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abstract 
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A handbook/source document on technology of small community water 
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surface water intake, artificial recharge, pumping, water treatment 
(g;;~;~~~ioaeration of water, coagulation and flocculation, 

, slow sand filtration, rapid filtration, disinfection 
of water, water transmission, and water distribution. 
Selected references added to each chapter. 
Annexes provide information on: sanitary survey, well drilling 
methods, experimental studies for water treatment plant design, 
chemicals used in water treatment, and conversion of measurement 
units. 
378 pages; 244 figures; 24 tables 
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preface 

The United Nations has designated the period 1981 - 1990 the Inter- 
national Drinking Water Supply and Sanitation Decade. Many hope and 
trust that there will be vastly increased efforts to provide ade- 
quate water supply and sanitation services to all those needing 
them. 

The needs are enormous. Hundreds of millions of people living in 
developing countries lack reasonable access to an adequate supply of 
safe drinking water. The problems are particularly acute for count- 
less small communities in the rural areas, as well as for urban 
fringe areas. Their water supply situation often is grossly inade- 
quate. 

In providing water supply systems to small communities, factors such 
as organization, administration, community'involvement aud finance 
are frequently the major constraints, rather than technical consider- 
ations. However, the selection of suitable technology remains im- 
portant since other problems are compounded when techniques, methods 
and equipment are used that are not compatible with the conditions 
and situations of small communities. 

It is a misconception to regard small community water supply systems 
as 'scaled down' versions of urban installations requiring less 
engineering skill or ingenuity. The exact opposite may be the case. 
Simplicity and smallness should not be regarded as backward or 
second-rate, but rather as appropriate for the purpose. Technologies 
must be selected that can be integrated with the approach of commu- 
nity involvement which is so essential in small-scale schemes. 
?lisapplication of technologies is likely when the designer does not 
clearly understand the basic assumptions implicit in them. This 
usually will result in costly overdesigns and unrealistic manpower, 
operation and maintenance requirements. 

This handbook has been designed to provide a broad introduction into 
the technology of small Community water supplies. It provides 
information and guidance that should be most readily used by those 
having some technical background in civil engineering, public health 
or irrigation, but with no formal training or experience in water 
supply. It should serve engineers and public health inspectors whq 
are called upon to assume responsibility for the design and/or 
maintenance of small water supply systems. This group also includes 
provincial and town engineers who have responsibility for water 
supply and sanitation, amongst many other tasks. The book, there- 
fore, has not been written as a textbook for engineering students 
nor as a design manual addressed to technicians. Some theoretical 
explanations have been included but such material has been kept. to a 
minimum. For in-depth information reference is made to monographs 
and textbooks. 
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introduction 

introduction 

1.1. Water supply and human health 

Water is essential to man, animals and plants and 
without water life on earth would not exist. From the 
very beginning of human civilization, people have 
settled close to water sources, along rivers, besides 
lakes or near natural springs. Indeed where people 
live, some water is normally available for drinking, 
domestic use, and possibly for watering animals. This 
does not imply, however, that the available source of 
water is convenient and of sufficient capacity, nor 
that the water is safe and wholesome. On the con- 
trary , in many countries people live in areas where 
water is scarce. Often it has to be carried over long 
distances, particularly during dry periods. Scarcity 
of water may also lead people to use sources that are 
contaminated by human or animal faeces, and are thus 
dangerous to human health. 

A few litres of wa?er each day are sufficient for a 
person's basic drinking and food preparation require- 
ments, depending on climate and lifestyle. Much 
larger quantities dre necessary when water is used 
for other purposes such as personal hygiene, cleans- 
ing of cooking utensils, laundry and house cleaning. 
Safe, adequate and accessible supplies of water, 
combined with proper sanitation, are surely basic 
needs a;ld easential components of primary health 
care. They can help reduce many of the diseases 
gffecting underprivileged populations, especially 
those who live in rural and urban fringe areas. 

Safe drinking water is important in the control of 
many diseases. This is particularly well-established 
for diseases such as diarrhoea, cholera, typhoid and 
paratyphoid fever, infectious hepatitis, amoebic and 
bacillary dysentery. It has been estimated that as 
many as 80 percent of all diseases in the world are 
associated with unsafe water. This association can 
take a number of different forms, and diseases may be 
grouped accordingly (Table 1.1). 
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Table 1.1. 
Diseases related to deficiencies in water supply and/or sanitation 

GROUP DISEASES 

* Diseases transmitted by water Cholera 
(water-borne diseases) Typhoid 
Water acts only as a passive vehicle Bacillary dysentery 
for the infecting agent. Infectious hepatitis 
All of these diseases depend also on Leptospirosis 
poor sanitation. Giardiasis 

Cazr_co enteritis 

. Diseases due to lack of water Scabies 
(water-washed diseases) Skin sepsis and ulcers 
Lack of adequate quantity of water and Yaw.6 
poor personal hygiene crcate conditions Leprosy 
favourable for their spread. The intestinal Lice and typhus 
infections in this group also depend on Trachwa 
lack of proper human waste disposal. Conjunctivitis 

Bacillary dysentery 
Amoebic dysentery 
Salmonellosis 
Enterovirus diarrhoeas 
Paratyphoid fever 
Ascariasis 
Trihcuriasis 
Whipworm (Enterobius) 
Hookworm (Ankylostoma) 

. Diseases caused by infecting agents Schistosomiasis (urinary L rectal) 
spreaded by contact with or ingestion - Dracunculosis (guinea worm) 
>f water. Bilharziosis 
(Uaterbased diseases) Philariosis 
An essential part of the life cycle of Oncholersosis 
the infecting agent takes place in an Treadworm 
aquatic animal. Some are also affected 
by waste disposal. 

. Diseases transmitted by insects which live Yellow fever mosquito 
close to vater Dengue + dengue 
(water-related vectors) hemorrhagic fever mosquito 
Infections are spread by mosquitoes, flies, West-Nile and 
insects that breed in water or bite near it. Rift Valley’fever mosquito 
These are especially active and agBrcssive Arbovirus 
near stagnant open water. Unaffected by 
disposal. 

Encephalitides mosquito 
Eancroftian 
Filariaeie mosquito 
!4alaria 
(diarrboea)* 
Onchocerciasis* 

mosquito 
Simulium fly 

Sleeping sickness* Tsetse fly 

. Diseases caused by infecting agents. Mostly Clonorchiasis Fish 
contracted by eating uncooked fish and Diphyllobcthriasis Fish 
other food. Fasciolopsiasis Edible plant 
(Faecal-disposal diseases) Paragonimiasis Crayfish 

* Unusual for domestic water to affect these much 

Source: 

Saunders, J.; Warford, J. 
Village Uacer Supply: Economics and policy in the Developing World. 
Published for the Uorld Bank by the Johns Hopkins University Ress, Baltimore, 1976 
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Water-borne diseases are those carried by water that 
is contaminated with infecting agents from human or 
animal origin. When the water is drunk the infecting 
agents will be ingested and may cause disease. 
Control of such diseases calls for improving the 
quality of the water. 

Diseases due to lack of water tend to be a serious 
health hazard. When people use very little water, 
either because there is little availabLe or because 
it is too far away to be carried home in quantity, it 
may be impossible to maintain a reasonable personal 
hygiene. There may be simply too little water for 
wz:hing oneself properly, or for cleaning food uten- 
sils and clothes. Skin or eye infections are thus 
allowed to develop, and intestinal infections can 
much more easily spread from one person to another. 
Clearly, the prevention of these water-washed 
diseases depends on the availability of, and access 
to adequate supplies of water rather than its 
quality. 

introduction* 

Figure 1.1. 
WHO Photo by A.S. Kochar 

Water carried home ouer a long distance will be used very 
sparingly 
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Water-based diseases do not spread directly from 
person to person. They are caused by infecting agents 
that for an essential part of their life cycle de- 
velop in specific ;,later animals, chiefly snails and 
crustaceans. Over a period of days or wreks# the 
parasite larvae or eggs mature in these intermediate 
hosts, and then are shed into the water. The matured 
larvae or worms are infective to people drinking the 
water or having contact with it. 

In tropical countries biting insects are common. Most 
of these, notably the mosquitoes, breed in pools or 
other open water, and sometimes even in household 
water containers. Tsetse flies are also active near 
the water. Such water-related vectors carrying patho- 
gens can transmit disease. 

Health hazards also emanate from infection sources 
other than water. Diseases may spread through direct 
contact (e.g. soiled hands) or through food, particu- 
larly fish, vegetables and fruit eaten raw. Besides 
safe water supply, the necessary measures to control 
disease therefore should include personal hygiene and 
inspection of food storage and market places. 

Very important is the provision of adequate sani- 
tation, including sanitary facilities for human waste 
disposal. All the water-borne and many of the water- 
based diseases depend for their dispersion on infect- 
ing agents from human faeces getting into drinking 
water or into food. The diseases' chain of trans- 
mission may be broken as effectively by sanitary 
disposal of faeces as by the provision of safe and 
adequate water supplies. There are certain agents, 
such as hookworm, where sanitation is much more 
important than water supply in the prevention of 
disease because transmission is from the faeces to 
the soil, and then by direct contact and penetration 
through the human skin. 

Improvements in the quality of community water 
supplies will basically only affect the water-borne 
diseases such as bacillary 
typhoid, 

dysentery, cholera, 
and possibly schistosomiasis. Many of the 

diarrhoeal disease probably are more due to a lack of 
adequate quantities of water. Certainly, skin and eye 
infections are in this group of water-related 
diseases. 

The provision of a wash tap, shower or some similar 
washing facility frequently has proven to improve the 
user's health situation. There is, however, no con- 
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vincing evidence yet that once each family has a tap 
or shower, further improvement of the water supply 
will appreciably affect health. When water supplies 
are developed without complementary improvements in 
personal hygiene, food handling and preparation, and 
in general health care, they are unlikely to produce 
the expected health benefits. 

1.2. Water supply and socio-economic development 

In the industrialized countries, community water 
supply systems were first provided for the larger 
cities. Smaller cities and towns followed. The water 
supply systems were built by the state, district or 
town authorities, or by private companies. In rural 
areas, community water supplies were installed much 
later since public health considerations were less 
pressing than in urban areas. In the first half of 
the 20th century many national governments started 
giving financial and technical assistance to small 
communities and the extension of water supplies to 
the rural population was then greatly accelerated. 

For significant socio-economic development of a 
community, an adequate supply of safe water is a 
prerequisite. Factors such as time and energy saving 
in the collection of drinking water, and a sub- 
stantial reduction in the incidence of disease can 
contribute to development, provided the time and 
energy gained are utilized economically. 

The new water supply could help activities such as 
fruit and vegetable processing or fish conservation. 
Whether potential productivity benefits are realized 
or not depends on the specific circumstances. One 
important factor is how the time and energy saved in 
carrying water might otherwise be used. In some 
villages the ill health of the labour force seriously 
affects agricultural development, whereas in others 
there is underemployment and benefits may not be 
realized unless the water supply project forms part 
of an integrated rural development providing in- 
creased employment. A new water supply may open 
opportunities for handicraft manufacture, livestock 
keeping or vegetable growing. Thus, when productive 
work is stimulated and personal hygiene, health care 
and food preparation are improved, side by side, a 
community water supply can be expected to have a 
positive socio-economic development impact. 

13 
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This is particularly true in arid regions or areas 
with a long dry season if sufficient quantities of 
water are provided to allow watering of livestock and 
irrigation of vegetable gardens. 

It is possible that water supply systems, in combi- 
nation with complementary health and economic de- 
velopment programmes, could slow migration from the 
rural areas to the cities. There is little evidence, 
however, that the provision of water supplies alone 
will have any substantial effect on migration. It is 
more likely that water supply systems can be used to 
encourage, over a period of time, the grouping of 
dispersed populations into village units of some 
size. The more concentrated the population to be 
served the more likely it is that a financially 
viable and properly maintained water supply system 
can be provided. If the water supply enables and 
encourages the formation of settlements of some size, 
this can help improve the potential for economic 
development. 

In most cases it is impossible to present a rigorous 
economic justification for small community water 
supply projects. Instead, the justification must rest 
on a qualitative assessment of the benefits antici- 
pated from the water supply. The most important 
direct benefits of improving the quality of water 
supply generally are better hygiene and health, 
greater convenience, and benefits from stock watering 
and vegetable garden irrigation. Indirect benefits 
commonly cited are a redistribution of purchasing 
power in favour of the rural poor, a better standard 
of living, 
tutions. 

and the development of community insti- 

1.3 Small community water supplies in developing countries 

In the urban centres of developing countries, com- 
munity water supply systems of the type developed in 
industrialized countries can be suitable, with *appro- 
priate adaptions. Because of economies of scale and 
the large numbers of people to be served, the per 
capita investment and operating costs of urban water 
supply systems need not be high. When a substantial 
number of houses are connected to the water distri- 
bution system, and water charges collected on a 
regular basis, the water supply undertaking can 
become self-financing. 
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In most small towns and rural communities in develop- 
ing countries, the prevailing water supply conditions 
are very different from urban installations. Usually 
the number of people to be served by such.a water 
supply scheme is small and the low population density 
makes piped distribution of the water costly. The 
rural population often is very poor and, particularly 
in subsistence farming communities, 
be raised. 

little money can 
Funds are hardly available to pay for the 

operation and maintenance of the water supply scheme, 
and small communities are unlikely to be able to 
obtain the investment capital without assistance from 
the national government or from external donor or 
lending agencies. 

Trained personnel for the operation and maintenance 
of the water supply scheme are generally not avail- 
able in small communities. 

Qualified staff for design and construction may be 
obtained with external sources assisting the national 
institutes to become self-reliant. The recruitment 
and training of the necessary personnel for operation 
and maintenance of the water supply systems can, 
however, be difficult. 

One important factor is the requirement to use a 
technology that is appropriate for the local con- 
ditions. This technology will differ from the con- 
ventional one which was mainly developed for the 
larger water supply systems of cities and towns of 
developed countries. 

Figure 1.2. 
Typical small community situation 
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For small communities, piped water supplies wit\h 
house-connections are often not economically feasi- 
ble. In such instances, the realistic option is to 
provide a number of individual or 'point' sources: a 
protected well fitted with a handpump, a spring 
tapping structure or perhaps a rainwater catchment \ 
and storage system. For larger towns and villages, a 
small water treatment plant and distribution of the :, 
water through public standpipes may be feasible. When 
the community to be served makes $ contribution 
towards the construction costs of the water supply 
system, whether by payment of funds or through the 
provision of labour or construction materials, the 
capital investment can be kept low. The recurrent 
costs for operation and maintenance often present a 
problem especially when water charges are difficult 
or impossible to collect. 

A small community water supply system need not be 
difficult to design and construct. The engineer 
should carefully select a technology which is simple, 
reliable, and adapted to the available technical and 
organisational skills. This is not easy but these 
problems present a fascinating challenge and re- 
warding field of work. 

Small community water supply systems have been built 
for a long time, and recently such schemes have been 
constructed in considerable numbers. Some were 
successful but the overall. record does not appear 
good. Sometimes small water supplies proved to be un- 
suited to the conditions under which they have to 
operate. Several schemes have been completely aban- 
doned within a few years after their construction. 
Frequent breakdowns are by no means uncommon. It is 
necessary to learn from past mistakes and to recog- 
nize the causes of failure. From these, guidelines 
can be developed for the Dlanning, construction, 
operation and- maintenance Gf 
systems. 

small water supply 

16 



Introduction 

Ballance, R.C. 
WATER SUPPLY, SANITATION AND TECHNOLOGY 
Interdisciplinary Science Reviews, Vol. 3, No. 3, 1978 

Beyer, M. 
DRINKING WATER FOR EVERY VILLAGE: Choosing appropriate technologies 
In: Assignment Children 1976, No. 34 (April-June) 

Cairncross, S.; Feachem, R.G. 
SMALL WATER SUPPLIES 
Ross Institute, London 1978, 78 p. (Bulletin No. 10) 

COMMUNITY WATER SUPPLY 
World Health Organisation, Geneva, 1969, 21 p. 
(Technical Report Series No. 420) 

Environmental Protection Agency 
MANUAL OF INDIVIDUAL WATER SUPPLY SYSTEMS 
U.S. Government Printing Office, Washington, D.C., 1973, 
155 p. 

Feachem, R.G.; McGarry, M-G.; Mara, L. (eds.) 
WATER; WASTES AND HEALTH IN HOT CLIMATES 
John Wiley, London, 1977 

Feachem, R.G.; Burns, E.; Cairncross, S. et al 
WATER, HEALTH AND DEVELOPMENT: AN INTERDISCIPLINARY EVALUATION 
Tri-Med Books, London, 1978, 267 p. 

Johnson, C.R. 
VILIAGE WATER SYSTEMS 
UNICEF, Nepal, 1977, 107 p. 

Mann, H-T.; Williamson, D. 
WATER TREATMENT AND SANITATION: A HANDBC3K OF SIMPLE METHODS 
FOR RURAL AREAS 
Intermediate Technology Publication Ltd. London, 1976, 90 p. 

Pacey, A. (ed.) 
WATER FOR THE THOUSAND MILLION 
Pcergamon Press, Oxford, 1977 

PEOPLE, WATER AND SANITATION 
In: Assignment Children No. 45/46 
UNICEF, Geneva, 1976 

Pineo, C.S.; Subrahmanyam, D.V. 
COMMUNITY WATER SUPPLY AND EXCRETA DISPOSAL SITUATION IN THE 
DEVELOPING COUNTRIES: A COMMENTARY 
World Health Organisation, Geneva, 1980, 11 p. 

17 



Saunders, R-J.; Warford, J-J. 
VILLAGE WATER SUPPLY: ECONOMICS AND POLICY IN THE DEVELOPING 
WORLD 
World Bank Research Publication 
Johns Hopkins University Press, Baltimore, 1976, 279 p. 

Secretariat des Missions d'llrbanisme et d'Habitat.(S.M.U.H.) 
ALIMENTATION EN EAU 
Ministere de la Cooperation 
Fonds d'Aide et de Cooperation (F.A.C.), Paris, 1977 

Wagner, E.G.; Lanoix, J.N. 
WATER SUPPLY FOR RURAL AREAS AND SMALL COMMUNITIES 
World Health Organisation, Geneva, 1959,, 337 p. 
(Monograph Series No. 42) 

White, A-U.; Seviour, C. 
RURAL WATER SUPPLY AND SANITATION IN LESS-DEVELOPED COUNTRIES 
International Development Research Centre, Ottawa, 1974, 81 p. 

White, G.F.; Bradley, D.J.; White, A.U. 
DRAWERS OF WATER: Domestic Water Use in East Africa 
University of Chicago Press, Chicago, 1972 

18 



planningandmanagement 

planning and management 

2.1 -Planning 

In many countries the provision of community water 
supply systems is a major element in the environmen- 
tal health programme and they are frequently planned 
in this context. However, the actual responsibility 
of the public health authorities is often limited to 
the quality surveillance of drinking water from 
community supplies, sometimes coupled with the con- 
trol of sanitary facilities. In some countries the 
health authorities have assumed a direct responsibi- 
lity for small community water supplies and sanita- 
tion in rural areas. 

The control function in respect to water supplies and 
sanitary facilities would imply an active part in the 
planning, management and maintenance of all schemes. 
But the health authorities may not be sufficiently 
staffed and equipped to cope with the demands of such 
an involvement. Engineering units of other government 
departments usually carry out the bulk of water 
supply planning and construction. They are likely to 
concentrate their efforts on engineering and cost 
aspects, and may tend to overlook the health and 
social implications of drinking water supplies. 

Programmes rather than projects 

The planning and design of a large city water supply 
system usually is approached as a project. The term 
project is used here to describe all the preparations 
for the construction of a single scheme or water 
supply system. Every such major scheme is dealt with 
as a separate project. However, when planning water 
supply systems for a large number of small rural com- 
munities, the approach should be that of a programme 
rather than a series of individual projects. A pro- 
gramme is here understood to be an integrated group 
of continuing activities directed at the implemen- 
tation of a considerable number of similar water 
supply schemes or systems. The key problems are 
likely to be less technical and more organisational 
and administrative.Community involvement aspects will 
assume a much greater significance. 
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Under a programme, technical decisions often have to 
be subordinated to other considerations. For example, 
the number of different types or models of pumps used 
in a programme should be kept to a minimum in order 
to reduce supply and maintenance problems. In the 
project approach, a pump would be selected to fit a 
technical specification, and the maintenance system 
would then be adapted to the pump's characteristics 
and service requirements. 

Another basic difference is how the users perceive 
their relationship to the water supply and its cost 
and benefits. The urban dweller seldom has an alter- 
native water source and is mostly aware of the 
general benefits of water supply services. Thus 
little time and effort are required to convince him 
of the need for more ample or safe water. In a small 
rural community 
this urban 

there is usually no equivalent to 
'demand' for water. Rural households 

frequently have a choice between alternative water 
sources and people have developed their criteria to 
choose between them. Water is usually seen as a free 
commodity. Health considerations play a minor role. 
The quantities of water used are small, except 
perhaps for stock watering and plot irrigation. A 
strong demand for good quality water will then 
initially only exist in situations of severe 
shortages or of heavy pollution of the water sources. 

It is, therefore, to be expected that an urban-type 
demand for water will not develop in small rural 
communities without some change in deeply ingrained 
water-use customs. An educational effort will have to 
be linked to the rural water supply programme and 
carried out with subtlety and knowledge of local 
habits. 

Financial Considerations 

In urban areas inhabitants have usually accepted the 
principle, or at least are familiar with the require- 
ment that they must pay for the water, or rather for 
the convenience of having safe water deli;rered near 
the point of use. In small rural communities the 
principle of paying for water is usually not widely 
accepted. People feel that water, like air, is a 
natural gift. It is also a fact that those living in 
small communities often have little capacity to pay. 
Thus, developing financing schemes will be difficult 
and time-consuming, and requires a clear understand- 
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ing of local habits. For example, bills may have to 
be timed with local harvests. 

