15, 20, 60, 90, 120 min and after 4, 8, 24, 32, 50 hrs.

- plotthe recordedturbidity in relationto time (hrs) on agraph as showninFig. 1/2 asitwilthelpto analyse
the stability of the suspension

2.5 Sequential Filtration Tests

The Turbidity, Filtrability and Suspension Stability Tests can only give qualitative information on
the amount and settling characteristics of the solid matter found in surface water. However, these tests
do not describe particle size characteristic of a suspension, an important parameter which greatly
influences treatability of a water and, hence, filter efficiency. Highly sophisticated and expensive apparatus
such as Coulter Counters and scattering light analysis are available to measure particle size distributions,
Since these instruments are not affordable by common water quality laboratories, EAWAG/SANDEC has
developed in cooperation with local partners in developing countries, an alternative and simple method
called “Sequential Filtration Tests” [62} which provides reasonable information on particle size
characteristics of a suspension. The analysis only requires special filter paper {polycarbonate
capillarpore membranes, manufactured by e.g. NUCLEPORE), afilter holder with a syringe and a turbidity
meter.

Test Procedure for Sequential Filtration Test:

place a filter paper with the largest pore size (e.g. 14 um) in the filter holder

filter a specific volume (e.g. 25 mi) through this filter paper

record the turbidity of this first filtrate

place a filter paper with the next smaller pore size (e.g. 10 um) in the filter holder

filker again 25 ml of raw water through the second filter paper

- record the turbidity of the second filtrate
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- continue with the same procedure using a sequence of filter papers with decreasing pore size (e.qg.
5 2,1,04, and 0.1 um)

- plotthe recorded turbidity values in relation to the filter pore sizes on a graph as shown in Fig. 1/3. It
- will reveal the particle size distribution of the analysed suspension.
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Simple Methods for Discharge Measurements

1. Introduction

Discharge measurements are necessary to control the flow through the treatment plant. The total
flow has to be distributed evenly amongst the different filter units running in parallel. Unequal flow
distribution will usually reduce the overall performance of the filters. Flow adjustments are required to cope
with the weekly and seasonal demand fluctuations. Furthermore, flow adjustments are also necessary
before and after cleaning and maintenance work.

Fixed installations or mobile equipment are used for discharge measurements. Since flow control
plays an important part in treatment plant operation, the use of fixed installations is recommended,

2. Fixed Installations

Flow meters are relatively sophisticated and mechanically sensitive. Solid matter (sand, silt) carried by
the water, can easily damage the device. It is therefore strongly recommended not to use such equipment
in water treatment plants. Flow measurements at the outlet of a clear water tank might be the exception.

V-notch weirs are simple, strong and cheap installations, and, therefore, most suitable for flow controi in
water treatment plants. Weirs can be made from wooden boards or preferably stee! or plastic plates. The
weil's discharge Is measured by recording the water height above the deepest point of the weir's crest.

A gauging rod, fixed at a distance of minimum 30 ¢cm from the inlet weir and marked with different colours
{e.g. greenin the range of the design capacity, red for the zone above design capacity and yellow for the
one below design capacity), will ease measurements, Compared to a 90° angte weir, V-notch weirs with
a 60° angle will increase the accuracy of the readings. Slot-shaped holes in the weir's plate and in the
gauging ailow and accurate adjustment of the horizontal position. Fig. 2/1 gives more details on the
possible dimensions of a weir's plate. The relation between water height and weir's discharge is listed in
Table 2/1 and is shown as a graph in Fig. 2/2.

Table 2/1 Discharge over a 60° V-notch weir

Height of water flow rate
hy (cm) i/s ifmin m3/h
above weir crest
1 0.01 0.6 0.036
2 0.05 3.0 0.180
3 0.13 7.8 0.470
4 0.27 16 0.970
5 0.46 28 1.7
6 0.73 44 2.6
7 1.08 65 3.9
8 1.50 a0 54
9 2.02 121 7.3
10 2.63 158 9.5
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3. Mohile Devices

The simplest method to measure water flow is to record the filling time of a determined bucket
volume. This procedure is inaccurate for high flow rates as filling time becomes very short and easy
handling is hampered by the weight of the filled bucket.