For any rural water supply programme, it is necessary 
to establish a long-range financing arrangement. 
Small communities frequently find it difficult to 
obtain the capital for construction even when they 
unite into a uational or provincial programme. The 
initiative for organizing and financing these pro- 
grammes, therefore, must usually come from the 
central or provincial government. 

planningandmanagement 

Revolving funds offer one excellent method of finan- 
cing because of their flexibility and adaptability to 
local needs and conditions. A revolving fund is a 
centrally established fund which finances new pro- 
jects using repayments on earlier loans. To get 
started, the funds need to be established at the 
national or provincial level. The benefitting com- 
munities contribute labour and local materials for 
construction (for example, in Latin America usually 
up to 20 percent of construction costs). They then 
pay a water rate that, as a rule, covers local 
operation and minor repair expenses. To back up such 
local efforts, the national programme should organize 
a system for major repairs and maintenance at the 
district or provincial level. As the payments on 
earlier loans come in, the revolving fund is avail- 
able to finance other schemes. 

It is important to note that, in financing an urban 
scheme, basically all the required funds come from 
the community itself in the form of water revenues. 
In contrast, for the small rural communities, about 
80 percent of construction costs would come from 
outside in the form of loans, grants, etc., and only 
the remaining 20 percent are direct community contri- 
butions such as construction materials and labour. 

Recent studies in Latin America indicate that repay- 
ment schemes tend to promote effective organization 
at the local level. For this, the assistance of local 
administrators is essential. Communities do get used 
to community financing of water supply services and 
one of the major benefits seen is a greater community 
involvement. 

Typical designs and standardisation 

As one examines the thousands of small water supply 
systems required, one is struck by the number of 
repetitive elements: wells, intake structures, water 
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tanks, pump houses, etc. Substantial cost savings cdn 
be had if standard designs and construction tech- 
niques are used. In addition, costs can also be 
reduced by using technicians who are trained in the 
repetitive systems, limiting the number of profes- 
sional engineers needed. 

An advantageous approach has been developed in Latin 
America. Within this approach, the programme is 
broken down into its component parts - community 
promotion, technical design, programme financing, 
etc. - and each component is considered for its 
effects upon the others. A programme is developed 
which incorporates these elements into the least-cost 
solution that will best utilize the programme resour- 
ces (manpower, finance, technology and management). 
It is obvious that, since a rural water supply pro- 
gramme must repeat many tasks in thousands of villa- 
ges - in some countries, in tens of thousands of 
villages - the development of standard designs be- 
comes a necessity. 

These designs must allow for rapid and effective 
construction techniques, through repetitive work by 
relatively unskilled artisans with standard equipment 
and plant. Unit design constitutes an essential 
feature. The savings in planning and supervision 
costs will almost certainly outweigh the slight 
technical inefficiency of such a design. It is possi- 
ble to devise a very simple form of investigation 
which will enable a technician or sanitarian to 
collect in one day sufficient information about a 
small water project to support its qualification for 
a certain type of design. 

Standard design criteria should be selected, pre- 
designed elements (tanks, pump houses, etc.) and 
uniform equipment lists should be prepared. Once the 
design of a particular scheme has been reviewed by an 
engineer, the materials would be assembled in a 
central yard and sent to the community as a package, 
together with all the necessary tools and items not 
readily available locally. Professionals would also 
develop techniques and strategies for involving the 
community. These are formalized as work modules for 
each phase, and used in the training of personnel 
assigned to implement them at the local level. The 
design of both the technical and community involve- 
ment modules are determined in the context of the 
overall programme. 
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Figure 2.1. 
Wuter, health and development 

WHO Photo 
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2.2 Management and supervision 

The following table outlines the principal functions 
carried out at the national, provincial and local 
levels. In some countries, provincial programmes are 
set up to operate autonomously but they are linked to _I 
the national programme by means of standard criteria, 
designs and financial assistance. 

Table 2.1. 
Functional diuision over different levels of government 

Level Functions 

National . Long-term planning. 
. Establishment of nolicies 

(technical and administrative) and 
standards. 

l Management of national funds, and 
matching these to local contributions. 

. Supervision of the execution of the 
national plan. 

. Supervision of provincial programmes. 
* General financial control. 
. Provision of technical assistance. 
. Training. 

Provincial 
-District) 

. Programme implementation. 

. Design. 

. Construction, and administration of 
projects. 

. Promotion of community participation. 

Local . Administration of community water supply 
systems. 

. Operation and maintenance. 

. Collection of water charges. 

It will not be possible to include all the existing 
small and rural communities into the national or 
provincial water supply programme at once. A 
selection will have to be made which will be amended 
and updated periodically. The criteria for selection 
and the order of priority for the construction of 
schemes will be determined at the national 
provincial level taking into consideration all relzf 
vant factors. 

The objective of any rural water supply programme 
should be as specific as possible. For instance:'All 

24 



c planningandmanagement 

communities of 500 persons or more, and 50% of the 
smaller communities will have a safe water supply 
within a distance not exceeding 500 metres from each 
individual house, within 8 years'. Or, 'The goal is 
:to provide drinking water to 90% of the rural com- 
munities in districts A and B within 22 months'. In 
contrast, it is vague to state the objective as 
'Improvement of the water supply of small communi- 
ties'. 

A strong commitment to the programme at the national 
policy level is essential in order that the programme 
can operate on a long-term basis. It is often neces- 
sary to provide subsidies for some time until the 
communities served by the new schemes appreciate the 
benefits of an adequate supply of safe water. Once 
the people understand this, the process becomes one 
of a continuous Lp~rading of the basic service until 
it, hopefully, will reach a level where it is both 
firmly supported by the community and financially 
self-sufficient. 

The management, operation and maintenance of a water 
supply system is a matter that should be kept in mind 
by policy-makers and design engineers from the ear- 
liest planning stage. The following statement summa- 
rizes this eloquently (Wagner & Lanoix, 1959): 

' The engineer who makes the preliminary field in- 
vestigations and designs can, by his decisions, 
facilitate or complicate future operation and main- 
tenance problems. This will depend on whether he is 
searching simply for a solution, or for the best 
possible solution. Often, as a result of haste, these 
studies become less thorough than they should be. The 
engineer in charge of field investigations and design 
controls one of the most important phases which bears 
heavily on the future functioning of the project'. 

'If by diligent work he can eliminate a pump, an 
engine, another piece of equipment, or a treatment 
process, he is thereby removing a possible obstacle 
I33 efficient operation. An understanding of the 
operational problems of small water systems, perse- 
verance in the search for simple solutions, and 
vigilance in approval of projects are the best pos- 
sible measures to facilitate the operation and main- 
tenance of these systems, and, thus, to ensure the 
fulfillment of their function'. 

' From the administrative standpoint, proper manage- 
ment of a water supply system, no matter how small, 
requires operating funds, personnel and organizatio- 
nal services. Since these are within the control of 

--- 
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local authorities, early negotiations should be un- 
dertaken, and a considerable degree of agreement 
should be reached, before the project gets into the 
construction stage. These negotiations are not always 
easy, as some officials, whether selected or ap- 
pointed, will jealously guard their full authority, 
even though they may have had no previous experience 
in water supply management'. 

2.3 Manpower and training 

The number of personnel needed to manage and operate 
a small water supply greatly depends on the type of 
distribution system, if any, and whether there is a 
water treatment plant and/or pumping station. It 
should not be expected that qualified personnel will 
be found in small towns and villages. However, it 
will often be possible to recruit and train poten- 
tially good employees for both administrative and 
operational functions. One of the methods which has 
proven succesful consists of using the construction 
period to select and train the key personnel who, 
later, will be responsible for operational duties. 
During this phase, they have an opportuni-ty to learn 
how the system is put together and works. In this way 
they can best understand and perform the maintenance 
work which is expected of them. 

The actual selection of these men may, in some in- 
stances, be a delicate matter inasmuch as their 
employment may be the normdl function of the local 
government. With tact and understanding, however, it 
should be possible to find candidates who are accept- 
able to the local authorities and who possess the 
minimum qualifications required. 

The challenge will be in the use of sub-professional 
personnel. While managers and engineers who are 
experienced in community systems should manage the 
programme, their task will be so great (and they are 
usually so few) that they will have to devote their 
time to directing, planning, reviewing and super- 
vising the programme. A special group of sub-profes- 
sional technicians and/or sanitarians should be 
trained for the day-to-day cooperation with the 
communities, the collection of field data, prospec- 
ting for and investigation of water sources, the 
preparation of the repetitive designs as well as the 
inspection visits to the completed systems. 

26 



Training should stress the practical aspects of the 
subjects covered and should include a minimum of 
formal lectures. The programme of training may be 
accompanied, when circumstances permit, by a pro- 
gramme of examination and certification of water 
system technicians and operators, several grades 
being established for each category of personnel. 
Such a programme, which may be undertaken in collabo- 
ration with local educational authorities, will help 
to create an incentive on the part of the water 
supply personnel for technical development and pro- 
gress towards more responsible positions. 
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In small undertakings, each person in a supervisory 
position has to perform a number of functions and 
without proper training he is bound to be inefficient 
in any individual function. Training is, therefore, 
particularly important for manpower engaged in small 
community water supply systems. 

One cannot overstress the need to develop in the mind 
of every waterworks official, whether office or field 
employee, the concept of 'service to the community'. 
Both the administration and the operation of a water 
system, large or small, should be geared towards the 
provision of a satisfactory service to the consumer. 
In many rural areas, this will be a novel idea. Often 
rural or small-town folk do not think of public 
utilities as agencies from which they can expect or 
demand service. To them the water supply may be 
thought of in terms of the mail service: poor and 
intermittent. Their attitude would be one of compla- 
cency. Much effort should be made by the responsible 
agency to ensure that neither the people served nor 
the watersupply employees develop this sort of 
attitude. The objective should be to make the em- 
ployees understand the importance of giving a 
satisfactory service to consumers, and their role and 
responsibility in this. On the other hand, the local 
population needs to develop a sense of ownership and 
pride in the water supply system and to understand 
that it has a right to demand service. These pro- 
cesses are neither simple nor quick. However, once 
they are established, the service concept will grow 
and become more generally accepted. The critical time 
is in the early stage. 
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2.4 Community involvement 

Acceptance of a small water supply system by a com- 
munity is by no means assured. The users may not be 
satisfied by the supply provided, if it does not meet 
their expectations. Waiting in long lines to collect 
water, intermittent service and insufficient supplies 
during some or many hours daily, are common problems. 

Engineers and technicians 
communities, 

sometimes go to small 

the villagers 
install water supply systems, and expect 

of time- 
to use them with care for long periods 

Too often, the people who are to benefit 
from the water supply system are not consulted on 
matters of design, construction, use and maintenance 
of the facilities. It is difficult, if not im- 
possible, to achieve the continuous functioning of a 
small water supply without some degree of community 
involvement. If the installations are not accepted 
and supported by the community, they are likely to 
suffer from misuse, pilferage or even vandalism. 
Conversely, it has been seen time and again that, 
with proper consultation and guidance, people can be 
motivated to help in the planning, construction, 
operation and maintenance of water supply systems for 
their communities. 

The positive role of community involvement in water 
supply development can be illustrated by events in 
Malawi. Here, participation of local people was the 
key to success in bringing piped water to over 
150,000 villagers in water-scarce areas, at a cost of 
about USS 3 per person only. The villagers dug all 
the trenches, laid the pipes (supplied by the govern- 
ment and aid agencies), and constructed concrete 
aprons and soak pits. Small-scale pilot demonstra- 
tions were initially used, leading to large public 
meetings where there was a chance to discuss all 
aspects of the new system. As the project evolved, 
the concept of the 'project assistant' was intro- 
duced; three-week training courses were conducted for 
men who had been carefully selected by the com- 
munities and were charged with responsibility for the 
local systems. 

Analysis of existing small community water supplies 
has shown that participation in the early design 
stages greatly contributes to the success of a pro- 
ject. The choice of water source, the level of ser- 
vice and the siting of the water supply facilities in 
particular are decisions in which the community can 
be usefully involved. A second consideration for more 
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community involvement in the design stage, the safe- 
guarding of the interests of weaker sections of the 
community, will be more difficult to accept. Yet many 
of the decisions that are taken in this phase may 
lead to a worsening of the position of disadvantaged 
groups. Social problems impairing the access to the 
supply, loss of employment, loss of social contacts 
for women, and the domination of local elites in the 
water organization are all possible consequences of a 
new water supply system. 

UNICEF/WHO photo by Matheson 
Figure 2.2. 
Community involvement in construction 

Community involvement in the construction of small 
water =wiy systems can take many forms. Local 
contributions in cash, labour, materials, services 
and organization will reduce the required capital 
investment, stimulate feelings of local pride and 
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commitment, develop local capabilities, and present 
opportunities for the selection and training of 
suitable personnel for maintenance of the supply. It 
will also promote the proper use of the supply by the 
people. But such community involvement can make too 
great a claim on the available resources and time, 
resulting in a poor standard of construction, delays, 
difficulties in the recruitment of the required 
personnel and local conflicts. Generally, some in- 
volvement of the community in the construction of the 
water supply is regarded necessary but the usefulness 
of local labour depends to a considerable extent on 
the type of technology adopted, the local conditions 
and the availability of technical supervisors. 

The delegation of operation and maintenance tasks to 
a community is more common today than it was some 
years ago. 
widely, 

These delegated responsibilities vary 
from some checking and reporting, or basic 

routine maintenance, up to the training of caretakers 
and operators. There is a considerable range of local 
organisation and administrative arrangements. 

Three approaches may be distinguished: a standard 
approach, individual arrangements, and a compromise 
combination. In Latin America, a standard approach 
has been used with fixed selection procedures, formal 
delegation of responsibilities and authority, 
supplemented by training and supervision. Elsewhere, 
individual arrangements are common which are adapted 
to the existing communiLf organization. However, 
these arrangements lack a legal base and their 
effectiveness is often limited. As a compromise, some 
flexibility can be brought into the standard approach 
to suit the local, social and cultural pattern. This 
relates to matters such as the selection procedures, 
scope of community organization and division of 
responsibilities and authority. 

If the cooperation between the community and the 
water supply agency or health deparment is to be 
effective, both sides will have to be partners in a 
full exchange of information and views. The water 
supply agency needs to set forth the desired goals of 
the community water supply system. Health education 
may be part of the motivation for the water project 
and should start as early as possible. On the other 
hand, local conditions, expectations, and constraints 
will also play important roles. The water agency 
therefore needs to receive sufficient information 
about the so&o-economic and cultural background of 
the community. 
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Project information and general health education 
during the planning phase may be followed by more 
specific educational efforts, such as training for 
delegated tasks. A users' education programme can be 
started before the installation is completed. Health 
education may be continued as a mart specjfic pro- 
gramme on personal, household and pub1J.c L;<iene and 
other related health aspects. The integration of 
health education as a part of any water supply pro- 
ject has already been emphasized. The ljrovision and 
use of safe water alone will not be enough to achieve 
a health impact. Usually, improvements in disposal of 
waste, nutrition, animal hygiene, housing, insect and 
rodent control, and food hygiene will be needed as 
well. In some countries water projects are part of 
the primary health care programme, or they are linked 
to nutrition projects. However, even when water 
supplies are planned and implemented independently, 
engineers should discuss with the community the role 
water can play in local development and they should 
encourage other agencies to link their programmes to 
the water project. 

Figure 2.3. 
WHO Photo by D. Deriaz 

Educatirzg the people about water (Iran) 
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2.6 Maintenance 

Experience shows that small community water supplies 
are often more difficult to be kept running than to 
construct. The need for maintenance is generally 
recocjnized but the actual maintenance work is 
frequently neglected. A basic principle in the 
planning of any small community water supply should 
be that the technical design keeps in view the 
maintenance requirements of the installations and 
equipment. The maintenance scheme should be feasible, 
just as the technical design should be cost-effective 
and suited to the local conditions. 

Two factors contribute to most failures in small 
community water systems: 

a) Equipment and materials are used under conditions 
for which they are not designed; 

b) Operators who, due to ignorance or disinterest, 
do not recognize the indications which precede 
breakdowns and failures. 

The typical operator of a small water treatment plant 
also supervises or actually makes water service 
connections, reads meters, answers complaints and 
orders needed supplies and equipment. He must also 
argue his case before the town board, village chief 
or water committee. He is lucky if he receives half 
the pay he is worth. Operators of small water supply 
plants have limited resources available to them, and 
are frequently called upon to perform extensive 
tasks. They often get little support and appre- 
ciation. Yet they have to carry out their work in a 
creditable fashion. 

By careful review of plant, design and specifi- 
cations, the water supply agency can prevent or 
eliminate most difficulties of a mechanical nature. 
The reduction of troubles caused by the human element 
is harder to achieve. But much can be done, as pre- 
viously indicated, through training of field person- 
nel, technical assistance and supervision. 

The following reasons make it particularly important 
to provide for proper operation and maintenance. 

The effect of an inoperative community water supply 
on the health of the users. This may be difficult to 
quantify but maFyxd=nd surveys have shown that 
the incidence of intestinal diseases is related to 
the use of polluted water. Improvements in the health 
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situation that can result from the supply of safe 
water, are lost when the water supply breaks down. 

In small rural and urban squatter communities where 
the provision of safe water is most important, the 
introduction of a new water supply is often a major 
event. Frequently this event also forms part of the 
health education towards the hygienic use of the 
water. If the water supply becomes inoperative, the 
chances of improving the hygienic practices in the 
community will be lost for months, if not years. 
Furthermore, if the water supply scheme was con- 
structed with contributions from the community, 
whether in kind or money, the people will probably 
view the breakdown of the supply as evidence that 
their contribution is wasted. It is likely that they 
will be unwilling to further cooperate with the water 
supply agency or the government. 

The above facts are difficult to analyse from a 
strictly economic point of view. However, a tentative 
assessment of the economic impact is as follows: 

A country may have some 10,000 small community water 
supplies representing an average investment of about 
$ 30,000 each. If only 75% of these schemes are 
functioning, then 2,500 schemes are out of operation 
at any one time. Should an improved maintenance 
system ensure the continuous operation of 1,500 out 
of these 2,500 schemes, this would be equivalent to a 
capital investment of $ 45 million! Moreover, expe- 
rience shows that installations remaining out of 
order for more than a few days are likely to suffer 
from pilferage and vandalism. It is not unusual that 
equipment is stolen from them. Therefore, not only 
the inconvenience and health hazards of inoperative 
small water supplies should be considered but also 
the loss of equipment, spare parts and construction 
materials. 

The primary responsibility for the continuous func- 
t,ioning and maintenance of a' small water supply 
system lies with the community, at the local level, 
backed by district support and the national water 
supply programme. A good example of this comes from 
the State of Tamil Nadu, in India, where a three-tier 
maintenance system was introduced. Since 1971, about 
15;OO0 deep-well hand pumps have been installed and 
about an equal number of shallow-well hand pumps, 
serving villages in the rural areas of the State. The 
three-tier system is intended to provide maintenance 
of these wells and pumps. 
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The three-tier maintenance system comprises the 
following service personnel: 

1) Caretaker at village level 

An interested and capable volunteer, who usually lives close 
to the handpump, is chosen from among the villagers. He may 
be a farmer, shopkeeper, artisan or social worker. He is 
given a two-day orientation course on the importance of 
drinking water supply and on the mechanism, operation and 
servicing of hand pumps. He is trained to attend to minor 
repairs and is supplied with basic tools. He is also given 
pre-stamped and addressed postcards in the local language. 
When a breakdown occurs, the caretaker tries to fix it. If 
he can not do so, he specifies the type of repairs needed on 
two postcards, one of which he posts to the block-level 
'fitter' and the other to the District mobile team. So far, 
some 2,000 caretakers have been trained in Tamil Nadu State. 

2) 'Fitter' at the block level 

One 'fitter' (service mechanic) for every 100 handpumps is 
appointed at the block level. He is under the supervision of 
the Block Development Officer. Upon receipt of a request 
from a caretaker, the fitter proceeds to the village and 
attends to repairs, if the problem is located in the 'top 
end' of the mechanism. 

3) Mobile team at the district level 

In case of the need for major repairs, it is the mobile team 
at the district level which proceeds to the village upon 
receipt of the postcard. There is one such team for every 
1,000 handpumps and, therefore, this often involves a delay 
of a week or more. To reduce this waiting, the Tamil Nadu 
Government is now recommending one such team for every 500 
handpumps. Any expenses incurred in the repairs are shared 
by the government and the local 'gram panchayats' (village 
councils). 

Some breakdown of a water supply plant and equipment 
is inevitable in spite of the best maintenance 
measures taken. In order to deal with such breakdown 
efficiently and with minimum delay, the following 
facilities should be available: 

Workshop facility 
Sufficient stock of necessary spares, etc. 
Technical staff 
Communication facility 
Directory of addresses and names of firms and 
suppliers 
Training programme. 
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2.6 Emergency operation 

Every community water supply system, large or small, 
should have some emergency procedures which may have 
to be operated in situations such as earthquake, 
flood, or war damage. It must be recognized that, in 
such circumstances, water is probably the most urgent 
need of people who will use any available source, 
polluted or not, unless provision is made quickly for 
a supply of safe water. It is recommended that, soon 
after the installation of a new water system, or even 
before, a realistic inventory be made covering all 
available sources of water, public or private. This 
inventory should include personnel resources and the 
available emergency-type water supply equipment, hand 
and motor pumps, water-tank trucks, pipe accessories, 
mobile or potable filter units, tools and spare 
parts, and chemicals (especially those for water 
disinfection purposes). 