Therefore, SANDEC has developed a more suitable flow control device which is illustrated in Fig.
2/3. The overfalling water flows into a bucket whose lower end is equipped with a calibrated nipple through
which the water is discharged. An equilibrium between in and outflow will soon be established. The water
height from the centre of the nipple is recorded and the discharge read from the graph as presented in Fig.
2/4. This method does not require a watch nor special material. A commonly used bucket ora small drum
can be used as vessel. The nipple is assembled with standard pipe fittings and does not require great
accuracy with respect to its length as shown by the graph. A separation wall with an cpening of approx.
2 cm above the vessel's bottom creates aturbulence-free water levelin the effluent’s compartment. Finally,
the distance from the centre of the nipple is marked on a half cm seale in the inner wali of the bucket. Flow
rates between 6 and 30 I/min can be measured accurately with this simple device equipped with a 1/2°

nipple. Larger nipple sizes can be used for higher flow rates and to reduce the water level difference
required by the measurement.
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4. Flow Control and Distributor Box

Fig. 2/4 Calibration Curve
for1/2" nipple

V-notch weirs are also installed in special structures used for flow distribution and possibly also
for maximum flow limitation. An example of such a structure is illustrated in Fig. 2/5. This illustration
shows a flow control box used in the raw water supply line and placed in front of the treatment plant. The
flow which runs through the outlet pipe to the treatment plant is measured by the V-notch weir and gauging
rod. A rectangular overflow weir in the inlet chamber limits the maximum flow through the treatment plant.

The surplus water is discharged through the overflow pipe.

The controlied total flow through the treatment plant must be evenly distributed to the treatment
units running parallel. This is achieved by a distributor box equipped with several V-notch weirs. Since
such a box concentrates the flow control in one installation, it simplifies the hydraulic layout of a
treatment plant and increases the operational flexibility. The inlet weirs of the subsequent treatment

units can be omitted with such a layout.
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Salient Data and Features of Slow Sand Filters

{for more detailed information see Ref. [15, 18, 171

Design criteria

filtration velocity Ve 01-02-(03-04)mh
area per filter bed A 10-50-(100) m?
number of filter beds minimum of 2
height of supernatant water h, 1-{(1.5m
depth of filter sand bed h, (0.6)-08-1m
depth of underdrains system _
and filter support h, (02)-03-05m
specification of filter sand
effective size d,, 0.15-0.35-(0.6) mm
uniformity coefficient ucz-5

specification of filter support

size/depth 1-1.5 mm/10 cm
(size of the support medium 4- 6mm/10cm
should be roughly 4 x the size of 15-15mm/ 15 cm

the medium to be supported)

/

~2.50-3.00m

water

Al

jolet
i flow control
.-f"
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Fig. 3/1 Main Features of a Slow Sand Filter
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common design faults and their consequences
{see also Fig. 13, page V-3)

Inappropriate or missing flow rate control instaliations — filter often overloaded or operated at
frequent flow rate changes.

Water pressure in effluent line lower than the top level of the sand bed — generation of negative
pressure (vacuum) in the sand bed resulting in air release and additional filter resistance.

Inappropriate sand size and depth offilter bed — poor effluent quality (coarse sand, small depth)
or short filter runs requiring frequent cleaning (sand too fine).

Missing supernatant drainage system — long drainage periods for dewatering the fifter box will
affect the biology in the sand bed

Slow sand filter beds with areas larger than 50 m? ~+ long cleaning periods will reduce or kill the
biological filter activity

Missing installations for watering the sand bed from bottom to top —air binding in the sand bed
resulting in an initially high filter resistance.

Installations not properly protected against unauthorized handling.

Common operational problems

1.

Turbidity and suspended solids concentration in the raw water too high for SSF application.
Turbidity should preferably be less than 10 turbidity units and the suspended soiids concentration lower

- than 2 - 5 mg/l to achieve reasonable filter operation.

Missing auxiliary equipment such as tools and sand washing installations. Failing to clean and
replace the sand will lead to exhaustion of the sand bed.