During emergencies, a minimum of 2 litres of water 
per person should be provided daily for drinking and 
3 litres for other purposes, in such places as 
temporary shelters. In camps with tents, a minimum of 
10 litres per person should be provided. This amount 
should be doubled for the supply of temporary hospi- 
tals and first-aid stations. While ground-water 
supplies from properly constructed wells, infiltra- 
tion galleries, and spring structures may be regarded 
as safe, all surface water should be considered of 
doubtful quality. It has to be disinfected by boil- 
ing, chlorination or disinfection by iodine com- 
pounds. The free chlorine residual in reasonably 
clear water at times of emergencies should be not 
less than 0.5 mg/l after 30 minutes of contact for 
water that has not been filtered. 
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3.1 Water use and consumption 

Depending on climate and work load, the human body 
needs about 3 - 10 litres of water per day for normal 
functioning. Part of this water is derived&from food. 
The use of water for food preparation and cooking is 
relatively constant. The amount of water used for 
other purposes varies widely, and is greatly in- 
fluenced by the type and availability of the water 
supply- Factors influencing the use of water are 
cultural habits, pattern and standard of living, 
whether the water is charged for, and the cost and 
guality of the water. 

The use of water for domestic purposes may be subdi- 
vided in various categories: 

drinking 
food preparation and cooking 
cleaning, washing and personal hygiene 
vegetable garden watering 
stock watering, and 
other uses including waste disposal 

Individual house connections provide a higher level 
of service than a tap placed in the house yard 
('yard connection*) which in its turn is generally 
preferred over a communal water point such as a 
village well or a standpipe. In the selection of the 
type of water supply system, finance is usually an 
important factor, and the choice also depends on the 
location and size of the community, the geographical 
conditions, and the available water source. 

Water use and consumption data are frequently ex- 
pressed in litres per capita (head) per day 
(l.c.d.)*. Although such data neglects the fact that 
in a household a considerable part of the water use 
is shared by all members of a family (e.g. cooking, 
cleaning), per capita daily water usage data are 
useful for making rough estimates of a community's 
water demand. 

* Previously, per capita water use data expressed in gallons 
per day was common. 
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In table 3.1 typical domestic water usage data are 
listed for different types of water supply systems. 

Table 3.1. 
Typical domestic water usage 

- 

Type of Water Supply Typical Water 
Consumption 

(litres/capita/d 4~) 

Range 
(li’tres/capita/day) 

Communal water point 
(e.g. village well, 

public standpost) 

- at considerable distance (> I000 m) 7 5- IO 
- at medium distance (500 - 1000 m) 12 10 - 15 

Village well 

walking distance < 250 m 20 IS- 25 

Communal standpipe 

walking distance < 250 m 30 20 - 50 

Yard connection 

(tap placed in house-yard) 40 20 - 80 

House connection 

- single tap 50 30 - 60 
- multiple tap 150 70 - 250 

- 

Sometimes, the number of households (families) in a 
community is easier to determine than the number of 
individuals, and the'domestic water use can then be 
computed using an estimated average size of family. 

Usually water from the community water supply is also 
used for other than domestic purposes, and in such 
cases additional amounts of water should be provided 
for these categories. Table 3.2 gives indicative 
data. 

All the water requirements mentioned should be used 
for preliminary planning and design purposes only. It 
may serve as a rough guide. For the final design, 
criteria are needed that are specific for the country 
or area concerned. Studies of existing small com- 
munity water supply systems in the same area can 
provide very useful water usage data. Field measure- 
ments.should be taken whenever possible. 

It is very difficult to estimate accurately the* 
future water demand of a community and the design 
engineer must exercise considerable judgement in his 
analysis. 
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Table 3.2. 
Various water requirements 

Category Typical Water Use 

- Schools 

. Day Schools 

. Boarding Schools 
- 30 l/day per pupil 
- 140 l/day per pupil 

- klospitals 

(with laundry facilities) 

- Eostels 

220 - 300 l/day per bed 

00 - 120 l/day per resident 

- Sestaurants 65 - 90 l/day per seat 

- Mosques 

- Cinema Houses 

25 - 40 l/day per visitor 

10 - 15 l/day per seat 

- Offices 25 - 40 l/day per person 

- FCailway al?d Bus Stations I5 - 20 l/day per user 

- Livestock 

. Cattle 

. Horses and Mules 

. Sheep 

. Pigs 

25 - 35 l/ddy per head 
20 - 25 l/day per head 
I5 - 25 l/day per head 
10 - 15 l/day per head 

- Poultry 

. Chicken 15 - 25 l/day per 100 

The water usage figures given above include about 20% 
allowance for water losses and wastage. If there is 
considerable leakage or unauthorized withdrawal of 
water from the distribution system, the required 
supply of water will obviously be greater. In some 
cases these water losses may be as high as 30 - 50 % 
of the supply. 

As a tentative estimate, a water supply system for a 
more or less centralized community settlement would 
need to have a capacity of: 

: about 0.3 l/set. per 1,000 people when the water is mainly 
distributed by means of public standpipes; 

. about 1.5 l/set (or more) per 1,000 people when yard and 
house connections predominate. 

To allow for future population growth, and a higher 
use of water per person (or per household), a com- 
munity water supply system should have a sufficient 
surplus capacity. The design is typically based on: 
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the daily water demand estimated for the end of a 
specified period (the "design period), e.g. 10 
years; 

ge present water demand plus 50%; 
or 
the demand computed on the basis of the popu- 
lation growth estimate. 

The 'population growth factor' may be read from table 
3.3. 

Table 3.3. 
Population growth factor 

Design period Yearly growth rate 

(years) 7 .s.e 4 32 42 52 

10 1.22 1.34 1.48 1.63 

15 1.35 1.56 1.80 2.08 

20 1.49 1.81 2.19 2.65 

A community water supyly system should also be able 
to cater for the maxim?a hourly or peak water demand 
during the day. (See: Chapters 18 'Water Transmis- 
sion' and 19 *Water Distribution'). 

3.2 Water quality 

The relationship between water quality and health 
effects has been studied for many water quality 
characteristics. An examination of water quality is 
basically a determination of the organisms, and the 
mineral and organic compounds contained in the water. 

The basic requirements for drinking water are that it 
should be: 

Free from pathogenic (disease causing) organisms. 
Containing no compounds that have an adverse 
effect acute or in the long term, on human 
hea?ch. 
Fairly clear (i.e. low turbidity; little colour). 
Not saline (salty) 
Containing no compounds that cause an offensive 
taste or smell. 
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Not causing corrosion or encrustration of the 
water supply system, nor staining clothes washed 
in it. 

For their ready application in engineering practice, 
the results of the studies and research on drinking 
water quality must be laid down in practical guide- 
lines. Usually these take the form of a table giving 
for a number of selected water quality parameters, 
the highest desirable level and the maximum permis- 
sible level. Such values should be regarded as indi- 
cative only, and should not be taken as absolute 
standards. 

The most important parameter of drinking water guali- 
ty is the bacterioloqica& guality, i.e. the content 
of bacteria and ViNseS. It is not practicable to 
test the water for all organisms that it might 
possibly contain. Instead, the water is examined for 
a specific type of bacteria which originates in large 
numbers from human and animal excreta and whose 
presence in the water is indicative of faecal con- 
tamination. Such indicative bacteria must be spe- 
cifically faecal and not free-living. Faecal bacteria 
are members of a much wider group of bacteria, the 
coliforma. M=Y types of coliform bacteria are 
present in soil. Suitable indicator bacteria of 
faecal contamination are those coliforms known as 
Escherichia-coli (E-coli), and faecal streptococci. 
They are capable of easy multiplication. When these 
bacteria are found in the water, fairly fresh faecal 
contamination is indicated, and on that basis there 
is the possibility of the presence of pathogenic 
bacteria and viruses. Either one or both of these 
coliform and streptococci bacteria may be used as 
indicator organisms. 

In almost all small community water supply systems 
faecal bacteria are likely to be found. It would be 
pointless to condemn all supplies that contain some 
faecal contamination, especially when the alternative 
source of water is much more polluted. Rather, test- 
ing of the bacteriological quality of the water 
should examine the level of faecal pollution, and the 
amount of contaminaz of any alternative sources. 

Water samples should be collected in sterile bottles 
according to standard procedure. They should be 
shaded and kept as cool as possible. It is necessary 
to carry out bacteriological examination of samples 
within a few hours after sampling, otherwise the 
results will be quite unreliable. 

There are two methods for conducting tests on the 
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levels of faecal coli and faecal streptococci in 
water: the multiple tube method for establishing the 
most probable number (M-P-N.), and the membrane 
filtration method. 

In the multiple tube method, small measured guan- 
tities of the water sample are incubated in 5 or 10 
small flasks containing a selective nutrient broth. 
The most probable number of bacteria in the sample 
(M-P-N.1 can be estimated on the basis of the number 
of bottles which show signs of bacterial growth. 

In the membrane filtration method, water is filtered 
through a membrane of special paper which retains the 
bacteria. The membrane is then placed on a selective 
nutrient medium and incubated. The bacteria multiply 
forming visible colonies which can be counted. The 
result is expressed as number of bacteria per 100 ml 
of water. Direct counts of faecal' coli and faecal 
streptococci can be made in 24 and 48 hours re- 
spectively. There is no need for confirmatory tests 
to check the species of bacteria as in the multiple 
tube method. 

The equipment and materials necessary in the multiple 
tube method for faecal coli are cheaper and generally 
more readily available in developing countries, than 
is the case for the membrane filtration method. The 
problem with using the multiple tube method for 
faecal streptococci is that the required 5 days' 
incubation time is not so practical. The membrane 
filtration method is applicable both for faecal coli 
and faecal streptococci. It gives rapid results which 
are easy to interpret and quite accurate. The 
membrane tests can be carried out on site in the back 
of the vehicle. The multiple tube equipment is 
fragile and requires special provisions during 
transport. Taking all factors into consideration, the 
membrane filtration method is to be recommended. 

In either of the methods, the facilities for the 
incubation are the main constraint. The difficulty is 
the accurate control of the temperature. For faecal 
coli, incubation should be at an accurately con- 
trolled temperature of 44.5O C f 0.2O C. This degree 
of temperature control is not easy to achieve in an 
incubator under field conditions but special portable 
incubators are commercially available which can 
maintain the temperature within the required narrow 
range. They are relatively expensive (several hundred 
dollars) and require a power source such as a car 
battery for operation. If incubation with an accurate 
temperature control is not possible, the recommended 
practice is that only faecal streptococci should be 

44 



water quantity and quality 

counted. For this count, incubation is required at 
35-37O C which can be more readily provided. 

Where possible, examination for both faecal coli and 
faecal streptococci should be made. This will provide 
an important check on the validity of the results. It 
also gives a basis for computing the ratio at which 
the two species of bacteria are present from which a 
tentative conclusion can be obtained whether the 
faecal pollution is of animal or human origin. 

The following bacteriological quality criteria are 
generally applicable for small drinking water sup- 
plies: 

Coliforms - less than 10 per 100 ml* 
(average 
number present 
in the drinking 
water sampl-ed)--- 

. E. coli less than 2.5 per 100 ml* 

There are cases where the water from a community 
water supply is bacteriologically acceptable, yet 
unfit as drinking water due to excessive organic or 
mineral contents. The main problems are caused by 
iron and manganese, fluoride, nitrate, turbidity and 
colour. 

Table 3.4 gives guidelines for a number of these and 
other water quality parameters. 

These water quality guidelines should always be 
applied with common sense, paricularly for small 
community and rural water supplies where the choice 
of source and the opportunities for treatment are 
limited. The criteria should not in themselves be the 
basis for rejection of a groundwater source having 
somewhat higher values for iron, manganese, sulphates 
or nitrates than in the table. Care must be exercised 
in respect of toxic substances such as heavy metals. 
These should be allowed only after expert opinion of 
the health authorities has been obtained. 

Many developing countries are aiming in their actual 
water supply practice to meet as far as possible the 
above guidelines that are derived from recommenda- 
tions formulated by the World Health Organization. 

* Statistically determined as most probable number 
(M.P.N.), or measured by membrane count. 
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Table 3.4. 
Guidelines for drinking water quality 

Water Quality Parameter measured 
as 

highest 
desirable 
level 

maximum 
permissible 
level 

Total dissolved solids* 41 500 2000 

Turbidity FTU 5 25 

Colour mg Ptll 5 50 

Iron mg Fe+/1 0.1 1.0 

Manganese mg l-In++/1 0.05 0.5 

Nitrate 

Nitrite 

lug NO -11 
? 

50 100 

mg N/l 1 2 

Sulphate 

Fluoride 
mg sob-71 200 - 400 

mg F-/l 1.0 2.0 

Sodium mg Na+/l 120 400 

Arsenic 

Chromitrm (hexavalent) 

Cyanide (free) 

Lead 

Mercury 

Cadmium 

mg As+/1 

mg Cr6+/L 

mg m-/1 

mg Pbf; 

mg &3/l 

mg Cd/l 

0.05 0. I 

0.05 0. I 

0.1 0.2 

0.05 0.10 

0.001 0.005 

0.005 0.010 

x This includes the major dissolved solids such as S04--, Cl-, 

Ca++, Mg++ + 
HC05-, 

and Na . The levels indicated depend on the climate, the 

type of food, and the work load of the water user. In some recorded 

cases, people have lived for months on water having a total dissolved 

solids content in excess of 5000 mg/l. 

Although the water supply agency concerned may under- 
take to carry out the necessary tests on water qua- 

L lity on a regular basis, final approval and control 
of drinking water quality should remain with the 
health authorities. 
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Figure 3. I. 
Water Sampling (Gabon) 

United Nations Photo 

For small supplies which frequently are to be 
provided from individual wells, boreholes or springs, 
the water quality criteria given above, may have to 
be relaxed. Obviously, in all instances, everythinq 
possible should be done to limit the hazards of 
contamination of the water. Using relatively simple 
measures such as the lining and covering of a well, 
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it should be possible to reduce the bacterial content 
of water (measured as coliform count) to less than 10 
per 100 ml, even for water from a shallow well. 
Persistent failure to achieve this and particularly 
if E. coli is repeatedly found, should as a general 
rule lead to condemnation of the supply. ** 

For the adequate interpretation of chemical and 
bacteriological analyses of drinking water supplies, 

sanitary essential. Many potential 
hazards can ~~%~ec~~d by a careful study of the 
water source, the treatment works and the distri- 
bution system. No bacteriological and chemical tests 
can be substituted for a complete knowledge of the 
water supply system and the conditions under which it 
has to operate. 
time and, 

Samples represent a single point in 

regularly, 
even when samples are taken and analysed 
contamination may not Be revealed es- 

pecially when it is intermittent, seasonal and 
random. 

Guidelines for sanitary surveys are given in Annex 1, 
where essential factors are listed that should be 
investigated or considered. 

. 

* International Standards for Drinking Water 
(3rd Edition); World Health Organization, Geneva, 1971. 
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4.1 Water occurrence and hydrology 

The first step in designing a water supply system is 
to select a suitable source or a combination of sour- 
ces of water. The source must be capable of supply- 
ing enough water for the community. If not, another 
source or perhaps several sources will be required. 

The water on earth, whether as water vapour in the 
atmosphere, as surface water in rivers, streams, 
lakes, seas and oceans, or as groundwater in the sub- 
surface ground strata is for the most part not at 
rest but in a state of continuous recycling movement. 
This is called the hydrological cycle (Fig. 4.1.). 

a- SOURCE OF ENERGY 

Figure 4.1. 
Hydrological cycle 

The driving forces are the sun's energy and the 
earth's gravity. Water from the atmosphere falls to 
the ground as rain, hail, sleet and snow or condenses 
on the ground or on the vegetation. Not all this 
water adds to surface or groundwater resources, as 
part of it evaporates and returns directly to the at- 
mosphere. Another part is intercepted by the vege- 
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tation or is retained on the ground, wetting the 
topsoil. 

Water accumulating on the ground in pools and marshes 
is exposed to evaporation*. Part of the accumulated 
water flows as surface runoff towards streams, rivers 
and lakes. Another portion infiltrates into the 
ground. This water may flow either at shallow depth 
underneath the ground to open water courses, or it 
percolates further downward to reach deeper ground- 
water strata. Neither the shallow nor the deep 
groundwater is stagnant; it flows underground in the 
direction of the downward slope of the groundwater 
table. sooner or later the water emerges again at the 
surface, either in the form of a spring or as a 
groundwater outflow in a river or lake. From the 
streams, rivers, lakes, seas and oceans, the water is 
returned to the atmosphere through evaporation. The 
whole recycling process then begins again. 

By far the greatest part of the water on earth is 
found in the oceans and seas. However, this water is 
saline. The amount of fresh water is less than 39/,, 
about two thirds of which is locked in ice caps and 
glaciers. The fresh water contained in the under- 
ground and in all lakes, rivers, streams, brooks, 
pools and swamps amounts to less than 1% of the 
world's water stock. 

Most of this liquid fresh-water is in the under- 
ground, an estimated 6,000,OOO km3 of groundwater up 
to 50 metros deep, and a further 2,000,OOO km3 at 
greater depth. Contrary to popular belief, the amount 
of fresh water in lakes, rivers and streams is small, 
about 200,000 km3 of water. The atmosphere contains 
only 13,000 km3 of water. Table 4.1 provides an over- 
view of the average precipitation and evaporation 
rates for the various continents. 

Global and continental hydrological data, however, is 
of little use to the water supply engineer, apart 
from reminding him that all water resources are inter- 

* Evaporation occurs from any water surface. Transpiration is 
loss of water from plants. All plants take water through 
their roots; it is expelled through transpiration from the 
leaves. 
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Table 4.1. 
Precipitation and evaporation rates by continent 

Continent Precipitation Evaporation Run-off 
mm/year m/year m/year 

Africa 670 510 160 

Asia 610 390 220 

Europe 600 360 240 

North America 670 400 270 

South America 1350 860 490 

Australia end New Zealand 470 410 60 
Mean values derived after 
weighting according to area 725 482 243 

connected and are part of the global hydrological 
cycle. He needs information regarding the amount of 
rainfall, the flow of rivers and streams, the 
quantity and depth of groundwater, and evaporation 
rates. This information is rarely available so that 
it will be necessary to take field measurements or 
extrapolate data from such records as available. 

4.2 Quality of water sources 

Both surface water and groundwater largely originate 
from rainfall. All rainwater contains constituents 
that are taken up or washed out from the atmosphere. 
Atmospheric gases are dissolved in the rainfall drop- 
lets. Above oceans and seas, salts are taken up from 
the fine spray over the water surface. Over land 
areas, particularly in dry regions, dust particles 
are washed out. 

Rainwater is usually slightly acidic due to its 
reaction with carbon dioxide (CO ) in the atmosphere 
to form carbonic acid. When 2rainwater contacts 
gaseous pollutants in the atmosphere like sulphur 
dioxide (e.g. from volcanoes, industry), it may 
become quite acidic causing problems of corrosion and 
bitterness of taste. In rural areas, however, this is 
not a common problem. 

After reaching the ground surface, rainwater forms 
surface runoff or groundwater flow. It will pick up 
considerable amounts of mineral compounds and of 
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organic matter, debris from vegetation and animal 
origin, soil particles and micro-organisms. Fertil- 
izers and pesticides may be picked up in areas where 
they are used in agriculture. Wnile flowing under- 
ground, the water will leach out constituents from 
the ground strata, in particular carbonates, sul- 
phates, chlorides, calcium, magnesium and sodium 
salts. Thus, the total dissolved solids content of 
the water is increased. At the same time, filtration 
takes place removing suspended solids. Some organic 
substances are biologically degraded. Adsorption and 
other processes may result in the removal of 
bacteria, and of suspended and dissolved solids. 

Where considerable amounts of organic matter are 
present, either in the subsoil (e.g. peat) or in the 
infiltrating water, the oxygen content of the under- 
ground water may be exhausted through microbial pro- 
cesses. As a result, certain chemical reactions may 
be taking place through which ammonia and hydrogen 
sulfide are formed from the nitrates and sulphates 
present in the ground. Similarly, iron and manganese 
would be dissolved in the water. 

When groundwater is present at a shallow depth (e.g., 
less than 10 metres) it may be polluted from sources 
of faecal contamination such as pit latrines or 
septic tanks. Pathogenic bacteria and viruses from 
such sources can be carried by the groundwater, 
although they tend to attach themselves by adsorption 
to the solid ground particles. When assessing the 
possible health hazards of groundwater sources, one 
should pay more attention to the travel-time of the 
water through the ground strata than to the distance 
the water has to flow to the point of withdrawal. In 
limestone, karstic formations and fissured rock, 
human contamination may be carried over a distance of 
several kilometres. In sand formations, groundwater 
flow is much slower so that only contamination from 
nearby sources need to be considered when selecting 
the point of groundwater withdrawal. 

Surface runoff as well as groundwater ultimately will 
reach streams, rivers and lakes where the water is 
open to pollution from human and animal life, vege- 
tation, plants and algae. Many rivers in tropical 
areas have high amounts of suspended solids and tur- 
bidity, especially under flood conditions. The qua- 
lity of this water varies considerably with rainfall. 
In the dry season, organic matter frequently gives a 
colouring to the river water. 
In surface water the processes of self-purification 
are important-Aeration will bring oxygen from the 
atmosphere into the water with a simultaneous release 
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of carbon dioxide. In lakes and reservoirs suspended 
matter settles out, so that the water will become 
clear. Organic matter will be consumed 
bio-chemical processes, 

through 

of intestinal bacteria, 
and there will be a dying-off 
viruses, and similar micro- 

organisms. Generally, the water can recover its 
original quality, if no further pollution is intro- 
duced. However, lakes sometimes are 
excessive growth of algae. 

subject to 
'Hafirs', small dams and 

ponds have similar features. Almost all surface water 
will require some treatment before it can be used for 
drinking and domestic purposes. 

4.3. Water source selection 

The process of choosing the most suitable source of 
water for development into 
largely depends 

a public water supply 
on the local conditions. Where a 

spring of sufficient capacity is available, this may 
be the most suitable source of supply. 