Untrained caretakers who do not understand the SSF process are generally not motivated to operate
the treatment plant properly.
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Roughing Filter Theory

Filtration is more an art than a science. This saying also applies to roughing filtration. Numerous
researchers have tried to describe the filtration mechanisms in mathematical models applying either the
phenomenological or the trajectory approach. The first one uses simple but important variables such as
filtration rate, filter size, depth and porosity to describe filter efficiency. The second approachfocuses more
on transport mechanisms of the individual particle and its behaviour in the single collector. The
phenomenclogical and trajectory approach will be used in this short summary on filtration to
provide some more theoretical information on the mechanisms of roughing filtration.

Transport Mechanisms

The trajectory approach, describing the route of a clay particle through a roughingfilter, has been vividly
depictin Chapter 9.2. Additional analytical considerations regarding this mechanism are given hereafter.

Screening, as shown in Fig 4/1, is not relevant in roughing filters since the pore sizes are considerably
larger than the particles generally encountered in suspensions. The ratic between a clay particle of 4 um
in diameter d , and different pore sizes d_is itlustrated in the following table.

“gravel'size’

| 'Pé'ré;s&gjf d, 065 . -
ratlo ' :-.-dblqﬁ RN 156

Sedimentation is the next possible process for solid matter separation. Under the conditions described
in Fig. 4/2 and shown in the following table, the ratio between the settling distance d_travelled by the clay
particle during its flow through the pore and required total settling height h_is very important.

setiling velocity -~ vs © 00immis™Y  fora4 pm particle
“.porelength C4mmo . for 16 mmgravel
filtration rate . .~ sV .0.5mth -
flow.velocity .« = vy 0.4 mm/s _ for 35 % porosity
flow time o . 10s (,7v,)
settling distance d : 0.1 mm v, xt)
settling height h, 1.25 mm (h,=05d)
ratio h/d 12.5
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SANDEC 25.8.65 SANDEC 25.8.95

Interception decreases porosity and settling height h, and enhances solid matter removal by sedimen-
tation. However, as illustrated in Fig. 4/3, solids accumulation in roughing filters does not significantly
improve solid matter separation. This is also presented in the following table.

(accumulatedsolids - -
per filter volume) -
fora02gleme donsiy

taken up volume . My
Cpo-ma)

actulporosity |
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Hydrodynamic forces are capable of carrying the particles in still water zones as illustrated in Fig. 4/4.
In such prevailing conditions, the clay particle can settle on the gravetl surface as calculated in the table
below.

The "1/3-2/3 Filter Theory”

Thefollowing very simplified model elucidates the filter removat kinetics and s based onthe considerations
described on page 1X-4 of Chapter 9.
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This simple arithmetic exercise clearly proves that solid matter separation by filtration can be
described by an exponential equation as subsequentty exemplified by equation (1). However, filter
efficiency does not only depend on particie concentration but afso on size and settling characteristics.
Furthermore, filter variables such as filtration rate and size of fiiter medium strongly influence filter
performance. Finally, the accumulated volume of separated solids per unit of filter bed volume, known as
filter load, aiso determines the actual filter efficiency.

Extensive parameter tests were conducted to determine the influence of different design param-
eters on the performance of horizontal-flow roughing filters. The tests were conducted in the
laboratory with filter cells of 10 - 30 cmand 20 - 40 cm length for differently sized filter material and different
filtration rates varying between 0.5 and 2 m/h. Akaolin stock suspension was usedto simulate a suspended
solids concentration of about 200 mg/l. Patticle size counts were performed with a Coulter Counter TA 11,
These laboratory tests are described in [10] and the data obtained were evaluated by a muitiple
linear regression analysis to develop a filtration model for horizontal-flow roughing fiitration of
which the following is an excerpt.