Where springs are not available, or not suited to 
development, 
groundwater 

generally the best option is exploring 
resources. For small supplies simple 

prospecting methods will usually be adequate. For 
larger supplies, more extensive geo-hydrological 
investigations using special methods and techniques 
are likely to be needed. Infiltration drains may be 
considered for shallow ground-water sources. Dug 
wells can be appropriate for reaching groundwater at 
medium depth. Tubewells are generally most suitable 
for drawing water from deeper water-bearing ground 
strata. However, there are conditions where tubewells 
can be used with advantage for tapping shallow 
groundwater sources. 

Dug wells often are within the local construction 
capabilities, whereas the drilling of tubewells will 
require more sophisticated equipment and considerable 
expertise. In some cases, 
option available. 

drilling may be the only 
If groundwater is not available, or 

where the costs of digging a well or drilling a tube- 
well would be too high, it will be necessary to con- 
sider surface water from sources 
streams or lakes. 

such as rivers, 
Surface water will almost always 

require some treatment to render it safe for human 
consumption and use. The costs and difficulties 
associated with the treatment of water, particularly 
the day-to-day problems of operation and maintenance 
of water treatment plants, 
considered. 

need to be carefully 
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Where the rainfall pattern permits rainwater harvest- 
ing , and storage during dry periods can be provided, 
rainwater hapresting may serve well for household and 
small-scale community supplies. With large ground 
catchment areas, considerable quantities of water may 
be obtained. Rainwater is sometimes used in conjunc- 
tion with other sources to supplement another supply, 
particularly if the latter is poorly maintained and 
suffers from breakdowns. 
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5.1 Rainwater as a source of water supply 

In several parts of the world, rainwater catchments 
and storage reservoirs have been constructed since 
ancient times and some have been preserved to this 
day. Rainwater is harvested as it runs off roofs, or 
over natural ground, roads, yards, or specially pre- 
pared catchment areas. Historical sources mention the 
use of rainwater for domestic water supply some 4000 
years ago in the Mediterranean region. Roman villages 
and cities were planned to take advantage of rain- 
water for drinking water supply. In the hills near 
Bombay in India, the early Buddhist monastic cells 
had an intricate series of gutters and cisterns cut 
into the rock to provide domestic water on a year- 
round basis. 

In many countries in Europe and Asia rainwater har- 
vesting was used widely for the provision of drinking 
water, particularly in rural areas. In some countries 
it is still being practised. However, where piped 
water supplies have been provided, the importance of 
rainwater as a source of supply has diminished. 

On some tropical islands rainwater continues to be 
the only source of domestic water supply. In arid 
and semi-arid areas where people mostly live in 
scattered or nomadic settlements, rainwater 
harvesting can be a necessary means of providing 
water for domestic purposes. This is especially the 
case where groundwater resources are unavailable or 
costly to develop. In developing countries rainwater 
is sometimes used to supplement the piped water 
suPPlY* 

Rainwater harvesting should be considered in coun- 
tries where rainfall is heavy in storms of consider- 
able intensity, with intervals during which there is 
practically no or very little rainfall. It requires 
adequate provision for the interception, collection 
and storage of the water. Depending on the circum- 
stances the catchment of the water is on the ground, 
or the runoff from roofs is collected. 
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5.2 Roof catchments 

Reasonably pure rainwater can be collected from house 
roofs made of tiles, slates, (corrugated) galvanised 
iron, aluminium or asbestos cement sheeting. Thatched 
or lead roofs are not suitable because of health 
hazards. With very corrosive rainwater, the use of 
asbestos cement sheeting for roof catchment requires 
some caution. Asbestos fibers may be leached from the 
roof material leading to relatively high asbestos 
concentrations in the collected rainwater. Plastic 
sheeting is economic but often not durable. Newly 
developed roofing materials are bituminous felt and 
sisal-reinforced paper. Painting the roof for water- 
proofing may impart taste or colour to the collected 
rainwater, and should be avoided-. Fig. 5.1. shows a 
simple roof catchment. 

Figure 5.~. IRC Photo 
Si&zple roof catchment and storage (Thailand) 

The roof guttering should slope evenly towards the 
downpipe, because if it sags, pools will form that 
can provide breeding places for mosquitoes. 

Dust, dead leaves and bird droppings will accumulate 
on the roof during dry periods. These will be washed 
off by the first new rains. It may be helpful to 
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arrange the downpipe so that the first water from 
each shower (the "foul flush") can be diverted from 
the clear water container and allowed to run to 
waste. 

To safeguard the quality of the collected rainwater, 
the roof and guttering should be cleaned regularly*. 
A wire mesh should be placed over the top of the 
downpipe to prevent it from becoming clogged with 
washed-off material. 

An arrangement for divertinu the first rainwater 
running from the roof is shownin Fig. 5.2. 

DOWN PIPE 
FROM ROOF 

TAP 

Figure 5.2. 
Arrangement for diverting the ‘first foul flush’ 

Another arrangement is an under-ground storage tank 
receiving rainwater that overflows from a vessel 
placed above the ground (Fig. 5.3). The surface 
vessel thus occasionally contributes water to the 
underground tank. 

* Bird droppings have been reported to cause health 
hazards (salmonellosis) in Jamaica. 
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Figure 5.3. 
Roof catchme@ and storage of rainwater 
{withdrawal by handpump) 

The size of the roof will depend on the size of the 
house. The quantity of rainwater that can be collec- 
ted through roof catchment, will be largely detsr- 
mined by the effective area of the roof and the local 
annual rainfall. One millimetre of rainfall on one 
square metre of roof will yield about 0.8 litres of 
water, allowing for evaporation and other losses. 

For a roof measuring 5m x 8m (in plan), and assuming 
an average annual rainfall of 750 mm, the amount of 
rainwater which can be collected in a year may be 
estimated as: 

5 x 8 x 750 x 0.8 = 24,000 litres/year 

or: 24,000 = 66 litres/day on average. 
365 
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To allow for conditions in years that are drier than 
average and also for dry seasons of exceptional du- 
ration, the roof and storage should have about 50% 
surplus yield over the basic water requirements of 
the people who will be dependent on the supply. With 
a sufficient storage, the roof catchment could in a 
dry year still provide some 40 litres/day which is 
the basic drinking and domestic water requirement of 
a family of 6 persons. 

One can estimate the required storage volume by 
working out the amounts of water that will be used by 
the family household in the longest season which may 
pass without rainfall. For short dry periods the 
needed storage volume will be small and can probably 
be provided in the form of a simple wooden vessel, an 
oil drum or an other suitable container. Where rain- 
fall varies widely during the year, dry seasons of 
considerable duration need to be anticipated. 

For an average dry season of 3 months the storage 
volume required would be: 3 x 30 x 40 = 3600 litres. 
To allow for longer periods without rainfall in ex- 
tremely dry years, a 50% surplus should be provided 
and the storage volume would thus have to be 5400 
litres. 

5.3 Ground catchments 

Ground catchments are used for collecting rainwater 
runoff. Part of the rainfall will serve to wet the 
ground,, is stored in depressions, or is lost through 
evaporation or infiltration into the ground. A con- 
siderable reduction of such water losses can be ob- 
tained by laying tiles, concrete, asphalt or plastic 
sheeting to form a smooth impervious surface on the 
ground. Another method involves chemical treatment of 
the soil surface. Sometimes simply compacting the 
surface is adequate. 

The amount of rainwater that can be collected in 
ground catchments will be dependent on whether the 
catchment is flat or sloping, and the watertightness 
of the top layer. Through preparation of the ground 
surface, a sufficiently rapid flow of the water to 
the point of collection and storage can be assured in 
order to reduce evaporation and infiltration losses. 

The portion of rainfall that can be harvested ranges 
from about 30% for pervious, flat ground catchments, 
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to over 90% for sloping strip catchments covered with 
impervious materials. 

Figure 5.4. 
Ground catchment 

Land alteration involves the construction of ditches 
along contours, the clearing of rocks and vegetation, 
and simple soil compaction. Attempts are often made 
to achieve reduced infiltration losses of rainwater 
in the ground catchment area. In rolling hills care- 
ful soil compaction may be sufficient to attain good 
catchment efficiency. In flat ,srrain a subdivision 
in small, sloping strips will be needed with such 
special preparation of the ground surface as appro- 
priate. 

Where the surface of the ground catchment is to be 
covered, various materials may be used. Tiles, cor- 
rugated iron sheets, asphalt, cement, or even 
materials such as heavy butyl rrlbber or thick plastic 
sheets may be considered. When properly applied., 
these materials can give good water catchment 
efficiency with a yield as high as 90% of the rain- 
fall runoff from the catchment area. Additional 
advantages are low maintenance and long useful life. 
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However, these materials are generally too expensive 
for use over large ground catchment areas. Catchment 
surface coating methods that may save costs, are 
being tested. These include: 

- Asphalt in two coats (sealant and protection); rein- 
forcement with plastic or fibreglass and covered with 
gravel; and, 

- Paraffin wax spread as granules which melt in the sun. 

Thin plastic membranes covered with 1-2 cm gravel or 
bonded to the ground surface by a bitumen tar are 
much cheaper but they are easily damaged by sharp 
stones, plant roots, or animals, and repairs are 
difficult to make. The water yield of such membrane- 
lined ground catc'hment sometimes proves disappointing 
(not higher than 30-50x of the rainfall). Good 
results can probably be obtained by treating the top 
soil layer of the ground catchment area with che- 
micals. Sodium salts may be applied converting clay 
particles to form an impervious layer, or a bitumen 
or tar coating may be sprayed over the ground to 
block the soil pores. Such a treatment need not be 
expensive and can be repeated at regular intervals 
(once every few years) in order to maintain the 
watertightness of the ground catchment. 

Treated ground catchments of sufficient size can pro- 
vide a domestic water supply for a number of families 
or even a whole village community but they need 
proper management and maintenance, and protection 
against damage and contamination. It may be necessary 
to provide fencing or hedging. An intercepting drain- 
age ditch at the upper end of the catchment area, and 
a raised curb around the circumference would be 
needed to avoid the inflow of polluted surface run- 
off. A grass cover may be used to reduce erosion of 
the ground catchment although this will result in a 
lower yield. Trees and shrubs surrounding the catch- 
ment area can be planted to limit the entry of wind 
blown materials and dust into the ground catchment 
area. 

5.4 Storage 

Storage facilities can be above-ground or below- 
ground. Whichever type of storage is selected, ade- 
quate enclosure should be provided to prevent any 
contamination from humans or animals, leaves, dust or 
other pollutants entering the storage container. A 
tight cover should ensure dark storage conditions so 
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as to prevent algal growth and the breeding of mos- 
quito larvae. Open containers or storage ponds are 
generally unsuitable as sources of drinking water. 

There is a wide choice of materials for the construc- 
tion of water storage containers. For small storage 
volumes, vessels made of wood, cement, clay or water- 
proofed frameworks may be used. 

Below-ground storage facilities have the general ad- 
vantage of being cool, and they will suffer prac- 
tically no loss of water through evaporation. There 
can also be a saving in space and cost of con- 
struction where the container is moulded directly in 
the ground by simply compacting the earth. An example 
is shown in fig. 5.5. 

STORED WATER 

0.6 - 0.8 m 

WELL BOTTOM PROTECTIVE LAYER 

Figure 5.5. 
Underground rainwater storage well 
(as used in China) 

Cement applied by hand may be used for plastering the 
walls of the excavation, or simple plastic sheeting. 
Storage tanks consisting of bee-hive structures (Fig. 
5.6) have been built in various countries (e.g. 
Sudan, Botswana, Swaziland, Brazil, Jamaica) to 
volumes of 10,000 litres. Polythene tubes filled with 
a weak cement mixture and sealed at the ends, are 
laid in place before the mixture sets; this will 
allow them to readily take up the required shape. The 
sides of these tanks are polythene-lined. 
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STONESORBRlCKS 

Figure 5.6. 
Cistern built of polythene tubes 

Two more examples of rainwater storage are shown in 
fig. 5.7. and fig. 5.8. 

Figure 5.7. 
Rainwater storage arrangement 
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TO PUMP 

’ HOLES IN hICKWORK 

Figure 5.8. 
Venetian Cistern 

The cylindrical wooden rainwater barrel was a 
familiar sight in most western countGnti1 the 
advent of pzped water supplies. These containers may 
be specially constructed for rainwater storage, but 
suitable food stuff or beverage vessels may be uti- 
lized just as well after they have served their 
original purpose. 

Relatively thin-walled cement containers can be built 
for moderate rainwater storage volumes. A tapered 
form has been developed by UNICEF, in Kenya, in which 
a simple cloth bag is used as the basis for a wall 
3 cm thick or even less. Containers providing up to 
2,500 litres storage volume can be built in this way. 

In many parts of Africa, Asia and Latin America, clay 
is available. Clay can be used to build suitable 
rainwater storage containers of limited volume. 
Simple glazing techniques shonld be useful in impro- 
ving the impermeability of the clay pot or barrel 
walls. 

Water-proofed frameworks (e.g., from bamboo, or 
twigs) can be built by lining woven baskets with. 
cement, mortar or plastic. Using a tapered form, full 
enclosure of the storage vessels should be accom- 
plished easily. 
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In the construction of metal storase tanks, the most 
common material is galvzd iron sheets which are 
readily riveted and softsoldered. To avoid defor- 
mation of the tank when filled, a framework (wood, 
steel etc.) is required. These tanks can, in some 
instances, be incorporated as part of the wall struc- 
ture or foundation of buildings. 

Corruqated iron tanks have the advantage of being 
self-supporting. Tanks of this type for storage 
volumes up to 10,000 litres are found in Africa and 
Australia. Their construction is not difficult but a 
special 'roller' machine is required unless the cor- 
rugated iron sheets can be prepared manually. Local 
craftsmen can be trained to build these tanks in 
sizes suitable to the local requirements. 

For larger storage volumes, tanks or cisterns con- 
structed of brick or stone masonry are used most. --- 
Typically the walls are cylindrical and bonded by 
cheap lime mortar or more expensive cement mix. Where 
large storage volumes are built, and certainly for 
tank heights exceeding 2 m, reinforcement along the 
outside edges becomes necessary. This can be conve- 
niently provided by means of one or more tightened 
steel bands around the outer circumference of the 
tank. The roofing of this type of tank is commonly 
provided by placing some suitable cover (e.g., gal- 
vanized iron sheets) over a supporting framework. 

Reinforced concrete tanks are used in many areas. 
Double-walled formwork is used in their construction. 
Reinforcing material, usually steel mesh or bars, are 
positioned in the space and the concrete mix is 
poured in. The formwork can be removed when the con- 
crete has hardened enough, usually after one full day 
or so. The formwork should then be deployed again for 
building another tank. This is necessary because the 
formwork represents a substantial initial investment; 
it must be economically utilized several times for 
which organisational measures are required. Re- 
inforced concrete tanks have the advantage of great 
durability and they can, in principle, be built to 
=Y desired size. Because of their structural 
strength such tanks can be used as part of the walls 
or foundation of a building. 

Bamboo reinforced concrete tanks have been success- 
fully built in countries where bamboo is available in 
suitable length, size and strength (e.g. China, 
Indonesia, Thailand). Increasingly popular are 
ferro-cement tanks in which wire is used for the 
reinforcement of walls and bottom that are formed by 
plastering cement. Such tanks are quite economical. 

Y 
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5.5 Water quality preservation 

Where storage tanks or cisterns are built below 
ground, special provision must be made to prevent 
dust, sand, leaves, 
entering. 

insects or other pollutants from 
For the same reason, the inlet and outlet 

opening and any air vents should be fitted with 
screens. 

An intercepting ditch should be provided to drain off 
any excess surface runoff. 

During storage, the quality of the rainwater collec- 
ted from the roof or ground catchment may deteriorate 
through the putrefaction of organic material in the 
water, or through growth of bacteria and other 
micro-organisms. Measures to protect the quality of 
the stored water include the exclusion of light from 
the stored water, cool storage conditions, and 
regular cleaning. Simple disinfection devices such as, 
the pot chlorinator (see Chapter 17) may be very 
useful in rainwater storage containers. 

In theory, the prefiltration of collected water prior 
to its storage would be disirable, but in practice 
filters are not very effective for the required in- 
termittent operation. Nevertheless, an example is 
shown in Fig. 5.9. 

The boilng of water drawn from the storage before it 
is used for drinking or food preparation, would be 
desirable but it is often not practicable. In some 
places, a little bag containing a coagulant is sus- 
pended in the storage tank to flocculate the sus- 
pended solids in the water. The water drawn from the 
storage tank hat; a clear appearance, but its 
bacteriological safety is not assured. 
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UERfLOW 

Figure 5.9. 
Withdrawal of filtered rainwater from storage 
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6 spring water tapping 
l 

6.1 Introduction 

Springs are found mainly in mountainous or hilly ter- 
rain. A spring may be defined as a place where a na- 
tural outflow of groundwater occurs. 

Spring water is usually fed from a sand or gravel 
water-bearing ground formation (aguifer), or a water 
flow through fissured rock. Where solid or clay 
layers block the underground flow of water, it is 
forced upward and can come to the surface. The water 
may emerge either in the open as a spring, or invisi- 
bly as an outflow into a river, stream, lake or the 

,sea (Fig. 6.1). Where the water emerges in the form 
of a spring, the water can easily be tapped. The 
oldest community water supplies were, in fact, often 
based 02 springs. 

I\ I RAINFALL ‘< 
h 1 

RECHARGEAREA 

Figure 6.1. 
Occurrence of springs 

The best places to look for springs are the slopes of 
hill-sides and river valleys. Green vegetation at a 
certain point in a dry area may also indicate a 
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spring, or one may be found by following a stream up 
to its source. However, the local people are the 
best guides, 
their area. 

as they usually know most springs in 

Real spring water is pure and usually can be used 
without treatment, provided the spring is properly 
protected with a construction (e.g. masonry, brick or 
concrete) that prevents contamination of the water 
from outside. One should be sure that the water is 
really fed from the groundwater and not a stream that 
has gone underground for a short distance. 

The flow of water from a spring may be through ope- 
nings of various shapes. There are several names: 
seepage or filtration springs where the water per- 
colates from many small openings in porous ground; 
fracture springs where the water issues from joints 
or fractures in otherwise solid r&k; and, tubular 
springs where the outflow opening is more or less 
round. However, to understand the possibilities of 
water tapping from springs, the distinction between 
gravity springs and artesian springs is most impor- 
tant. A further sub-division can be made into 
depression springs and overflow springs. 

Gravity springs occur in unconfined aquifers. Where 
the ground surface dips below the water table, any 
such depression will be filled with water (Fig. 6.2). 

OlTCHORHOlE 

Figure 6.2. 
Gravity depression spring 

Gravity depression springs usually have a small yield 
and a further reduction is likely when dry season con- 
ditions or nearby groundwater withdrawals result in a 
lowering of the groundwater table. 
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A larger and less variable yield from gravity springs 
is obtained where an outcrop of impervious material, 
such as a solid or clay fault zone, prevents the 
downward flow of the groundwater anA forces it up to 
the ground surface (Fig. 6.3). At such an overflow 
spring, all water from the tributary recharge area is 
discharged. The flow will be much more regular than 
the recharge by rainfall. Even so, an appreciable 
fluctuation of the discharge may occur and in periods 
of drought some springs may cease to flow completely. 

RAINFALL 

Figure 6.3. 
Gravity over&w spring 

Artesian* depression springs are similar in appear- 
ance to gravity depression springs. However, the 
water is forced out under pressure so that the dis- 
charge is higher and shows less fluctuation. A drop 
of the artesian water table during dry periods has 
little influence on the groundwater flow (Fig. 6.4). 
Artesian fissure springs (Fig. 5.5) form an important 
variant of this type of spr,ing. They exist in many 
countries and are widely used for community water 
supplies. 

-?; Artesian groundwater is groundwater that is by an 
overlaying impervious layer prevented from risiug 
to its free water table level, and therefore is 
under pressure. 
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RECHAAGE BY AAWALL 

1 1 1 1 

Figure 6.4. 
Artesian depression spring 

.IMPERViiNiS i.A’(Eil/ s., 

Figure 6.5. 
Artesian fissure spring 

Artesian overflow springs often have a large recharge 
area, sometimes a great distance away (Fig. 6.6). 
The water is forced out under pressure, the discharge 
is often considerable and shows little or no seasonal 
fluctuation. These springs are very well suited for 
community water supply purposes. Artesian springs 
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have the advantage that the impervious cover protects 
the water in the aquifer against contamination. The 
water from these springs will be bacteriologically 
safe. 

RECHARGE AREA 

spring water tapping 

Figure 6.6. 
Artesian overflow spring 

6.2 Basic considerations 

The spring chosen for a supply is to be enclosed in a 
structure from which a pipe leads down conveying the 
water to .the point of delivery. Four factors are of 
great importance and should be given careful atten- 
tion: 

1. A sanitary protection to prevent contamination of 
the spring water in the tapping structure, 

2. The quaiity of t'ne spring water is of importance. 
In particular with artesian springs, the water 
will generally be free from pathogenic organisms. 
However, if the water differs in temperature 
during the day and +-he night, the water quality 
is suspect. 
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3. In granular aquifers, the outflow will vary 
little with distance along the contour (seepage 
springs). To tap this water, infiltration galle- 
ries of considerable lengtb will be required but 
their location is not critical. With fractured 
rock aquifers, however, the outflow will be con- 
centrated where water carrying fissures reach the 
ground surface. Small-scale catchment works will 
probably be adequate but they need to be sited 
with care. 

4. An assessment of the yield of the spring and the 
seasonal variation of flow are needed. The yield 
and the reliability of a spring can only be 
slightly influenced by the construction of the 
springwater collection works. 

Compared with the withdrawal of groundwater as 
described in Chapter 7, the tapping of spring water 
has an advantage in that the natural groundwater 
table will normally be lowered very little, if at 
all. 