According to the established filter theory, the filter efficiency can be expressed by the filter
coefficient A [cm~1] (described by Iwasaki's equation) or by some other collector efficiency
factors

de ' .
Ge="AcC 1)

with ¢ as solids concentration and x filter depth. The filter coefficient A is a function of the
interstitial flow pattern (depending on filtration rate and pore size distribution), of the grain
surface area (depending on size and shape of the filter medium) and of Stoke's law
parameters of the water and the suspended particles (particle size, density). Straining
mechanisms are neglected and surface chemical conditions are assumed to be constant. The
volume of retained solids increases with progressive filtration time and hence, augments the
filter surface area available for deposition but decreases at the same time the filter porosity.
The degree of filter clogging can be expressed by the volume filter load o, which is the volume
of deposited material per unit filter bed volume. oy, varies with position x in the filter as well
as with filtration time t. A is therefore not a first order removal rate constant, but varies with
time and position in the filter. A more appropriate model parameter is considered to be the
particle specific filter coefficient A; which for a short time Interval is constant throughout a
homogeneous filter layer. The removal of a particle fraction of the size dpican thus be
formulated by

i“:lt_—l . 2)
dx = M4 {

with ¢;as concentration of particles of size dpi. Assuming the total filter length as a multi-
store reactor consisting of a series of small filter cells, the performance of a HRF can be
calculated on the base of the filter cell test results. For each of the cell tests A; may be
approximated by

1 Ciin
M =as -m(%mt) | 3)

resulting in different relations of A as function of filtration velocity, grain size, particle size
and the time dependent filter load o according to experimental conditions.
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Knowing ; as function of the different design variables and of the filter load o, it is possible
to calculate at a certain time t in steps of layer thickness Ax [(close to the length of the
experimental filter cells) the effluent of each particle fraction by

Ciout = Ciin' €’ A'i " Ax (4)

and the total suspended solids concentration after an element Ax

n n
Cout = £ Ciour= Z Ciin ° ehli P Ax 5)
i=1 i=1

The volume filter load o, may be calculated in short time intervals Affrom the particle
volume balance equation for a small filter element Ax

o = o F AV, o - AL 6
v = ..
Ax k=1 i=1 ()

with v as filter velocity, AVj as removed particle volume of size dpiand Aty as kth time
interval from the beginning,

All the dependencies of A; from the various filtration variables could be derived from the
small filter cell parameter tests by empirical analysis of the test data.

The influence of the particle capture volume oy on the filter coefficient was formulated
according to Ives® and transformed to the particle specific filter coefficient ;. Starting with
an initial filter coefficient ; ,, the filter coefficient A; becomes

: 3 2
M o= HO*""’U—%EZI;_U' {7)

where k'oy considers the increased surface area available for deposition {k = constant) and
the third term accounts for the porosity decrease and the resulting increase of the interstitial
velocity. fo is the initial porosity and ¢; Is a constant describing the influence of the
gradually constricting pores. Exhaustion of the filter is attained when the suspended
particles of a certain size are no longer retained (A; = 0} and the quantity of deposits in the
pores attains its ultimate value oy, ,, ;. It can be noticed that Oy 1,1 18 the volume deposit of all
particles together, but o, ,, ; varies with particle size dpi.

From the experimental results in Fig. 4/5, it may be concluded that A; does not substantially
Increase with progressive filter load oy,. Apparently, the-effect of surface area increase for
additional deposition plays a minor role in HRF and straining effects may be completely
neglected. A conservative assumption is made by setting

k=0 ‘ {8)

Thus, equation (7) is simplified considerably. At A; =0, ¢; may be expressed as function of
Aigand oy, ;to

fb - o'uui_ .
d; =Ry b : 9)
Lo St ' (



Roughing Filter 4-6 Annex 4
Manual

The resulting equation for A; therefore becomes

2
P A ¥ (fo - Svai
M = kg -1 (Gu.u'i) (fo oy )1 (10)

The initial filter coefficient A; o and the ultimate filter load oy, ;, ; are determined on the
basis of the parameter test results summarised In Fig. 4/5. The general considerations of
Boller? for the determination of the filter constants were adapted and applied accordingly.

The value of the initial filter coefficient A; ; depends on the process variables vy (filtration
rate}, clg (filter grain size) and varies with particle size dpi . A matrix comprising the
measured initial filter coefficients for different values of the process variables and sizes of
suspended solids was transformed by a multiple linear regression analysis to the following
general equation

Mo = o opLrdg2 - dp(’3 - | 1y

The values for

g = 0.02 [cm-1]
1 = -0.88
2 = -0.85
3 = 1.0

were determined from 36 data points with a correlation coefficient of 0.96.