6.3 Tapping gravity springs 

Because of the small yield and the difficulty of ob- 
taining satisfactory sanitary protection, a gravity 
depression spring (Fig. 6.2) cannot be recommended 
for community water supplies. The presence of such a 
spring, however, indicates shallow groundwater that 
may be withdrawn using drains or dug wells. These 
can be covered and protected against contamination. 

Gravity overflow springs in granular ground for- 
mations can be tapped with drains 
pipes, 

consisting of 
with open joints, placed in a gravel pack. To 

protect the spring, it is necessary to dig into the 
hillside so that a sufficient depth of the aquifer is 
tapped even when the groundwater table is low (Fig. 
6.7). 

The design of drains follows common engineering 
practice. They must be laid so deep that the 
saturated ground above them will act as a storage 
reservoir compensating for fluctuations of the 
groundwater table. The water collected by a drain 
discharges into a storage chamber, which is sometimes 
referred to as the "spring box" (Fig. 6.8). 
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Figure 6.7. 
Tapping of a gravity spring 

I 
, 

. . .’ 

i 

TO TANK -OR TO 
COLLECTION POINT 

Figure 6.8. 
Spring water storage chamber (‘spring box’) 
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The drain system and storage chamber should be so 
constructed that contamination of the collected water 
is prevented. Before the back of the chamber is 
built, loose stones should be piled up. These will 
serve to make a wall, and will prevent the washing 
away of soil. The chamber should be fitted with a 
locked, removable manhole cover for cleaning and 
access for maintenance work. Any air vents, overflow 
pipes and clean-out drains must have screened 
openings. A diversion ditch should prevent surface 
runocf running down the hillside from entering the 
chamber. 

For sanitary protection the top of the gravel pack 
should be at least 3 metres below ground surface, 
which may be ensured by 1ocatin.g the spring catchment 
works in the hillside, or by raising the ground level 
with backfill from eisewhere. An area extending 
along the gallery over its full length plus 10 m at 
each side and, in the other direction, to a distance 
of at least 50 m upstream, should be protected 

_ against contamination from cesspools, manure or pits.. 
<<2$s area should preferably be fenced in to prevent 

- -mzssing by people and animals. Above the spring 
&b 
surkIF 

a drainage ditch is required to divert any 
.‘--unoff from polluting the collected spring 

water. 

In fracture h ze;;k aquifers, pipes packed in gravel 
may be used, 
tunnels, lined @q- 

the water may be collected by 
6.9) or unlined, depending on 

the nature of the q?clnd formation. Where fissures 
convey local high-rate, outflows of water, a small 
spring tapping structure will be adequate (Fig. 
6.10). However, in view of the high velocity of 
water flow through fissures, the area of sanitary 
protection against contamination should extend over a 
considerable distance, at least 100 metres and 
preferably up to 300 m upstream from the gallery. 
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Figure 6.9. 
Tunnel for tapping gravity overflow spring 

Figure 6.10. 
Tapping spring water from a fractured rock aquifer 
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6.4 Tapping artesian springs 

In outward appearance, artesian depression springs 
are quite similar to gravity depression springs but 
their yield is greater and less fluctuating, as the 
water is forced out under pressure. 
To tap water from an artesian depression spring, the 
seepage area should be surrounded by a wall extending 
a little above the maximum level to which the water 
_rieec L-i under static conditions. For sanitary 
protection the storage chamber should be covered 
(Fig. 6.11). 

UIVEASION DITCH FOR 
SURFACERUM-OFF 

STORAGECHAMBER 

Figure 6.1 I. 
Artesian depression spring 

For artesian depression springs of large lateral ex- 
tent, a system of drains will have to be used dis- 
charging the collected water into a storage chamber. 
From where it flows to the supply area. To increase 
the infiltration rate and for protection of the water 
quality, the recharge area should be cleaned of all 
debris. For granular top layers, it may be necessary 
to cover the recharge area with layers of graded 
gravel for the entrapment of fine suspended solids. 

Fissure springs belong to the same category as 
artesian depression springs but the water rises frdm 
a single opening so that the catchment works can be 
small (Fig. 6.12). Some increase in capacity may be 
obtained by removing obstacles from the mouth of the 
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spring or hy enlarging the outflow opening (Fig. 
6.13). Due to the localised outflow of water from the 
spring, sanitary protection is easy to arrange. 

CONCRETE GUTTER 

RSSURE 
SURFACE RUN-OFF 
DIVERSIOM OITCH 

Figure 6.12. 
Fissure spring of small capacity 

Figure 6.13. 
Fissure spring of large capacity 

Artesian contact springs often have a large recharge 
area at a great distance from the spring. The water 
flows out under pressure and is protected against 
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contamination by the overlaying impervious layer. The 
discharge can be large and stable, with little or no 
seasonal fluctuations. Such springs are excellent 
sources for community water supply. 

Where the outflow of water occurs at only one point, 
the spring water can be tapped in a small catchment 
construction. For a large lateral spring, a retain- 
ing wall should be constructed over its full width 
with the abutments (borders) extending into the over- 
lying impervious layers and the base of the wall 
constructed into the bedrock; in this way leakage of 
water and any risks of erosion and collapse are 
avoided. Upstream of the wall, a gallery should be 
constructed (Fig. 6.14), covered with a layer of clay 
for sanitary protection. From there the water dis- 
charges into the storage tank. Another typical spring 
tapping structure is shown in Fig. 6.15. 
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Figure 6.14. 
Artesian contact spring of large lateral width 
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----__- 
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I 

Fig. 6.15. 
Typical spring tapping structure 
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groundwater withdrawal 

7.1 Introduction 

For community water supply systems, groundwater 
always should be the preferred source. Surface water 
sources are very likely to be contaminated and much 
more subject to seasonal fluctuation. Groundwater 
withdrawals often can be continued long after drought 
conditions have depleted the rivers and streams. The 
utilisation of groundwater for community water 
supplies is most likely still very much below its 
potential in many countries. 

Frequently, the available data on groundwater 
resources are grossly inadequate. Successful develop- 
ment of groundwater supplies may then be promoted by 
prospecting (exploration studies). These would also 
bring to light the physical and chemical ch-aracter- 
istics of the groundwater. 

The tapping of groundwater resources, both for 
drinking water supply and for irrigation purposes, 
dates back to ancient times. In China, wells were 
already drilled at least 3,000 years ago with hand- 
operated churn drills, to depths as great as 100 m 
and lined with bamboo casings. Hand-dug wells have 
been sunk since times immemorial, sometimes to a 
considerable depth, ano such wells continue to be 
made in several parts of the world. The technology 
for tapping groundwater at great depth through 
tubewells is of more recent date. 

The first type of water well drilling which came into 
general use was the cable-tool (percussion) method. 
Over a period of several centuries it developed from 
crude forms to a number of fairly sophisticated 
techniques. The need to prevent the collapse of un- 
stable ground formations and the problems of con- 
trolling at depth the heavy tools required for 
percussion drilling, encouraged the development of 
other drilling methods. These use rotating cutters or 
"bitslf that bore into the ground while a fluid is 
passed through them (direct-circulation rotary 
drilling). For water supply wells, the use of a clay- 
based mud fluid presents a hinderance as the aquifers 
to be tapped tend to clog up. This led to the 
development of the reverse-circulation rotary 
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drilling method in which a high-rate flow of clean 
water is used to carry the cuttings out of the 
drilled hole. A later, logical step was the pneumatic 
tool placed at the bottom of the drill pipe. In the 
1950s the "down-the-hole hammer" drilling method was 
introduced. The efficiency of this tool proved to be 
remarkable and small-diameter holes, even in hard- 
rock formations, may now be drilled in a fraction of 
the time previously required. 

No particular water well drilling technique is 
applicable under all conditions. Each well construc- 
tion method can be the most suitable depending on the 
circumstances although the general trend is towards 
rotary drilling to reduce time and cost. Thus, the 
techniques for reaching the groundwater range from 
ancient methods such as the simple digging of wells 
with hand tools, and the excavation of the famous 
ganats (underground galeries extending many kilo- 
metres) in Iran and Afghanistan, to the sophisticated 
drilling machines ('tdrilling rigs") capable of making 
a tubewell some hundreds of metres deep even in hard- 
rock formations. 

7.2 Groundwater occurrence and prospecting 

Prospecting for water requires a basic knowledge of 
the various kinds of groundwater-bearing formations 
that can be found in the earth's crust. From this, 
the approach to their exploration for water supply 
purposes should be developed. 

Occurrence 

Groundwater occurs in pores, voids or fissures of 
ground formations. Pores are the spaces between the 
mineral grains in sedimentary ground layers and in 
decomposed rocks. The amount of pore space in a 

size, 
grcu.?ds;aTeation d epends upon such factors as grain 

material. 
packing and the presence of cementing 

Pbrosity is the ratio of pore space to 
total ground volume (Fig. 7.1). A high porosity does 
not always indicate good permeability (water-bearing 
potential). 
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(a) Close packing of spheres: porosity is 26%. 
(b) Open packing of spheres: porosity is 47%. 
(c) Poorly graded sand, porosity reduced by presence 

of small grains. 
(d) Well-graded sand (i.e. grains mainly of one size), 

porosity reduced by cemented deposits (stippled) 
between the grains. 

Figure 7.1. 
Porosity and texture 

Although clays and silts have a high porosity, the 
size of the pores is too small to allow water to fiow 
easily. 
ding, 

All openings in rocks such as joints, bed- 
cleavage planes and random cracks are called 

fissures (in hydrogeological terminology). Igneous* 
rocks are not generally porous unless they are de- 
composed by weathering. Lavas which contain cavities 
formed by gas bubbles that escaped from it during the 
eruption, can be an exception. Even when a ground 
formation is highly porous the permeability may be 
very low because the voids are not always inter- 
connected. 
rocks. 

Fissures may also occur in sedimentary** 

* Igneous: originating from volcanic erupted material. 
* Sedimentary: sediments compacted by (glacial) pressure 

to form solid material. 
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Geologically young and unweathered fissures in all 
types of ground formation tend to be closed and are 
likely to contain little or no water. As weathering 
proceeds, the fissures will open up near the ground 
surface but remain closed at depth. 

Aquifers (water-bearing ground formations) which hold 
most of their -Hater in large joints and fissures are 
called pervious whereas those with the water in pores 
are called porous. Table 7.1 shows common ground 
types and the way water usually occurs in them. 

Table 7.1. 
Usual mode of water occurrence 

Ground Type Water usually occuring in: 

Sand and gravel 
Sandstones 
Limestone 
Chalk 
Clay 
Massive Igneous 
Lavas 
Metamorphic 

Pores 
Pores and fissures 
Fissures often expanding into caves 
Pores and fissures 
Very small pores 
Fissures with pores in weathered zones 
Fissures with pores in igneous zones 
Fissures with pores in weathered zones 

The ease with which water can flow through a ground 
formation under a hydraulic head is termed the hy- 
draulic permeability. Hydraulic permeability is ex- 
pressed as the velocity of flow of water through the 
ground per unit of hydraulic gradient, e.g. mm/set, 
metre/day. It depends on the porosity, the average 
pore size and the distribution of the fissures (see 
Table 7.2). 

Ground layers with ae6,very 
(less than about 10 

low hydraulic permeability 
mm/set) are said to be imper- 

meable and those with higher hydraulic permeability 
are regarded as permeable. 
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Table 7.2. 
Porosity and hydraulic permeability for some common ground 
materials. 

Material Porosity (Z) Hydraulic Permeability 
Coefficient in mm/set. 

Clay 45-55 1O-3 
Silt 

- 1o-g 
40-50 lO-2 - to+ 

Sand 35-40 1O-2 
Clean gravel IO3 

- ,o+ 
m-45 

Sandy gravel 25-40 10’ 
- IO’, 
- 10 

Sandstone IO-20 (pores) 
(fissures) 

101; - 1o-6 

Limestone l-10 (pores) 
’ ‘4 
I02 - IO -8 

(fissures) 
Granite (fresh) 1 (pores) ;;-I0 

(fissures) IO2 

Fig. 7.3 shows the distribution of water in and above 
an unconfined aquifer. 
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Figure 7.3. 
Water distribution aboue and in a porous unconfined aquifer. 
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An unrxxfined aquifer is open to infiltration of 
wateFdirectly from the ground surface. This is il- 
lustrated in Figs. 7.43 and 7.4b. 

L 

Figure 7.4a 
Infiltration of water into an unconfined aquifer during the wet 
season 

UNCONFINEO AQUIFER 

ZONE OF WATER TARLE - 
SATURATION 

UNCONFINED AQUIFER 

Figure 7.4 b 
Infiltration of water into an unconfined aquifer during the dry 
season 

A confined aquifer (Fig. 7.5) is one where the water- 
bearing ground formation is capped by an impermeable 
ground layer. The water pressure in a confined 
aquifer is related to the level of its recharge area. 
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WELL WITH WATER STANOINC 

Figure 7.5. 
Confined aquifer fed from a recharge area 

The water pressure in a confined aquifer can be 
measured by drilling into it and observing the level 
to which the water rises in the borehole. This water 
level is called the piezometric level. If the piezo- 
metric level is above the ground surface, water from 
the aquifer will be naturally overflowing from the 
borehole which is 
"artesian well". 

then called a (free-flowing) 

The infiltration of water from the ground surface 
through permeable ground towards the groundwater 
table will be halted where a lens of impervious ma- 
terial such as clay is present (Fig.7.6). Water will 
then accumulate in the ground above this lens forming 
a perched water table some distance above the real 
ground water table. It is very important to identify 
a perched water table since the amount of water it 
contains is often small. Frequently perched y*rater 
tables will disappear during dry periods when there 
is no 
surface. 

recharge by infiltration from the ground 

Prospecting 

Successful prospecting for groundwater requires a 
knowledge of the manner in which water exists in the 
water-bearing ground formations. Without this know- 
ledge, effective and efficient water exploration is 
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PERVIOUS GROUNO 1 
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UNCONFINEO AQUIFER 
I J 

Figure 7.6. 
Percl.zd water table 

impossible, and well drilling then becomes something 
like a game of roulette. The aim of the prospecting 
work must be clearly defined. Is it for providing a 
small local supply or is it to determine aquifer 
characteristics for the development of the ground- 
water resources of an entire area? 

The following approach is suggested. The available 
hydrogeological information about the study area 
should be collected and collated. This may include: 
geological maps and reports; topographical maps; logs 
of tubewells; surface geological reconnaissance; 
m*Aereological records; alld hydtological data. 

TC assist i,r: 32~. ~01‘; Gc~::.c,3, of iil.fornation a survey 
of the study area should be m&e, preferably towards 
the end of the dry season. In some cases this may be 
all that is needed for an experienced hydrogeologist 
to define water sources for small community supplies 
and no further investigation would be required. If 
essential data are lacking, some field work would be 
necessary. 

The survey should provide sufficient data to form a 
basis for the drawing up of a hydrogeological map 
showing: the distribution of aquifers; any springs or 
spring lines prese:lt; depth of water tables and 
piezometric level;;; yie!.d of existing groundwater 
sources, and the quality of the water from them. 
Ssnetimes, it is possible to prepare such a map on 
the basis of an examination of outcrops and existing 
zater supplies, in other cases it may involve the use 
?f specially drilled boreholes and geophysics. The 
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czrilling of special test boreholes will usually only 
be required when an aquifer is to be fully exploited; 
for this, a knowledge of the hydraulic permeability 
and water storage cilpacity is needed. 

Geophysical invtsfigations, aspecialiy electrical 
resistivity me3:z.-,-eme~ :5.% i a3 ?%;1y USE ful in under- 
standing the distriburioz ZG"_ %it;ality c,;i grcundwater. 
The value of the electrical res-(stance of a ground 
formation depends upon the amount, distribution and 
conductivity of the water kt contains. Resistivity 
measurements are made by passing an electric current 
through the ground between two electrodes and 
ga;.-c::uring the voltage drop between two other 
~:‘xLrodes (Fig. 7.7). The depth of penetration of 
Ita ctirrznt is controlled by the spacing of the 
ekctxwdes. By increasing the electrode spacing, the 
current can be made to penetrate deeper, and so a 
complete resistivity depth probe can be carried out. 
If a dep+.:? probe is done near to an existing well or 
borehole of which the water level, water quality and 
~,~ifer thickr~ess are known, then the correlation 
bethearl the resistivity values and the hydro- 
g~ologL. 'I conditions can be established. This will 
provide a L lsis for the interpretation of resistivity 
depth probes done in other areas with much the same 
g-logY, and will so establish information <'Ii water 
table depth, water quality and aquifer thickness. 

MILLIAMPERE METER 

URRENT ELECTRODE 

Figure 7.7. 
Electrical resistiuity measuring arrangmnent 
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If resistivity measurements are conducted in a grid 
pattern over an area, the readings can be plotted on 
a grid map to form patterns of high and low resisti- 
vity for each electrode spacing used. Lines of equal 
resistivity can then be drawn on the map for iden- 
tification of areas of low resistivity, which are 
more likely to be permeable, and water-bearing ground 
formations than high-resistivity areas. 

Sometimes, the drilling of small boreholes for pros- 
pecting purposes is required to supplement the data 
obtained with surface geophysicai methods. This 
method is always expensive, and often difficult to 
employ. For obtaining the maximum amount of in- 
formation from a borehole, geophysical logging may be 
necessary. This involves the lowering of measuring 
instruments down the borehole for carrying out 
measurements on ground and water properties. Borehole 
logging is a complex operation and advice should 
always be obtained from a geophysicist before it is 
decided upon. Other, more sophisticated, geophysical 
techniques for groundwater prospecting are seismic 
and gravity measurements. 

Safe Yield 

The safe yield of an aquifer is the maximum permanent 
withdrawal that can be permanently obtained from a 
groundwater source. The safe yield of an aquifer is 
estimated to see whether the planned withdrawal for 
water supply purposes will be safeguarded in the long 
run. Basically rrot more water can be withdrawn than 
the natural recharge amounts to. Another limitation 
is that the groundwater table should not be lowered 
so much that polluted water from elsewhere would be 
drawn into the aquifer. Sometimes, withdrawal of 
water from a new well may cause an appreciable re- 
duction of the yield of existing wells nearby. In an 
area where little is known about the extent and 
capacity of the aquifer, the new well and any nearby 
wells should be monitored at least during the early 
period of operation. 

7.3 Methods of groundwater withdrawal 

The oldest method of groundwater withdrawal is to dig 
a hole in the ground, to a depth below the ground- 
water table. Usually the amount of water that can be 
collected in this way is quite limited and when more 
withdrawal capacity is needed, the aquifer must be 
tapped over a greater area of contact. This may be 
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done by enlarging the width of thz &xcavation, by 
extending it to greater depth, or by increasing both 
the width and depth. Which of these methods can and 
should be applied in a particular case depends on the 
thickness of the water-bearing ground formation and 
on the depth of the groundwater table. 

Horizontally extended means for groundwater with- 
drawal are called galleries and may be subdivided 
into seepage ditches (Fig. 7.8), infiltration drains 
(Fig. 7.9) and tunnels (Fig. 7.10). 

Because of the difficulties and costs of excavation, 
galleries should only be used in cases where the 
groundwater table is at a shallow depth, not more 
than S-8 m below the ground surface (tunnels in con- 
solidated ground formation may still be economical at 
greater depths). Galleries offer the only practical 
solution when groundwater is to be withdrawn from 
shallow aquifers with a small saturated thickness. 
These aquifers have to be tapped over a large contact 
area. Galleries are also to be recommended in coastal 
areas where the fresh water to be withdrawn floats on 
top of underlying salt water. The drawdown* of the 
fresh water table must then be kept as small as 
possible, otherwise the salt water would rise and mix 
with the fresh water. 

Figure 7.8. 
Seepage ditch 

* Drawdown: the lowering of the groundwater table around a 
groundwater collector, resulting from the withdrawal of the 
water. 
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PIPE WITH 
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Figure 7.9. 
Infiltration drain 

L 

Figure 7.10. 
Infiltration tunnel 
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Ditches are easy to construct, they can have a large 
capacsy and a long useful life. However, ditches 
being open, the water collected in them is unprotec- 
ted against contamination which makes them less 
suited for water supply purposes. Infiltration drains 
and tunnels are more costly to build, and their 
design is more complicated. Drains may be subject to 
clogging. The advantage of drains and tunnels is that 
these collectors are completely underground so that 
the collected water is protected against any con, 
tamination from the ground surface. 

Figure 7.11. 
Dug well 

The vertical means for groundwater withdrawal may be 
subdivided into large diameter dug wells (Fig. 7.11) 
and small-diameter tubewells (or lfboreholesn) (Fig. 
7.12). Tubewells should be used when the groundwater 
table is at a considerable depth below the ground 
surface but they are only effective in aquifers of 
sufficient thickness. Dug wells usually have a 
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limited capacity so that their use is restricted to 
individual household and other small-scale water 
supplies only. The large-diameter shaft acts as a 
storage reservoir 
withdrawals. 

and thus provides for any peak 

wide range, 
The capacity of tubewells varies over a 
from less than 1 litre/sec for shallow 

small-diameter wells in fine sand aquifers, to over 
100 litres/sec for large-diameter deep wells in 
coarse sand or sedimentary rock deposits. Tubewells 
are very well suited for drinking water supplies be- 
cause simple precautions will be adequate to safe- 
Guard the water so withdrawn against contamination. 
Sometimes, a battery of tubewells placed in a series 
and pumped as one unit, can be used (Fig. 7.13). 

PREFABRICATEOCONCAETESLAB 

Figure 7.12. 
Tube well 

In situations where a thick water-bearing ground 
formation is present at shallow depth, both vertical 
and horizontal water collectors, or a combination of 
these, can be appropriate. The technical feasibility 
will largely depend on the local geological con- 
ditions. A much more difficult situation exists when 
groundwater has to be withdrawn from a thin aquifer 
situated at a considerable depth. In view of the 
small saturated area of such an aquifer, tubewell's 
should not be used, Ditches and drains are not ap- 
propriate since they would require an excessive 
amount of excavation work. Sometimes, in consolidated 
ground, tunnels may be suitable. For unconsolidated 
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VACUUMTANK 7% 

Figure 7.13. 
Battery of tubewells 

ground, radial collector wells may be considered 
(Fig. 7.14). However, such wells require specialist 
design and construction and they are, therefore, 
generally less suited to small-scale water supplies. 

Figure 7.14. 
Radial collector well* 

* Also called "Ranney Well" 
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1 When groundwater is withdrawn there alwavs is a 
lowering of the groundwater table. In prin&le, all 
other withdrawals from the same aquifer are in- 
fluenced. The effect of groundwater withdrawals for 
community water supply is usually not great but for 
high-rate withdrawals that are frequently made for 
irrigation purposes, the possible effect of an 
appreciable lowering of the groundwater table should 
be carefully investigated. It may be necessary to 
carry out a test pumping to provide a basis for 
estimating the future drawdown of the water table 
(Fig. 7.15). 
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Figure 7.15. 
Test pumping 

7.4 Infiltration galleries 

Ditches as a means of groundwater withdrawal are just 
a cut in the ground to make the aquifer accessible 
from the surface. They are easy to construct either 
manually or with mechanical equipment. The design 
will also present few problems. The most important 
requirements are the following (see figure 7.16): 

a. The width and depth should be sufficient to 
ensure that the collected water flows at a low 
velocity (usually less than 0.1 m/set) so as to 
prevent erosion of the ditch sides and to limit 
the head losses. 
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b. The depth should be greater than 1.0 m and pre- 
ferably 1.5 m to reduce any penetration of sun- 
light into the water where it would stimulate 

'arlts and algae to grow and cause resistance to 
2 flow of the water. 

C. The ditch sides should slope gently to provide 
for their stability. This is particularly im- 
portant for the ditch side-water surface contact 
area. 

d. For deep ditches, a horizontal embankment about 
0.5 m above the normal water level is desirable 
to facilitate access for cleaning and maintenance 
work. 

Figzrre 7.16. 
Design of seepage ditch 

Seepage ditches being open, the groundwater collected 
in them is subject to pollution, bacterial contamina- 
tion and algal growth. 

Dr&ns (Fig. 
zlnts 

7.17) have pores, perforations or open 
allowing the groundwater to enter. Porous 

drains may be made of materials such as clay or 
"no-fines'1 concrete (using a pea-size gravel and 
cement mixture, without sand). Perforated drains are 
mostly of vizrified clay baked in a kiln, plastic or 
wood. Drains with open joints are usually made of 
concrete or asbestos cement. 

The choice which material to employ for a particular 
drain construction depends on the required strength, 
the corrosion resistance needed for the type of 
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groundpater to be collected, and above all on costs 
and availability. Perforations in the drain need only 
be made all round it when the drain is placed com- 
pletely in the aguifer. 
part of an aquifer, 

For drains laid in the upper 
perforations in the underside 

will be adequate and for drains deep down in the 
aguifer only upward-facing perforations are 
necessary. 

EXCAVATEO 

MATERIAL 
8 FOR 
BACKflLUN6 .’ , , ,,\ Ix t. /---I---I, 1; -, w/ 

Figure 7.17. 
Drain construction 

In coarse ground formations such as gravel, the drain 
openings can easily be made small enough to keep back 
the ground material. In fine and medium sized sand, 
perforated drains and drains with open joints should 
be packed in one or more layers of gravel or coarse 
sand. to prevent the fine sand of "she aquifer from 
entering the drains. The outside layer should be fine 
enough to keep back the aquifer material; the inside 
layer has to be of a size that is somewhat larger 
than the drain openings. For an aquifer of sand 
having an effective size of about 0.2 mm the gravel 
pack could consist of two layers, each about 10 cm 
thick, with grain sizes of 1-2 mm and 4-8 mm. Drain 
openings about 3 mm wide may then be used. When 
drains with open joints 10 mm wide are applied, a 
third gravel pack layer of 15-30 mm grain size would 
be necessary. 
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The most important factors in the besign of a drain 
construction are the internal diF$-p2:ter of the drain 
pipes, and the depth at which the pipes and gravel 
pack are placed below the groundwater table. 

In spite of the gravel pack, some suspended matter 
may get into the drain. When this material is allowed 
to accumulate it would block the drain. To prevent 
this, the drains should be so sized that the velocity 
of flow in them is sufficiently high to flush out any 
silt deposits. For drains to be self-cleaning, the 
velocity should be higher than 0.5 m/set but not more 
than 1.0 m/set, otherwise the friction losses will be 
too high. This would cause an uneven drawdown and 
withdrawal of groundwater 
drain. 

along the length of the 
To accomodate the accumulating quantity of 

water collected and flowing through the drain, it may 
be necessary to provide incremental sizes of the 
drain along its length. 

Obviously, in view of the excavation costs the drains 
should be laid not deeper in the ground than neces- 
sary. However, the drains must remain fully submerged 
in the groundwater with the top of the gravel pack at 
least 0.5 m deep, even at the end of a long dry 
period when the groundwater table is likely to be at 
its lowest level. 
table as a basis, 

Using the existing groundwater 
the designer should allow for an 

operating drawdown of at least 1 m, plus a further 
drop of the groundwater table of 1 m under dry con- 
ditions. The top of the gravel pack thus should be at 
a depth of 2.5 m or more under the existing water 
table. When iron and manganese is present in the 
groundwater, there is a serious risk of iron and man- 
ganese deposits clogging the drain openings and 
gravel pack. 
deeper, 

It is then necessary to lay the drains 
some 4-5 m under the existing water table, to 

prevent oxygen from penetrating to the drains and 
forming the iron and manganese deposits. 

7.5 Dug wells 

Dug wells are made simply by digging a hole in the 
ground. They are widely used in many countries and 
can be quite satiscactory if conditions are right. 
Usually no special equipment or skills are required 
for their construction. 
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Figure 7.18. 
Drawing water from a concrete-lined dug well (Togo) 

7 G. de Sabatino 
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Experience shows that the diameter of a dug well 
should be at least 1.2 m if two men are to work to- 
gether at the bottom of the well during the digging. 
For a well serving a single household or farm com- 
munity this minimum diameter is usually adequate but 
when more people are dependent on a dug well, a 
larger well, 2-3 m in diameter, must be provided. 
Further increasing the size of a well is seldom 
useful since the additional water yield so obtained 
is likely to be very small. 

Due to their large diameter and volume, dug wells 
provide both groundwater withdrawal and storage. 
Because of the storage capacity, water can be tem- 
porarily withdrawn at a higher rate than the recharge 
inflow into the well. The storage effect is particu- 
larly important when the users take the water mostly 
at peak rates during a few hours in the morning and 
the evening. 

The depth to which a well can and should be dug 
largely depends on the type of ground and the fluc- 
tuation of the groundwater table. An important factor 
is the stability of the ground and the costs of 
digging. Private wells generally are less than 10 m 
deep. Dug wells for communal use are frequently much 
deeper, 20-30 m is not unusual and greater depths of 
50 m and more have been achieved. 

Most dug wells need an inner. lining. For this, 
materials are used such as brick, stone, masonry, 
concrete cast in a shuttering inside the hole, or 
precast concrete rings. The lining serves several 
purposes. During construction, it provides protection 
against caving and collapse and prevents crumbling 
ground from filling up the dug hole. After completion 
of the well it retains the walls. In consolidated 
ground (e.g. rock) the well may stand unlined but a 
lining of the upper part is always to be recommended 
(Fig. 7.19). In unconsoiidated ground formations the 
well should be lined over its entire depth (Fig. 
7.20). The section of 
aquifer requires 

the well penetrating the 
a lining with openings or per- 

forations enabling the groundwater to flow into the 
well. 
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Figure 7.19. 
Dug well in rock formation 
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In fine sand aquifers it is impossible to provide a 
lining with openings or perforations small enough to 
retain the fine sand and prevent it from passing into 
the well. In such cases the lining is frequently ex- 
tended over the entire depth of the well without any 
openings or perforations. The groundwater enters the 
well only through the bottom which is covered with 
several layers of graded gravel keeping down the fine 
sand of the water-bearing formation (Fig. 7.20). For 
example, three layers of graded gravel, each 15 cm 
thick, may be used with grain sizes of l-2 mm for the 
deepest layer, then 4-8 mm, and 20-30 mm effective 
size at the top. 

Figure 7.21. 
Dug well in fine granular aquifer 

Lining a dug well will also provide a seal against 
polluted water seeping from the surface into the 
well. This is not so effective if the well is open, 
because the water in it will then be polluted anyway, 
especially if the water is drawn using bucket-and - 
rope. As a minimal provision, the well lining should 
be extended at least 0.5 m above the ground to form a 
"head wall" around the outer rim of the well. A con- 
crete apron should then be constructed on the ground 
surface extending about 2 m all around the well. The 
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concrete apron also seals any fissures between the 
well lining and the walls of the excavated hole and 
so prevents polluted surface water from seeping into 

, the well. 

Figure 7.22. 
IRC Photb 

Covered dug well equipped with hand pump (Thailmadj 

All these measures only have a limited effect, if the 
weli remains open. A satisfactory safeguarding of the 
bacteriological safety of the water from a well can 
only be obtained if the well top is completely sealed 
with a watertight slab on which a pump is mounted to 
draw the water (Fig. 7.23). A manhole that can be 
tightly and securely locked should be provided to 
allow disinfection of the water in the well by 
chlorination. Although simple in itself, the sealing 
of dug wells is not always feasible, particularly 
where the standard of pump installation is poor and 
maintenance requirements cannot be adequately met. 
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Source : ‘Shallow Well:‘, 1978 
Figure 7.23. 
Dug well sealed for sanitary protection 

Dug wells are sometimes constructed in a temporary 
excavation drained and braced against caving as 
necessary (Fig. 7.24). Any type of building material 
may be used. For economy, strength and stability cir- 
cular walls are to be preferred. Masonry and brick- 
work are widely used; (reinforced) concrete is also 
popular, pre-fabricated or poured on the site. To 
enable the groundwater to flow into the well, the 
curbs of masonry and brickwork are made with open 
joints. In concrete linings short pieces of tin tube 
or garden hose can be cast to provide openings. To 
avoid the entrance of polluted water from the ground 
surface, back-filling should be done with care in 
thin layers that are firmly tamped. 
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REINFORCED CONCRETE SLAB 

Figure 7.23. 
Dug well built in temporary excaua tion 

Stiff, consolidated formations requiring no immediate 
support for stability allow the temporary excavation 
to be executed as an open hole with unsupported 
walls. However, it is prudent to carry out the dig- 
ging section by section as shown in Fig. 7.25. 

STAGE I 3 
r CONCRETE:“RB 

Figure 7.25. 
Reinforced concrete curb built on site 

Each section should be 2-4 m high and is kept in 
place by the surrounding ground pressing against it. 
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The most common method of constructing a dug well is 
by excavation from the inside, removing the ground at 
the bottom. The lining then sinks down due to its own 
weight (Fig. 7.26). For wells of a diameter tip to 
3-4 m the digging frequently is carried out with hand 
tools. Below +Ae groundwater table draining of the 
well becomes necessary to enable ?lrther excavation 
to be carried out. In this constrtlctioll method, cir- 
cular well snapes are mostly used because they settle 
readily and are not liable to deformation when the 
well lining sections are subjected to uneven forces. 

Figure 7.26. 
Sinking a dug well by excavation from the inside. 

Masonry work of stones, bricks or concrete blocks can 
be used to build the well lining using a strong steel 
shoe as the base (Fig. 7.27). The shoe prevents the 
lining from settling unevenly which could cause de- 
formation and cracks. 
is 

Reinforced concrete obviously 
a more suitable construction material in this 

respect. It also allows the well lining to be con- 
structed above ground as the well sinking progresses. 
Large-diameter pipes of concrete, asbestos cement or 
plastic may be used for well lining material. When 
these are not available or too expensive and dif- 
ficult to handle, prefabricated concrete rings may be 
employed to form the lining (Fig. 7.28). There is no 
valid reason why prefabricated concrete rings should 
not be widely used. They require no skilled masons, 
only suitable stones, bricks or gravel, and it is not 
difficult to train unskilled workers for pouring con- 
crete. The necessary sand and gravel may usually be 
obtained in the neighbourhood of the well site. 
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Figu re 7.2 7. 
Dug well with brickwork lining. 

CLAY 2 CEMENT 1 CEMENT 

‘\ 
GROUTING GROUTING 

Figure 7.28. 
Dug well construction with pre-fabricated rings. 

The lower end of the starter ring is provided with a 
shoe having an inside cutting edge; the outside dia- 
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meter is somewhat larger to facilitate the sinking 
and to reduce ground friction along the outside (Fig. 
7.29). The starter ring during sinking leaves a space 
around the curb. In loose formations this space will 
be self-sealing but in cohesive formations it must be 
filled with cement grout or puddled clay as a safe- 
guard against seepage of polluted water from the 
ground surface. Over the depth of the aquifer, the 
rings are made of "no-fines" concrete (pea-size 
gravel and cement, without sand) through which the 
groundwater can enter the well. 

REINFORCED NO-FINES 
/- CONCRETE i--CONCRETE 

STARTER RING FILTER RING SEAL RING _~-- 

Figure 7.29. 
Pre-fa brica ted concrete rings 

_I,_( “‘“; s ‘ 
‘&A”.-e,,-- _ 

VD6 Photo 
Figure 7.30. 
Reinforced concrete ring for lining a dug well 



Frequently, a more economic and technically better 
construction may be obtained by combining the two 
methods of construction described above. The con- 
struction of Fig. 7.3; gives an excellent protection 
against any ingress of polluted seepage water from 
the surface; it also allows the well to be made 
deeper when after some time the ground water would 
fall to a lower level. The design shown in Fig. 7.32 
does not have this advantage but it costs much less 
to construct. 
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REINFORCED CONCRETE 
CURB CAST IN SITU 
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Figure 7.31. 
Dug well construction using corn bination bf methods 

It will be clear that it is not so easy to protect 
the water of a dug well 
tamination. To sum up, 

against bacterial con- 
the following precautions are 

recommended: 

1. The upper part of the lining should be water- 
tight preferably to a depth several metres below 
the lowest drawdown water level in the well; 

2. The space between the walls of the dug hole and 
the lining should be sealed with puddled clay, or 
better with cement grout; 
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3. The top of the lining should extend some 0.5 m 
above ground level and should be topped with a 
watertight cover on which a (hand) pump is to be 
mounted for drawing the water from the well; 

4. An apron should be constructed around the raised 
top of the lining (the "head wall") about 2 m 
wide, sloping outwards and with a gutter draining 
any spilt water away from the well site; 

5. The water in the well should be chlorinated for 
disinfection, after the well has been completed; 
this should be repeated at regular intervals. 
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Figure 7.32. 
Dug well construction using corn bination of meth,ods 

7.6 Tube wells 

A tubewell has a casing consisting of pipes (tubes): 
plain pipes opposite non-water bearing ground 
formations, and perforated or slotted screen sections 
opposite the aquifer. 

Tubewells are quite suitable for small-capacity water 
supplies. Tubewells of small diameter and shallow 
depth may be constructed by driving, jetting or 
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boring. Drilling is more appropriate for larger - 
diameter tubewells designed for the withdrawal of 
considerable amounts of water at greater depths, or 
for tapping aquifers that are overlayed by hard rock 
or similar ground formations. Drilling is a very 
versatile well construction technique which can be 
used for acy reasonable depth and in most geological 
formations. However, it requires complicated equip- 
ment and considerable knowledge and experience. It is 
mostly done by specialist drillers. A detailed survey 
of well drilling methods is given in Annex 2. 

Figure 7.33. 
Well drilling 

UNICEF Photo by Bash 
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Tubewells can be drilled to over 200 m deep, even 
through hard rock. However, there never is a guaran- 
tee that water will be found. It is, therefore, im- 
portant to make full use of any available prospecting 
and exploration data when choosing the site where a 
tubewell is to be drilled. The assistance of ex- 
perienced and qualified people is essential, together 
with the information obtained through hydrogeological 
surveys. 

ELLPOINT . 

Figure 7.34. 
Driven well 

Driven wells (Fig. 7.34) are made by driving a 
pointed screen (called a "well point") into the 
water-bearing formation. To prevent damage to the 
well point when driving through pebbles or thin 
layers of hard material, the point at the lower end 
of the screen is made of solid steel, usually with a 
slightly larger diameter than the screen itself. Most 
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~ well points have a diameter in the 30-50 mm range. As 
driving proceeds and the well point sinks into the 
ground, successive sections of pipe'are screwed on 
top so that the upper end of the casing always is 
above the ground surface. The well point is driven 
into the ground using a simple mechanism for hitting 
the top of the pipe. Many arrangements can be used. 
Fig. 7.35 is indicative. 

Figure 7.35. 
Well driving arrangement 

Whichever method is used, it is essential to ensure 
that the blows are square and vertical, otherwise the 
pipe will bend and perhaps break. As it is the pipe 
that transmits the blows to the well point, strong 
thick-walled piping must be used, particularly when 
difficult driving in hard formations is expected. 

124 



groundwaterwithdrawal 

---RISER PIPE 

-0RIVE BAR 

I- COUPLING 

-SAND SCREEN 

POINT 

Figure 7.36. 
Well driving with inside drive bar 

In the well driving method shown in Fig. 7.36, the 
drive bar falls free inside the screen. The pipe is 
pulled into the ground rather than driven so that 
pipes of normal strength classes can be used. Driven 
wells are especially suitable for soft sandy for- 
mations which are readily penetrated by the well 
point. Driven wells cannot be made in areas where 
boulders or other obstacles are encountered in the 
ground. In all ground formations the resistance 
against driving increases with depth. The application 
of driven wells is therefore limited to shallow wells 
of less than lo-15 m depth. For the same reason the 
diameter is usually small varying from as narrow as 
3 cm to a maximum of about 10 cm, a diameter of 
5-8 cm being the most common. Well pumps cannot be 
installed inside such small diameters. Driven wells 
also have the disadvantage that the screen openings 
may during the driving become clogged with clay or 
similar material. This is almost impossible to remove 
after the completion of the driven well. 
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Figure 7.37. 
Well drive point with sliding joint 

The clogging of the well screen can be prevented by 
using a sliding joint (Fig. 7.37). During driving the 
screen is inside the casing and only after reaching 
the desired depth is it then forced out to intrude 
the water-bearing formation. When there are hard 
formations directly below the ground surface, a 
better solution is to start with an earth auger for 
boring a hole as deep as possible with a diameter 
slightly larger than the size of the well point to be 
driven down (Fig. 7.38). When the hole is straight, 
vertical and deep enough this also helps achieve a 
plumb well which otherwise may be difficult to ob- 
tain. 
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SPIRAL AUGER 

N f y&d A = TRIPOG OF BAMBOO POLES 
B = PULLEY BLOCK 
C = 2 cm i3/4-INCH] MANILA ROPE 
U = EARTH AUGER 
E = AUGER GUIDE 

Source: WHO 
Figure 7.38 
Well boring equipment 

(No. 7462) 

If, after completion of the driven well the inside is 
throughly disinfected, the water from it will be bac- 
+ t-i -1 rrrr; .-a-l l-- ,e, rurvyrLo~ly safe and is likely to remain so. 
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However, the yield from a driven well is small, some- 
where between 0.1 and 1 l/set. This will be only suf- 
ficient for private household use or a small commu- 
nity. For a larqer supply of water, a number of 
driven wells may be interconnected with a central 
suction line and pumped as one unit but this solution 
is rather expensive. In rural areas of developing 
countries driven wells have the advantage of easy and 
rapid installation with no need for specialized 
equipment or skills. 

Jetted wells outwardly do not differ much from driven 
wells but the point at the lower end of the screen is 
hollow instead of solid, and the well is bored 
through the erosive action of a stream of water 
jetting from the point (Fig. 7.39). 

TO RIG 
t - PRESSURE HOSE 

--Ht - GROUNOWATER TABLE t t 
I TMPORARY CASING 

JETTING PIPE 

JETTING NOZZLE 

Figure 7.39. 
Weil jetting 
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Compared with driven wells, jetting of wells is much 
faster. Mechanical force is not needed so that 
plastic instead of steel can be used for casing and 
strainer. Obviously, jetted wells can only be sunk in 
unconsolidated formations. Sandy aquifers are best 
suited for this method; clay and hardpan often offer 
too much resistance to the jet stream of water. As 
with driven wells, boulders cannot be passed but 
it is a simple process to check the underground for- 
mation beforehand by washing the jetting pipe shown 
in Fig. 7.40 to the desired depth. Such a jetting 
pipe is also used in a well jetting technique using a 
separate jetting pipe to wash the plastic casing and 
screen into the ground. Compared with driven wells, 
the depth that can be obtained is somewhat greater, 
for the same diameters of about 5-8 cm. Clogging of 
the well screen openings is no problem. 

JETTING PIPE- 

PLASTIC CASING 

I 
I 
I 
+PLASTICSCREEN 

I 
I 
I 

Figure 7.40. 
We21 jetting with an outside jet pipe 

Wells can also be made as bored wells. The boring 
technique lends itself best for us= soft ground 
such as sand and soft limestone. Thus, boring is 
particularly used in deltaic areas where these types 
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of ground are most common. For shallow depth, spiral 
augers are employed as shown in Fig. 7.36. For 
greater depth bucket-type augers can be applied, 
again rotated from the surface by means of a drive 
shaft. This shaft is built up from steel rod sections, 
3-6 m long and connected by quick-acting couplings. 
The upper part is called the kelly and has a square 
cross-section to receive the necessary torque from a 
rotating table. At the bottom, the auger is provided 
with a cutting face which peels the soil from the 
hole and discharges it into the cylindrical chamber 
above. When full, the auger is drawn up above ground 
and the hinged bottom is opened. Each time this is 
necessary, the drive shaft must be dismantled and 
coupled together again, a tedious and time consuming 
job. 