The ultimate filter load 6y, 4 ;1s similar to the initial filter coefficient a function of the
different process variables. The volumetric filter load o, [mi/]] was determined by the
calculated and measured mass filter load o [g/]] applying a specific wet sludge density of 1.15
g/ml. The transformation of a similar matrix by multiple linear regression analysis
resulted in the equation ‘

Op.i = bo * UFﬁl ' ngZ ’ dpi;33 _ (12)

with the following values

by = 10 ml/l]
By = -0.80
B, = -0.18
By = 035

The 20 data points used showed a correlation coefficient of 0.97.

With the established equations for Aj and oy, ,, ; it is possible to calculate in time steps At and
filter layer elements Ax the resulting particle size distribution in funection of time and space.
Changes in grain size, filter velocity and particle size distribution may be adjusted by
adapting A; . Hence, the filter performance of a full scale HRF can be simulated by the
arrangement of a number of short filter layer elements each specified with its own ;. The
increment of filter load within each element is calculated over a time siep Af and its
influence on A; is considered in the next time interval.
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The above studies have only focused on the physical removal mechanisms. Roughing filters may,
however, aiso develop biofogical activities which enhance particle removal. Such investigations
were carried out with suspensions containing clay (kaolin), algae (Scenedesmus) or a combination as
described in [11]. The laboratory tests were also evaluated by multitinear regression models. The

following equations were obtained for steady state conditions.

B fOl’ kaolm N

for kaolin + algae;

Ge/Co = 0.0280 + 0.0902 flow + 0.0181 media - 0.0558 depth

where

- me the-g 2N 11
.= flow” is-the filtration ratein fm/h] -

By E

P

“Ceg is :fhé*éfﬂuent':c'o_ncentratEon' in [mg/]
- Cp s the:inlet concentration in [mg/].
e gravel sizein mm]

- = 'depth”is the filter length in [cm]

+0.253 flow + 041-.4:2.@9&36- 0.021 depth l.o;oj’?éAmgd;q?.; 5
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This research has also revealed that filter efficiency is dependent on design variables such as filtration rate,
gravel size and filter length. However, as outlined in other investigations [36, 47], flow direction is of
minor importance for filter performance. These laboratory tests have shown that kaolin removal is
enhanced by the addition of algae which destabilise the clay into aggregates that are more efficiently
removed by roughing filtration. However, hydraulic filter cleaning is more difficult when the clay is coated
with organic matter, Hence, the presence of biomass in aroughing filter probably does enhance solid
matter separation but may also hinder hydraulic filter cleaning.

The chemical properties of the suspension; i.e., the suspension stability is, however, not taken into
consideration in these filter models. Fiiter models are not universally applicable to all types of raw
water as filter efficiency is strongly influenced by the raw water quality. Such semi-empirical models
may therefore be used to investigate the overall influence of specific design parameters or to optimise
treatrnent plant design on the basis of a comprehensive piiot plant field test programme.
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Pilot Plant Design Examples

Pilot plant tests must be carefully planned, designed and monitored to achieve conclusive results required
for design development and performance prediction of future full-scale treatment plants. Implementation
of the following aspects are important in pilot plant tests:

L)

gravity flow should be applied in a pilot plant. Due to the unreliable operational system and possible
unavailability of pumps with small discharge rates, pumps should thus be avoided whenever possible,
except for raw water lifting. This may be carried out with a higher discharge pump to fill a raw water
tank twice a day.

V-notch weirs or small orifices are appropriate devices for flow control. Use of clamps or small
vaives is not recommended as they rapidly clog and are, thus, not capable of maintaining a constant
flow rate. Constant flow rate devices such as a floating inlet pipe (see also Fig. 33 on page IX-8) are
a further option for flow control.

the diameter of the filter columns should not be too smalt to reduce sidewall short-circuiting in pilot
filters. The ratio recommendedford_ /d _  should be 25. However, since the media is not densely

column’ — media

compacted along the sidewalls, the recommended ratio can be reduced for roughing filters.

flow rates should not be too small; i.e., not lower than 0.5 /min., as they are difficult to maintain at
a constant level.