It will be clear that bored wells are mainly suited 
to soft unconsolidated ground formations. In cohesive 
ground such as clay, a temporary casing to support 
the hole is usually not necessary above the ground- 
water table but in loose ground a temporary casing 
must be installed. Under the water table, the auger 
does break up the ground layers but it cannot bring 
the bored material to the surface as the cuttings 
escape from the container when the auger is pulled up 
from the bottom of the hole. A bailer lowered in the 
hole with a cable must be employed to collect the 
cuttings. The bailer is moved up and down near the 
bottom of the hole: during the downstroke the cut- 
tings are entrapped by a closing valve. The whole 
operation greatly increases the time required for the 
boring of a well. 

Sludger Method of Sinking Tubewells_ 

The "sludger method" is an indigenous, low-cost, 
labour-intensive technique for sinking tubewells in 
unconsolidated alluvial ground formations such as 
those found in deltaic areas. Tubt;:rells with a depth 
up to 50 m may be constructed using this method under 
suitable conditions. In Bangladesh, the sludger 
method has been and continues to be extensively used 
for sinking numerous tubewells to tap the abundant, 
shallow groundwater resources present in that deltaic 
country. 

To start the drilling operation, a hole of about 
0.6 m diameter and 0.5 m deep is made into which 
water is poured. Some bamboo staging is erected above 
the hole. A piece of steel pipe is placed vertically 
in the soil, and drilling is carried out by moving 
the pipe up and down with a jerking action. For this, 
a bamboo rafter fastened co the pipe and supported 
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from the staging is operated. At the foot of the 
drill pipe, soil loosened by the water enters into 
the pipe allowing it to penetrate in the ground. As a 
result of the jerking action of the drill pipe, the 
loosened soil and water is pushed upwards and comes 
out through the top of the pipe. 

During the well sinking, one man sits on top of the 
staging and takes care that the pipe is drilled per- 
fectly vertically. At each upward stroke, he closes 
the top of the drill pipe off with his hand which 
introduces a suction action. This assists the loos- 
ening of the soil at the pipe bottom and the forcing 
up of the drilled soil. More pieces of pipe are added 
as the string of drill pipe sections penetrates 
deeper and deepe:,- in the ground. 

As the well sinking proceeds, soil samples are col- 
lected from the mud flow coming out at the top of the 
drill pipe. These are taken at each 1.5 m the drill 
pipe is sunk further, and then examined. The drilling 
operation is stopped when good water-bearing for- 
mations are sufficiently penetrated. The whole length 
of pipe is withdrawn piece by piece taking care to 
keep the drilled hole intact. Immediately after 
withdrawal of the drill tubes, the well casing 
consisting of plastic pipes complete with strainer 
sections is fitted and lowered in the hole up to the 
determined depth. 

An indication of the time and labour requirements for 
sinking a tubewell using the sludger method, may be 
obtained from an example concerning a well sunk in 
Konaburi District of Dacca (Bangladesh) to a depth of 
about 28.5 m. The following data are quoted: 

Time required for drilling of the well 11 hours 
Time required for construction of platform 4 hours 
Labour engaged for drilling well skilled 2 men 

unskilled 3 men 
Labour engaged for construction of platform 

skilled 1 man 
unskilled 1 man. 
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8.1 River water intake 

In tropical countries, rivers and streams often have 
a wide seasonal fluctuation in flow. This affects the 
quality of the water. In wet periods, the water may 
be low in dissolved solids content but often of a 
high turbidity. In dry periods, river flows are low 
and the load of dissolved solids is less diluted. 

Mountain streams sometimes carry a high silt load but 
the mineral content is mostly low and human pollution 
frequently absent. In plains and estuaries, rivers 
usually flow slowly except when there is a flood. The 
water may be relatively clear but it is almost always 
polluted, and treatment will be necessary to render 
it fit for drinking and domestic purposes. 

The quality of river water will usually not differ 
much across the width and depth of the river bed. 
The intake, therefore, may be sited at any suitable 
point where the river water can be withdrawn in suf- 
ficient quantity. The design of a river water intake 
should be such that both clogging and scouring will 
be avoided. The stability of the intake structure 
should be secured, even under flood conditions. 

Where the river transports no boulders or rolling 
stones that would damage the intake, an unprotected 
intake may be adequate (Fig. 8.1). 

Figure 8.1. 
Unprotected river intake 
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In cases where protection of the intake is necessary, 
intake structures of the t-ype shown in Fig. 8.2 may 
be suitable. 

.SCREENS 

Figure 8.2. 
River intake structure 

The bottom of the intake structure should be at least 
1 m above the river bed to prevent any boulders or 
rolling stones from entering. A baffle may be needed 
to keep out debris and floating matter such as tree 
trunks and branches. To reduce the drawing in of silt 
and suspended matter, 
the intake 

the velocity of flow through 
should be low, 

0.1 m/set. 
preferably less than 
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A river intake always requires a sufficient depth of 
water in the river bed. A submerged weir across the 
river may have to be constructed downstream of the 
intake to ensure that the necessary depth of water 
will be available, even in dry periods. 

Frequently, pumping is needed for the intake of water 
from river sources. If the variation between the high 
and low water level in the river is not more than 
3.5-4 m, a suction pump placed on the river bank may 
be used (Fig. 8.3). 

Figure 8.3. 
Pumped river water in take 

A different intake arrangement is needed if the re- 
quired pumping head exceeds 3.5-4 m. One arrangement 
worth considering uses a sump constructed in the 
river bank. The river water is collected with in- 
filtration drains laid under the river bed; under 
gravity it flows into the sump. As the lowest water 
level in the sump will probably be too deep for a 
suction pump placed above ground, the water is 
usually drawn with a submersible pump, or a spindle- 
driven pump, positioned down in the sump. 
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Figure 8.4. 
Bank river intake using infiltration drains 

8.2 Lake water intake 

The quality of lake water is influenced by self- 
purification through aeration, bio-chemical pro- 
cesses, and settling of suspended solids. The water 
can be very clear, of low organic content and with 
high oxygen saturation. Usually, human and animal 
pollution only present a health hazard near the lake 
shores. At some distance from the shore, the lake 
water is generally free from pathogenic bacteria and 
viruses. However, algae may be present, particularly 
in the upper water layers of lakes. 

In deep lakes, the wave action and turbulence caused 
by the wind striking the surface will not affect the 
deeper strata. There being no mixing, a thermal 
stratification will develop with the warmer upper 
water layers floating on top of the cooler deeper 
ones which have a higher mass density. As a result of 
the thermal stratification, the deeper water layers 
may differ in quality from the upper water. The 
thermal stratification can be fairly stable especial- 
ly under tropical conditions. Fig. 8.5 gives an ex'- 
ample. 
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Figure 8.5. 
M’ater quality variation with depth in a deep lake (Indonesia) 

The thermal stratification should be taken into ac- 
count when the location and depth of a lake water 
intake for water supply purposes is decided upon. 
The presence of algae in the upper water layers is 
another relevant factor. 

In deep lakes with water of a low nutrient content 
(nitrates, phosphates, etc), the chemical quality of 
the water will be much the same throughout the full 
depth. For water supply purposes, water from deeper 
strata will have the advantage of a practically con- 
stant temperature. Provision should be made to with- 
draw the water at some depth below the surface (Fig. 
8.6). 

Deep lakes containing water with a high nutrient 
content show a marked difference of water quality at 
different depths. Water should be withdrawn from the 
upper layers of lake water containing the highest 
oxygen content. However, as the top layer of water 
may have become warmed up, the intake of water for 
water supply should preferably be 3-5 m below the 
surface. 

In shallow lakes, the intake should be sufficiently 
high above the lake bottom to avoid the entrance of 
silt (Fig. 8.7). 
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Figure 8.6. 
Variable depth lake water intake. 

COtXRETE OR 
ASBESTOS CEMENT - 

COF(CAETE FILL 

Figure 8.7. 
Intake structure at bottom of shallow lake. 

8.3 Typical intake constructions 

For small community water supplies the quantity of 
water needed being small, 
structures can be used. 

often very simple intake 
With a per capita water use 

of 30 litres/ day and the peak intake 4 times the 
average water demand, 1,000 people would require an 
intake capacity of only 1.4 litres/sec. A 150 mm in- 
take pipe would be sufficient to keep the entrance 
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velocity of flow below 0.1 m/set. If an entrance 
velocity of flow of 0.5 m/set is allowed, a pipe as 
small as 60 mm would be adequate. 

For small capacity intakes, simple arrangements using 
flexible plastic pipe can be used (Fig. 8.8). 

FLOAT 

Figure 8.8. 
Simple water intake structure 

Another intake construction using a floating barrel 
to support the intake pipe, is shown in Fig. 8.9 
The water is pumped from the well sump. 

WELL SUMP 

LOW 
W/L 

40 MM PIPE -\ L 
-. ,-.,.-,v,,. . . 

FLEXIBLE JOINT 
RUBBER OR PLASTIC HOSE 

Figure 8.9. 
Float intake 
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1 8.4 Small dams and village ponds 

There are many small communities whose only source of 
water supply is a small dam or pond. These are called 
"hafir" (Sudan), "tapkis" (Nigeria), "repress" (South 
America), "tank" (India), "pond" (Eastern Africa), or 
other local names. In this handbook they are all 
referred to as small dams or village ponds. 

Small dams and village ponds vary in area from small 
to large ones of several hectares. They may be 
entirely natural in origin - depressions in flat 
2reas - or specially constructed for the purpose. If 
map-made, they may have been excavated for the 
express purpose of holding water or they may be pits 
from which clay for building has been taken. Many 
are a combination of natural and man-made pools which 
have been deepened or enlarged over the years to in- 
crease their holding capacity. 

Some are to be found inside villages or small towns. 
More usually, they are located just outside the vil- 
lage area. In India they are often stocked with fish 
which provides a valuable source of food for the 
villagers. 

Unfortunately, 
bathing. 

they are also used for washing and 
More often than not they are polluted, 

hazardous at best, 
demics. 

and potentirl spreaders of epi- 
Too often they harbour pathogenic bacteria, 

viruses and parasites which account for incalculable 
numbers of illnesses and deaths, particularly amongst 
children. 

The water may be full of silt or colloidal matter, 
especially iminediately after the rains. Some village 
ponds have been in existence for centuries; they may 
be full of aquatic vegetation. Some are the reci- 
pients of refuse of all sorts. Others are relatively 
well-kept, beautiful in appearance and a distinctive 
feature of the landscape. 

In practice, it is impossible to prevent the pollu- 
tion of these small dams and village ponds. By their 
very nature they are at the lowest point of the sur- 
rounding area and all the village drainage finds its 
way into them. 

In a newly excavated pond, the construction of an in- 
take presents no difficulty if carried out before the 
tank fills. In an established pond, work must be 
done while the water is in use. Probably all the work 

, will be done by hand and no special toois will be 
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available. In ponds where the water has high tur- 
bidity, the water is best drawn from just below the 
surface. A floating intake device may be suitable. 
Plastic pipe could be used instead of galvanized iron 
for the collecting pipe; bamboo might also be used 
for this purpose. The floating support may be made 
of bamboo or other locally available materials. 

The presence of algae and other aquatic vegetation, 
as well as fish, in the pond will make it necessary 
to fix a strainer around the intake. The level of 
the intake opening must be below the lowest drawoff 
point, if syphoning is to be avoided. A well may be 
dug close to the bank and the intake pipe either 
thrust (using a heavy jack) or driven from the well 
into the pond. The pipe is then capped while the well 
is lined with masonry or concrete, and the floating 
intake fixed. The well should be deepened to form a 
sump which will allow some settlement of suspended 
matter. 

8.5 Screens 

Screening of water is done by passing the water 
through closely spaced bars, gratings or perforated 
plates. Screening does not change the chemical or 
bacteriological quality of the water. It serves to 
retain coarse material and suspended matter larger 
than the screen openings. Even when screened-out ma- 
terial forms a filtering mat of deposits, the screen- 
ing still is purely of a mechanical nature. 

In water supply engineering, screens are used for 
various purposes: 

W Removal of floating and suspended matter of 
large size which otherwise might clog pipe- 
lines, damage pumps and other mechanical 
equipment, or interfere with the satis- 
factory operation of the treatment pro- 
cesses . Fixed screens are used for this pur- 
pose and they are cleaned on site by hand or 
mechanically; 

(ii) Clarification of the water by removal of sus- 
pended matter even of small size, to lighten 
the load on the subsequent treatment pro- 
cesses. In particular they are used to 
prevent filters from becoming clogged too 
rapidly. 
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Bar screens usually consist of steel strins or bars 
spaced at 0.5 to 5 cm. If the amount of material ex- 
pected to be screened out is small the bars are set 
quite steeply, at an angle of 60-75O to the horizon- 
tal, and cleaning is done by hand using rakes. If 
larger amounts will be retained, the cleaning by 4and 
should still be feasible; to facilitate the clea:ling 
work, the bars should be placed at an angle of 30-45O 
to the horizontal (Fig. 8.10). 

The water should flow towards the bar screen at a 
quite low velocity, 0.1 - 0.2 m/set. Once the water 
has passed the screen, the flow velocity should be at 
least 0.3 - 0,5 m/set in order to Prevent the 
settling out of suspended matter. 

P- CI nw 

i 
IL”.. 

I I- 

Figure 8. IO. 
Fixed bar screen 

In the openings between the bars the velocity of flow 
should be limited to 0.7 m/set; otherwise soft, de- 
formable matter will be forced through the screen 
openings. A clean screen will allow the water to pass 
with a head loss of only a few centimetres. However, 
the head loss rises sharply when the clogging of the 
screen builds up. Regular cleaning should keep the 
head loss limited to 0.1 - 0.2 m head of water. 
Allowing for delayed cleaning and mechanical 
failures, it is good practice to design a bar screen 
for a head loss of 0.5 - 1.0 m. 
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9.1 Introduction 

Groundwater usually has the great advantage over sur- 
face water from rivers and lakes in that it is free 
from pathogenic organisms and bacteria causing water- 
related diseases. However, groundwater is not always 
available and the amounts that can be withdrawn are 
usually limited. As indicated previously, in the long 
run the withdrawal of groundwater cannot exceed the 
amount of natural recharge. Therefore, when this 
recharge is small, the safe yield of the aquifer is 
also small. Under suitable conditions it is possible 
to supplement the natural recharge of an aquifer and 
so add to its safe yield capacity. This is called 
artifical recharge. It involves measures to feed 
water from rivers or lakes into the aquifer, either 
directly or by spreading the water over the in- 
filtration area allowing it to percolate downward to 
the aquifer. Artificial recharge can have great 
potential for improving small community water 
supplies in many parts of the world. 

Apart from adding to the yield of an aquifer, artifi- 
cial recharge also provides purification of the in- 
filtrated water. When water from a river or lake 
flows through a granular ground formation (Fig. 9-l), 
filtration will take place with a substantial removal 
of the suspended and colloidal impurities, bacteria 
and other organisms. The aquifer acts as a slow sand 
filter. 

Provided that the water is recovered at a sufficient 
distance from the point of recharge, preferably more 
than 50 m, the water will flow underground for a con- 
siderable time, normally two months or more. As a 
result of the bio-chemical processes, adsorption and 
filtration, the water will become clear and safe for 
domestic use. In many instances it can be used with- 
out any further treatment. 

The principal methods of artificial recharge of 
aquifers are bank infiltration and spreading of the -- 
water over permeable ground surfaces. 
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Figure 9.1. 
Artificial recharge of aquifer 

If artificial recharge is combined with underground 
storage of the water, water taken from a river in the 
wet season can be stored in the aguifer and recovered 
during the dry period when the river flow is small or 
absent (Fig. 9.2). It will often be much easier and, 
more economical to provide such underground storage 
of water rather than surface reservoirs. This is 
particularly the case in flat land. Additional ad- 
vantages are the great reduction of evaporation 
losses of water and the prevention of algal growth. 

t 

WET SEASON ORY SEASON 

Figure 9.2. 
Artificial recharge with underground storage of water 

9.2 Bank infiltration 

For bank infiltration (induced recharge), galleries 
or lines of wells are placed parallel to the shore- 

150 



line of a river or lake, at a sufficient distance. 
This is shown in Fig. 9.3. 

I ORIGINAL SITUATION LOW ABSTRACTION RATE HIGH ABSTRACTION RATE 
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Figure 9.3. 
Bank infiltration 

In the original situation the outflow of groundwater 
feeds the flow of the river. When amounts of ground- 
water are withdrawn, 
river 

the flow of groundwater into the 
will fall. The withdrawal of groundwater 

results in a lowering of the groundwater table. Por 
high abstraction rates, the groundwater table near 
the shoreline may be drawn down below the water level 
in the river. Water from the river will be induced to 
enter the aquifer. Provided that the permeability of 
the stream bed is adequate, considerable amounts of 
water may thus be recovered without much affecting 
the groundwater table further inland (Fig. 9.4). The 
abstracted water will, for the most part, be induced 
recharge, that is water originating from the river. 

Apart from hydrogeological factors, the design of an 
induced recharge scheme is croverned by two factors: 
the rate of groundwater withdrawal (q) from the 
gallery or line of wells, 
Fig. 

and the distance (L) (see 
9.4). In order to provide for sufficient time 

for the purification processes in the water du'ing 
its flow from the river to the gallery, the dis ante t.f 
L should not be less than 20 m and preferably 50 m or 
more. The important parameter is the time the water 
travels underground. Three weeks is a minimum and 
whenever possible, it should be two months or more. 
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I Of course, the travel time not only depends on the 
~ distance L but also on the rate of withdrawal (q), 
~ and the thickr,ess and porosity of the aquifer. 
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I 

Figure 9.4. 
Induced recharge 

I 

Induced recharge is particularly useful in cases 
where the natural recharge of an aquifer is small, 
for example, an aquifer of narrow width consisting of 
thin bands of pervious ground formations running 
alongside the river (Fig. 9.5). The safe yield of 
such an aquifer obtained from the natural recharge 
only, will be very limited but large amounts of water 
may be withdrawn when induced recharge is practiced. 

Figure 9.5. 
Induced recharge and groundwater recovery from an aquifer of 
smal width 

The means for recovery of the recharged water may 
also be set in the river bed itself. Fig. 9.6 shows 
a line of jetted well points interconnected by a cen- 



tral suction line. Another option is a horizontal 
collector drain placed under the river bed (Fig. 9.7). 
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Figure 9.6. 
Line of wellpoints placed in riverbed 

artificial recharge 



artificial recharge 

With induced recharge, river water is made to enter 
the aquifer through the stream bed. At the river bed 
some clogging will take place, as a result of de- 
posits of suspended particles and precipitation of 
dissolved solids. This clogging will gradually create 
an infiltration head loss (see Fig. 9.8). 

Figure 9.8. 
infiltration head loss on river bed due to clogging 

Usually, the clogging of the river bed presents no 
serious problems, as flood flows in the river will 
prriodically scour the river banks and wash away the 
deposits. In rivers with dams for flood control, 
however, 
frequent. 

scouring of the banks may be absent or in- 
The clogging of the infiltration area can 

then increase to the point that the rate of induced 
recharge is greatly reduced. In theory, this could 
be remedied by a cleaning of the river bed but this 
is difficult and often impractical. 

Figure 9.9. 
Basins for recharge of aquifer using river water 
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In such cases, it may be advantageous to construct 
twin spreading basins that are filled with water from 
the river (Fig. 9.9). The bottom of these basins is 
covered with a layer of medium coarse sard, about 
0.5 m thick. Clogging will now be restricted to the 
upper centimetres of this bed and can be readily re- 
moved by scraping. 

9.3 Water spreading 

The bank filtration described in the previous section 
can only be used where a suitable aquifer is adjacent 
to the source of surface water. Sometimes, both a 
suitable aquifer and a water source are present but 
some distance apart. Artificial recharge then can be 
practised but the water from the river, lake or other 
source has first to be transported to those sites 
where ground formations suitable for infiltration and 
underground flow are available. This certainly re- 
presents a complication of the recharge scheme but 
impxtant additional advantages are attained: 

li) The intake of water can be stopped when the river 
water is polluted or otherwise of poor quality; 

(ii) A saving in cost may be achieved wher! the 
recharge scheme is situated near the water dis- 
trrhution area. 

A comprehensive scheme for artificial recharge by 
water spreading is shobn in Fig. 9.10. It. includes 
pre-treatment of the w:iter before recharge in an in- 
filtration ba:Gng and further treataoent after re- 
covery _ 

f '- ,-IF-, 
4.lMPIYR STATiON INFILTRATION RECOVERY 

Figure 9.10. 
Scheme for artificial recharge and recovery 

Pre-treatment may be necessary to avoid that silt is 
deposited in the pipeline, 
slimes 

or that microbiological 
are formed which would greatly reduce the 
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pipeline's carryrng capacity. It will also redi*ce the 
clogging of the recharge basin so that less frequent 
cleaning will be needed. Further it will protect the 
aquifer from becoming fouled by non-degradable or- 
ganic substances. Treatment of the water recovered 
from the recharge scheme is necessary in the event 
that quality is 
instance 

still not satisfactory. This may for 
be the case when during its underground 

travel the water has become anaerobic and has picked 
up iron and manganese from the sub-soil.. 
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Figure 9.1 I. 
Water recharge in s/~:~I!ow aquifer using infiltration ditches and 
drains 

The design of an artificial recharge scheme depends 
on three factors: 

(1) The infiltr- rion rate of the water in the 
water sprt<;~ing basins. This rate should be so low 
that the I .ins will only require cleaning after a 
considerab!' period of time, at least several months 
and prefer‘ld y one year or more; 

(ii) The travel ?lme and length of the under- 
ground water flow; 
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(iii) The maximum allowable difference of level 
between the water in the spreading basins and the 
groundwater table. 