- the hydraulicioad on the pilot unit should be close to the highest recommended value, e.g. slow sand

filter units should be operated at 0.2 m/h filtration rate. This will reduce the filter running period and allow
more filter runs within a given period.

the size of the pilot plant units should not be too small and meet the aforementioned recommended
minimum flow rate of 0.5 I/min. The following minimum pipe diameters are recommended:

the structure of the pilot units must be sturdy. Concrete rings, plastic pipes, steel containers or
concrete blockwork are adequate structures. Wooden boxes are not recommended as they are often
not watertight. The structures can be temporary installations which may be used several times in
different places.

the tested filter material must be the same as the one foreseen for full-scale treatment plants. It must
be clean and adequately graded.
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« water samples for water quality analysis should be taken only atfilter inlet and outlet. Other sampling
points in the filter bed should be installed only in large pilot units where sampling must be conducted
with great care in order not to resuspend the solids accumulated in the filter bed.

» the pilot plant should be protected; i.e., shaded to prevent water heating by the sun, roofed to avoid
disturbance by heavy rainfall and enclosed to hinder entrance of unauthorised people.

+ local staff are preferably employed to carry out the monitoring programme. At least two persons
should be trained by the project engineer responsible for the field test studies. He will also have to visit
the pilot plant periodically, supervise the local staff and evaluate continuously the field test resuits.

* the monitoring programme is mainly carried out by local staif with field test equipment stored at the
site. Laboratory staff may be involved to analyse the water for its specific water quality parameters. A
possible field test monitoring programme is proposed in Table 5/1.

Tahle 5/1 Field Test Monitoring Programme

i regyfred;" '
atdéfined .~
. intervals

The following three figures illustrate possible pilot plant layouts. The first example shown in
Fig. 5/1 uses concrete or plastic pipes to field test upflow roughing filters and slow sand filters. The
second example shown in Fig. 5/2 illustrates the possible use of a steel container fitted with a
horizontal-flow roughing pilot filter. Since the steei container is mounted on a mobile loading platform of
a truck, it can be used elsewhere. The third example also #lustrates a pilot testing unit for horizontal-flow
roughing filters. Fig. 5/3 shows the simplest structure consisting of an excavated trench coated with
a plastic sheetand filled with gravel filter material. To allow properinstallation ofthe filter material, open
containers are necessary for horizontal-flow roughing pilot filter units since the filling of gravel would be
difficuit with pipes.
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Fig. 5/1 Pifot Plant Examples consisting of Upflow
Roughing Filters and Slow Sand Filters
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Fig. 5/2 Example of a Mobile Pilot Plant for a Horizontal-flow Roughing Fifter
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Fig. 5/3 Example of a Trench Cut Pilot Plant
for a Horizontai-flow Roughing Filter
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Roughing Filter Design Examples

6/1

6/2

6/3

6/4

6/5

6/6

6/7

Dynamic Filter

Intake Filter

Horizontal-flow Roughing Filter
Upflow Roughing Filter

Integration Possibilities of
Upflow Roughing Filters in
Existing Treatment Plants

Compact Water Treatment Plant

Algorithm for the Design of
Surface Water Treatment Schemes






Roughing Fiiter
Manual

Annex 6

Design Example of a Dynamic Filter
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Design Example of an Intake Filter Annex 6/2
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Design Example of an Annex 6/4
Upflow Roughing Filter
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Possible Layouts for the Integration of Annex 6/5
Upflow Roughing Filters into Existing
Sedimentation Tanks or Slow Sand Filters

sedimentation tank slow sand filter

il I

i
¥
...........’. % l k! (X
| R
sedimentation tank combined slow sand filter combined
with upflow roughing filter with upflow roughing filter

SANDEG 22,1.96




Roughing Filter 6-7

Annex 6
Manual
Desigh Example of a Annex 6/6
Compact Water Treatment Plant
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Outline for Caretaker Training

1. Introduction

Proper caretaker training in operation and maintenance of water supply installations is, in many cases,
often seriously neglected. Incorrect use, damage and finally abandoned installations are generally the
consequences of such a neglect. However, since sound and economic operation of a water supply system
requires, among other prerequisites, well-trained and skilled manpower comprehensive training of local
staff is essential.

Transfer of knowledge is the main goal of a training programme. However, since motivation and guidance
of the caretakers are also important components, training should therefore not be limited to a short-term
introductory course.

Caretakers are preferably trained in their local language by supervisors attached to the operation and
- maintenance section of the responsible institution. These supervisors will also visit the water supply
schemes on a regular basis, check their proper operation, supportlocal staif intheir activities, and maintain
an exchange of information between field and office personnel.

A training programme is briefly outiined below. The subject area of the programme only covers the
treatment process as more comprehensive training guidefines for the operation and maintenance of rural
water supply schemes have aiready been published by IRC [63].

2. Schedule

Anidealtraining programme may be dividedinto three parts. Timing, aim, location and duration of the three
parts are summarised in Table 7/1.

3. Qutline of the Syliabus

The topics to be covered by the different parts of the training programme are suggested hereafter. The list
may be incomplete and may possibly need to be adapted to local conditions.

Part 1: - visit of an existing treatment plant comprising RF and SSF
- explanation of the treatment process and operation of the plant
- discussion of the water quality problems faced by new schemes
- assessment of the interest of future users in watet treatment

Part 2; - main objectives of water treatment

- main features and processes of RF and SSF

- filter operation, especially
» discharge measurements and adjustment
« determination of filter resistance
« filter {re}starting and cleaning procedure
* hydraulic and manual filter cleaning
+ gravel and sand cleaning
* water sampling
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- conduct simple water quality tests
{turbidity, filterability, settleable solids)
- monitoring the treatment plant (keeping of logbook)
- maintenance work
- annual work plan
Part 3: - refresh and consolidate the basic training course (Pan 2)
- on-site training in plant operation and maintenance
- review and discuss operational problems encountered
- inspect the instailation and organise major maintenance work
- review of loghook and monitoring results
Tabie 7/1 Training Programme
Part Timing Aim 'Location/Duration
pre-project phase presentation of treatment existing RF and SSF
or process to future users and plant
1 | before/during construc- | Motivation -
tion of new treatment 1 day
plant '
basic training of future existing or new RF and
2 during or at the end of the | caretakers in the operation SSF plant
construction phase and maintenance of RF -
and SSF 3.5 days
supervision, guidanc_e, on the site
3 | during the operational support of the operation
phase and maintenance of RF .
and SSF (information b lar field visit
exchange) v regular field visi
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Monitoring of Filter Operation

1. Aim and Procedure
The aim of a monitoring programme s to:

- assess treatment plant performance
- establish guidelines for treatment plant operation
- improve treatment plant operation and efficiency

The caretaker carries outthe fieldtest and monitors, with the help of a logbook, operationand performance
of the treatment plant. The supervisor, attached to the operation and maintenance section of the
responsible institution, controis the monitoring programme of the caretaker by means of regular visits ,
takes water samples to be analysed in the laboratory, and summarises the monitering resuits in annual
reports.

2. Field Records

The monitoring programme has to cover the quantitative and the qualitative aspects. Discharge
measurements characterise the operational conditions of the treatment plant and provide the quantitative
information. Water quality tests allow qualitative assessment of the treatment process. Treatment plant
operation requires flow controi and adjustments on a daily basis. The water quality tests should also be
carried out regularly; i.e., weekly. The equipment necessary for discharge measurements and water
quality tests must therefore always be available at every freatment plant.

A field monitoring programme proposal is summarised in Table 8/1.

3. Bacteriological and Chemical Water Analyses

Bacteriological and chemical water analyses require more costly equipment generally not available at
every treatment plant. The tests should also be performed by experienced staff. It is therefore recom-
mended for the supervisor to perform such tests either at the site with field test equipment brought from
the laboratory, or to take samples which will be analysed in the laboratory. Since field testing excludes the
risk of delay and mishandiing of the water samples, it should therefore be applied whenever possible,
provided the equipment is properly maintained and checked prior to each field visit,

A bactericlogical and chemical monitoring programme proposal is summarised in Table 8/2,

4. Field Visits

The supervisor witl personally conduct on-site training of the caretaker, and will also be present during the
initial start of treatment plant operation. He will later assist the caretakerin his daily activities and supervise
operation, maintenance and monitoring of the plant. Frequency of his visits is dependent, among other
criteria, on the ability of the caretaker to operate his water supply system. However, field visits will at first
be carried out weekly, then monthly and later every two to three months.

Such a post-project assistance is essential to ensure proper use of the installations, to identify possible
problems at an early stage, and to compile practical experience gained for future projects.
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5. Evaluation

The supervisors will compile the results of the monitoring programme in annual reports which will aiso
contain the data sheets of the fieid test records and possible iaboratory analyses. They will alsc comprise
a short description of the operational experience (plant performance, encountered practical probiems,
exceptional events) and planned activities (operational modifications of the plant, majer maintenance
work, etc.).

Table 8/1 Field Monitoring

parameter record frequency
flow rate RF + 88F every 2 days
filter resistance RF 1 x/ week
filter resistance SSF every 2 days

of raw water
turbidity and RF + SSF effluents (at 2 x fweek
fittrabilit high turbidity, filtrate of ; ; ;
y each RF gravel pack) (daily attfrigg’igf; of high

settleable solids raw water 1%/ week

Table 8/2

Bacteriological and Chemical Monitoring Programme

analysis

sample

frequency

Fec. Strept.

E.coli or total coliforms or

raw water and RF + SS8F
effluent

monthly for the first half
year, later occasionally

pH

conductivity

total hardness
atkalinity

Ca2+

M92+

susp. solids cone.

raw water

avery 2 months
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Conversion Table

length 1m
1T mm

area 1m2
1 cm2

volume 1m3
1 litre

velocity 1 m/h
' 1 m/is
flow rate 1 m3/h
1_m3/s

1 m3/h

1 m3/s

filtration rate  1m/h

temperature 1°C

I I H IF K I it H i #

3.2808
0.0394

10.7639
0.1550

35.31
0.2642

3.2808
3.2808

ft
in.

f2
in.2

ft3
gal

ft/h
ft/s

35.31 ft3/h
35.31 fi3fs

264.2gal/h
264.2 gal/s

0.4092gpm/ft2

(19F - 32)x5/9

1t
1in.

1ft2
1in.2

11t3
1 gal

1 f#8/h
1 ft¥/s

1 gal/h
1 gal/s
1gpm/ft2

10F

Il

I

i k| i1

0.3048 m
" 254 mm

0.0929 m=
6.452 cm?2

0.0283 ms3
3.785 litre

0.3048 m/h
0.3048 m/s

0.0283 m3/h
0.0283 m3/s

3.785 litre/h
3.785 litre/s

2.444 m/h

9/59°C + 32
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Drawings

AliFigures and INustrations were developed by the author. However, the following drawings were adapted
from original designs cited here: :

Fig. 5/2 adapted from  Village Water Reservoirs Project, Tamale, Ghana

Fig. 5/3 adapted from Pilot Plant Plumbon, Indonesia
CDC, Centre for Developing Countries, Lyngby, Denmark

Fig. 6/1 adapted from  Guzang I}, Helvetas, Bamenda, Cameroon
Fig. 6/2 adapted from Jomatt College, Helvetas, Bamenda, Cameroon

Fig. 6/3 adapted from  Water Treatment Plant CIDER, Restrepo
CINARA, Cali, Colombia

Fig. 6/4 Bambui, Helvetas, Bamenda, Cameroon
Fig. 6/6 Nsuke, Helvetas, Bamenda, Cameroon
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This publication presents the concept, design
and field experiencs of roughing filters applied
as pretreatment prior to slow sand filters, It
describes treatment processes which convert
turbid surface water into safe drinking water.

The presented freatment methods are simple,

efficient and reliabie and, therefore, appropriate

for rurat water supply schemaes.

Surface water treatment generally requires at
least two treatment steps. The first step, also
called pretreatment, concentrates mainty on the
removal of solids. Prefiliration by roughing
filters is a simple and efficient process for solid
matter separation. However, roughing filters
also contribute to a bacteriological water quality
improvement. The second step, commonly
considered as main treatmenti, is applied
especially to remove or destroy the remaining
microorganisms by slow sand filiration and

chlorination.

This manual mainly focuses on the design,
construction and operation of prefilters and
roughing filters. #t is recommended as texthook
for teachers and students, as design manuali for
engineers and as operation and maintenance
guidelines for technicians. The manual draws
its valuable information from a vast field
experience documented by the small stories

scattered throughout the text.
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