In combination, these factors indicate that for the 
artificial recharge of shallow aquifers, particularly 
aquifers with fine grain composition, the spreading 
basins should be constructed as ditches, with gal- 
leries for groundwater recovery constructed parallel 
to them (Fig. 9.11). For deep aquifers, particularly 
those having a coarse grain composition, the 
spreading basin preferably should be constructed as a 
pond surrounded by a battery of recovery wells (Fig. 
9.12). 
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Figure 9.12. 
Recharge of a deep aquifer using an infiltration pond and recovery 
wells. 
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The artificial recharge schemes as described above 
are guite suitable for small 
supplies, 

community water 
particularly in rural areas. For the 

limited water requirements to be met from these 
supplies, treatment of the water is often not a 
feasible proposition. To serve 200 people having a 
per capita water use of 15 litres/capita/day, the re- 
quired capacity would only be 3m3/day. 
ficial recharge, 

Using arti- 
this can be readily provided. To 

provide a retention time of the water underground of 
60 days (2 months), an aquifer having 40% pore space 
would need to be 450 m3 in volume to serve the pur- 
pose. Assuming an average saturated thickness of 2 m, 
the surface area would be 225 m; for instance, 7.5 m 
wide and 30 m long. This can easily be constructed in 
the form of an excavation of 3 m deep, lined with a 
layer of puddled clay or plastic sheeting to avoid 
seepage losses (Fig. 9.13). 

RlVERWATERAECHAR6E 

-7 

L PUODLEOGLAY 

Figure 9.13. 
Small-capacity recharge scheme 

The possible utilization of rainwater for recharge 
purposes is shown in Fig. 9.14. 

158 



artificial recharge 

LIRAIN’PIPE %--.q 

EXCAVATION 
water proofed with any 
suitable ma!%ial and 
backfilled with clean 
sand or gravel 

WATER WiTHflRAWAL WELL 

Figure 9.14. 
Artificial rmharge using rainwater 

Source : ITDG 

9.4 Sand dams 

Sand dams are reservoirs filled with coarse sand, 
stones or loose rock. The water is stored in the 
pores of the accumulated bed of sand. This greatly 
reduces the evaporation losses of water. Sand dams 
are, therefore, particularly useful in areas where 
evaporation rates are high. They have been con- 
structed in many of the semi-arid areas of Africa and 
the Americas. Water may be stored for long periods, 
and even under total drought conditions sand dams can 
provide water from the stored volume. 

Water is withdrawn from the sand dam by a drain pipe 
or from a well dug into the sand bed near to the dam 
(Fig. 9.15). Usually the water can be used without 
any treatment, as it is filtered while flowing 
through the sand bed. 

In the semi-arid areas where the use of sand dams is 
most appropriate, flood waters often carry a high se- 
diment load because there is littie vegetation to 
prevent erosion of the soil. Considerable amounts of 
sand and gravel are carried by the flood waters. 
Thus, when the dam wall for a storage reservoir is 
built in a river bed during the dry season, the flood 
waters in the wet season will deposit the sand and 
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gravel behind it. The flood waters will also carry 
substantial quantities of mud. To ensure that mainly 
sand and gravel are deposited behind the dam, the dam 
wall should first be built to a height of only about 
2m. Later the wall should be raised as the sand and 
gravel deposits build up. The staged raising of the 
dam will enable the mud to be carried over it by the 
overflowing flood waters. After four or five years, 
the dam may reach its full height (usually 6-12 m). 

1 SLOTSFORWATER 
NTAKETOWELL 

Figure 9.15. 
Sand dam (schematic) 

Sand-fill dams can be used with particular advantage 
for artificial recharge because they allow most of 
the finer sediments in flood water to be carried away 
with the overflow. Thus, the clogging of aquifers by 
silt-laden water which can give problems in recharge 
systems, is here avoided. 
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10.1 Introduction 

Water pumping technology developed parallel to the 
sources of power available at the time. Indeed one 
can say that our first ancestor who cupped his hands 
and fetched water from a stream, chose the 'pumping' 
technique appropriate to him. Modern devices such as 
centrifugal pumps have reached a high state of devel- 
opment and are widely used, particularly in developed 
countries, only because suitable power sources such 
as diesel engines and electric motors became avail- 
able. 

For small communities in developing countries, human 
and animal power are often the most readily available 
power for pumping water, particularly in rural areas. 
Under suitable conditions, wind power is of relevance. 
Solar energy can have potential. Diesel engines and 
electric motors should only be used, if the necessary 
fuel or electricity supplies are available and se- 
cured, together with adequate maintenance and spare 
parts. 

10.2 Power sources for pumping 

Human Power 

A manual pumping device* (including devices operated 
by foot) is any simple device powered by human power. 
They are capable of lifting relatively small amounts 
of water. Using human power for pumping water has 
certain features that are important under the condi- 
tions of small and rural communities in developing 
countries: 

The power requirements can be met from within the 
users' group; 
The capital cost of manually-operated pumps is 
generally low; 
The discharge capacity of one or more manual 
pumping devices is usually adequate to meet the 
domestic water requirements of a small community. 

t Often referred to as: 'hand pump' 
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Figure IO. I. 
Photo: Matthijs de Vreede 

Hcrt~d-pumpcvi rcw tcr supply (Banglndcdl) 

The power available from the human muscle depends on 
the individual, the environment, and the duration of 
the task. 
tion, 

The power available for work of long dura- 
for example 8 hours per day, by a healthy man 

is often estimated at 60 to 75 watts (0.08 to 0.10 
horsepower). This value must be reduced for women, 
children and the aged. It also must be reduced for 
high temperature, and work environments 
humidity. 

with high 

matched, 
Where the pump user and the pump are poorly 
much of the power input is wasted; for 

example, 
position. 

when a person operates a pump from a stooped 

Animal Power 

Draught-animals are a common and vital source of 
power in many developing countries. Animal power is 
poorly suited to operate small-diameter pump devices 
fitted on covered wells. 
lifting 

Animals are widely used for 
irrigation water from large-diameter, open 

wells but these should not be used for community 
water supply purposes. The most efficient use of 
animals is at fixed sites where they pull rotating 
circular sweeps or push treadmills. Both methods 
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require gears and slow moving, large displacement 
pumps. Bullocks and donkeys are mostly used. 

Windpower 

The use of windpower for pumping water should be 
feasible if: 

Winds of at least 2.5 - 3 m/set. are present 60% 
or more of the time; 
The water source can be pumped continuously 
without excessive drawdown; 
Storage is provided, typically for at least 3 
days' demand, to provide for calm periods without 
wind; 
A clear sweep of wind to the windmill is secured, 
i.e. the windmill is placed above surrounding 
obstructions, such as trees or buildings within 
125 metres; preferably the windmill should be set 
on a tower 4.5 to 6 metres high; 
Windmill equipment is available that can operate 
relatively unattended for long periods of time, 
for example six months or more. The driving 
mechanism should be covered and provided with an 
adequate lubrication system. Vanes, and sail 
assemblies should be protected against 
weathering. 

By far the most common type of wind-powered pump is 
the slow-running wind wheel driving a piston pump. 
The pump is generally equipped with a pump rod that 
is connected to the drive axis of the windmill. 
Provision may be made for pumping by hand during calm 
periods. 

The wind wheels range in diameter from about 2 to 6 
metres. Even though the windmills themselves may have 
to be imported, strong towers can usually be con- 
structed from local materials. 

Modern windmills are designed to ensure that they 
automatically turn into the wind when pumping. They 
are also equipped with a 'pull-out' system to auto- 
matically turn the wheel out of excessive wind, 
stronger than 13-15 m/set., whichzUmi'cjht damage the 
windmill. The 'sails' or fan blades can be so de- 
signed that they furl automatically to prevent the 
wheel from rotating too fast in high winds. The 
windmill will normally not begin pumping until the 
wind velocity is about 2.5 - 3 m/set. Fig. 10.2 shows 
several typical arrangements for windmill-pumped 
water supply systems. 
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A] GROUNDWATER 

Figure 10.2. 
Windmill-pumped water supply systems 

Electric Motors 

Electric motors generally need less maintenance and 
are more reliable than diesel engines. They are, 
therefore, to be preferred as a source of pow+?r for 
pumping if a reliable supply of electric power is 
available. In such cases, electric motors can be used 
to drive pumps. The electric motor should be capable 
of carrying the work load that will be imposed, 
taking into consideration the various adverse 
operating conditions under which the pump has to 
work. If the power requirement of a pump exceeds the 
safe operating load of the electric motor, the motor 
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may be damaged or burnt out. Attention must also be 
paid to the characteristic of the motor and the 
supply voltage. 

There is a tendency to use general-purpose motors 
offered by the manufacturers without giving due 
consideration to the characteristics of the partic- 
ular pump used, and this results in frequent failure 
or burning out of the motor. Squirrel-cage motors are 
mostly seLected for driving centrifugal pumps as they 
are the simplest electric motors manufactured. 

Diesel Engines 

Diesel engines have the important advantage that they 
can operate independently at remote sites. The prin- 
cipal requirement is a supply of gasoil and lubri- 
cants and these, once obtained, can be easily trans- 
ported to almost any place. Diesel engines, because 
of their capability to run independent of electrical 
power supplies, are especially suitable for driving 
isolated pumping units such as raw water intake 
pumps- 

A diesel engine operates through compression of air 
to a high pressure, in its combustion chambers. As a 
result of the high compression, the temperature of 
the air rises to over l,OOOJ C. When gasoline is 
injected through nozzles into the chambers, the 
compressed air-gasoil mixture ignites spontaneously. 

Diesel engines may be used to drive reciprocating 
plunger pumps as well as centrifugal pumps. Gearing 
or another suitable transmission connects the engine 
with the pump. For any diesel-driven pump installa- 
tion, it is generally prudent to select an engine 
with 25030% surplus power to allow for a possible 
heavier duty than under normal conditions. 

10.3 Types of pumps 

The main applications of pumps in small community 
water supply systems are: 

Pumping water from wells; 
Pumping water from surface water intakes; 
Pumping water into storage reservoirs and the 
distribution system, if any. 
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Based on the mechanical principles involved, these 
pumps may be classified as follows: 

Reciprocating* 
Rotary (positive-displacement): 
Axial-flow (propeller); 
Centrifugal; 
Air lift. 

Another type of pump with limited application in 
water supply systems is the hydraulic ram. 

An indication of the pump type to be selected for a 
particular application can be obtained from fig. 
10.3. Table 10.1 gives characteristics of the various 
types of pumps. 

IO.1 lo.2 lo.5 I1 12 I5 Im 120 I50 boo I 
GISCHARGE (in likes second] 

Figure 10.3. 
Pump type selection chart 

-2 Reciprocating pumps have a plunger (or piston) which moves 
up and down (reciprocates) in a closed cylinder for positive 
displacement of water. On the upward stroke the plunger 
forces water out through an outlet valve, and at the same 
time water 
valve. 

is drabn into the cylinder through an inlet 
The downward stroke brings the plunger back to its 

starting position, and a new operating cycle can begin. 



Table 10.1. 
Information on types of pumps 

Type of Pump 

- 

I. REIPROCATING tplunger) 

a. Suction (shallow well 

b. Lift (deep well) 

2. ROTARY 
(positive displacement) 

a. Chain and bucket pump 

b. Helical rotor 

3. AXlAL - FLOW 

4. CENTRIFUGAL 

a. Single-stage 

b. Multi-stage 
shaft-driven 

c. Multi-stage 

submersible 

5. AIR LIPT 

Usual depth 
range 

up to 7 al. 

up to 10 m. 

25 - 150 m. 
usually 
submerged 

5 - IO m. 

20 - 35 m. 

25 - 50 m. 

30 - 120 m. 

15 - 50 m. 
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Characteristics and Applicability 

low speed of operation; hand. wind 
ur motor powered; efficiency low 
(range 25 - 60%) 

capacity range: IO-50 l/min; 
suitable to pump against variable 
heads; valves and cup seals re- 
quire maintenance attention. 

low speed of operation; hand. 
animal, wind powered; 

capacity range: S-30 lfmin. 
discharge constant under variable 
heads. 

using gearing: hand, wind or motor 
powered good efficiency; best 
suited to low capacity - high lift 
pumping. 

high capacity - low lift pumping; 
can pump water containing sand or 
silt. 

high speed of operatio.1 - smootl., 
even discharge: efficiency 
(range 50-85X) depends on operating 
speed and pumping head. 

requires skilled maintenance; not 
suitable for hand operation; 
powered by engine or electric motor. 

as for single stage. Muter accessible, 
above ground; alignment and lubri- 
cation of shaft critical; capacity 
range 25 - 10,000 l/min. 

as for multi-staga shaft-driven; 
smoother operation; maintenance 
dicficult: repair to motor or pump 
requires pulling unit from well: 
wide range of capacities and heads; 
subject to rapid wear when eandy 
water is pumped. 

high capacity at low lift; very 
low efficiency especially at greater 
lifts; no moving parts in the well; 
veil casing straightness not critical. 
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10.4 Reciprocatin 

The type of pump most frequently used for small water 
supplies, is the reciprocating (plunger) pump.* 
Several groups may be distinguished: 

Suction; lift 
Free delivery; force 
Single acting; double acting. 

Suction Pumps (Shallow Well) 

In the suction pump, the plunger and its cylinder are 
located above the water level usually within the pump 
stand itself (Fig. 10.4.). 

Figure 10.4. 
Suction pump (shallow well) 
. x While this section focuses on the reciprocating plunger 

Pump* the principles outlined also apply to other types of 
positive displacement pumps. 

170 



pumping 

The suction pump relies on atmospheric pressure to 
push the water upwards to the cylinder. Contrary to 
popular belief, this type of pump does not 'lift' the 
water up from the source. Instead the pump reduces 
the atmospheric pressure on the water in the suction 
pipe and the atmospheric pressure on the water out- 
side the suction pipe pushes the water up. Because of 
its reliance on atmospheric pressure, the use of a 
suction pump is limited to conditions where the water 
table is within 7 m of the suction valve during 
pumping. Theoretically, the atmospheric pressure 
would allow a suction pump to draw water from as deep 
as 10 metres, but in practice 7 m is the limit.* 

Lift Pumps (Deep Well) 

Deep or shallow well in terms of pump selection 
refers to the depth of the water level in the well, 
not the depth to the bottom of the tubewell or the 
length of the well casing. 

In the deep-well pump, the cylinder and plunger are 
located below the water level in the well. This pump 
can lift water from wells as deep as 180 m or even 
more. The forces created by the pumping work increase 
with the depth to the water table, and the problems 
associated with reaching the cylinder, deep in the 
well, for maintenance and repair are much more 
difficult than in shallow well pumps. Thus the design 
of pumps for deep well use is more critical and 
complicated than for suction pumps. 

An example of a (deep well) lift pump is shown in 
fig. 10.5. 

The principal characteristic of all (deep well) lift 
pumps is the location of the cylinder. The cylinder 
should preferably be submerged in the water, in order 
to assure the priming of the pump. 

J- Depending on the altitude of the place where the pump is 
operated. 
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b-FIRODGUIOE 
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Figure 10.5. 
Lift pump (deep well) 
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Force Pumps 

Force pumps are designed to pump water from a source 
and to deliver it to a higher elevation or against 
pressure. All pressure-type water systems use force 
pumps. They are enclosed so that the water can be 
forced to flow against pressure. Force pumps are 
available for use on shallow or deep wells (Fig. 
10.6). 

- * STUFFING BOX _ m 
P CHAMBER 

PLUNGER 

A] FOACE PUMP ON SHALLOW WELL 

PUMP 
CYLINOER 

B] FURCE PUMP OH OEEP WELL 

Figure 10.6. 
Force pumps 

A shallow-well force pump is shown in Fig. 10.6a. Its 
operating principle is the same as that of the reci- 
procating plunger pump earlier discussed, except that 
it is enclosed at the top and, therefore, can be used 
to force the water to elevations higher than the 
PumP. For this, either a separate connection or a 
hose or pipe is fitted to the spout. 
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Force pumps usually have an air chamber to even out 
the discharge flow. On the upstroke of the plunger, 
the air in the air chamber is compressed and on the 
downstroke the air expands to maintain the flow of 
water while the plunger goes down. The trap tube 
serves to trap air in the air chamber, preventing it 
from leaking around the plunger rod. 

The operation of a deep well force pump (Fig. 10.6b) 
is the same. The principal difference is in the 
location of the cylinder. With the cylinder down in 
the well the pump can lift water from depths greater 
than 3 m. 

Diaphragm Pumps 

Diaphragm pumps are positive displacement pumps. The 
main part of the pump is its diaphragm, a flexible 
disc made of rubber or metal. Non-return valves are 
fitted at the inlet and outlet (Pig. 10.7). 

Figure 10.7. 
Diaphragm pump 

The edge of the diaphragm is bolted to the rim of the 
water chamber but the centre is flexible. A rod 
fastened to the centre moves it up and down. As the 
diaphragm is lifted, water is drawn in through the 
inlet valve, and when it is pushed down, water is 
forced out through the outlet valve. Pumping speed 
usually is about 50-70 strokes per minute. These 
pumps are self-priming. 

The diaphragm pumping principle is used in a number 
of novel handpump designs. These pumps are being 
field tested and developed for use in rural water 
supplies (e.g. Hydropompe Vergnet; Petro Pump). 
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10.5 Rotary (positive displacement) pumps 

Chain Pumps 

In the chain pump, discs of a suitable material (e.g. 
rubber) attached to an endless chain running +~'er a 
sprocket at th? top; 3re pulled upward through a pipe 
to lift water mechanically up to the spout. This type 
of pump can only be used on cisterns and shallow dug 
wells. It can be readily adapted for manufacture by 
village artisans (Fig. 10.8). A small chain pump 
using a pipe of 20 mm diameter, with rubber discs 
spaced at 1 m intervals, will discharge water at a 
rate of 5 to 15 l/minute depending on the speed of 
rotation of the operating wheel (30 to 90 rpm). 

WHEEL WITH TEETH 

pigwe 10.8. 
Chain pump 
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Chain pumps using rags and balls instead of discs 
were commonly used for draining mines in Western 
Europe in the 16th Century. Animal-powered chain 
pumps are used in Asia for irrigation pumping. 

I 
L RISING MAIN 

I-- DRIVE SHAFT 

> BEARINGS 

- FLEXIBLE JOINT 

- RUBBER STATOR 

- STEEL ROTOR 

--WELL LINING 

- SUCTION INTAKE 

Figure 10.9. 
Helical rotor pump 

Helical Rotor Pump 

The helical rotor pump consists of a single thread 
helical rotor which rotates inside a double thread 
helical sleeve, the stator (Fig. 10.9). The meshing 
helical surfaces force the water up, creating a 
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uniform flow. The water output is proportional to the 
rotating speed, and can be varied simply by changing 
a pulley. As the rotor and stator provide an ef- 
fective, continuous seal, the helical rotor pump 
requires no valves. Helical rotor pumps are available 
for use in 4-inch (100 mm) or larger tube wells. 
Although relatively expensive, these pumps have given 
good service on deep wells in parts of Africa and 
Asia where they are known as the 'Mono' pump after 
its British manufacturer. 

Drive arrangements suitable for helical rotor pumps, 
are: hand operation, electric motors, diesel and 
petrol engines. Different drive heads are available. 
If there is plenty of space, a standard head with a 
V-belt drive can be used. Where a compact unit is 
required, geared heads are installed for diesel 
engine or electric motor drives. 

10.6 Axial-flow pumps 

In the axial-flow type of pump, radial fins or blades 
are mounted on an impeller or wheel which rotates in 
a stationary enclosure (called a casing) (Fig. 10.10). 

IMPELLER 

Figure 10.10. 
Axial-flow pump 

The action of the pump is to mechanically lift the 
water by the rotating impeller. The fixed guide 
blades ensure that the water flow has no 'whirl' 
velocity when it enters or leaves the impeller. 



10.7 Centrifugal pumps 

The essential components of a centrifusal puma are 
the impeller and the casing (Fig. lO.ll).- - * 

pumping 

INLET 

IMPELLE 

Figure 10.11. 
Centrifugal pump (Volute-type Casing) 

The impeller is a wheel having vanes radiating from 
the centre to the periphery. When rotated at a suffi- 
ciently high speed, the impeller imparts kinetic 
energy to t'.le water and produces an outward flow due 
to the centrifugal forces. The casing is so shaped 
that the kinetic energy of the water leaving the 
impeller is'partly converted to useful pressure. This 
pressure will force the water into the delivery pipe. 
The water leaving the eye of the impeller creates a 
suction; it will be replaced by water drawn from the 
source and forced into the casing under static head. 

An impeller and the matching section of the casing is 
called a stage. If the water pressure required in a 
particular centrifugal pump application is higher 
than a single stage can practicably produce, a number 
of stages may be placed in series (multiple-stage 
Pump)- The impellers R?-Q ~ft~~~.~1 + - Lyll~~~~~l tiilait 
and tha-rerore rotate at the same ypeid. The water 
passes through the successive stages, with an in- 
crease in pressure at each stage. Multiple-stage 
centrifugal pumps are normally used for high pumping 
heads. 

The rotating speed of a centrifugal pump has a con- 
siderable effect on its performance. The pumping 
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efficiency tends to improve as the rotating speed 
increases. Higher speed, however, may lead to more 
frequent maintenance. A suitable balance between the 
initial cost and maintenance costs has to be aimed 
at. A comprehensive study of the pump's character- 
istic is necessary before final selection. 

In centrifugal pumps the angle between the direction 
of entry and exit of the water flow is 90°. In an 
axial-flow pump (section 10.6.), the water flow 
continues through the pump in the same direction with 
no deviation (OO). The term 'mixed-flow pump' is used 
for those centrifugal pumps where the change in angle 
lies between O0 and 90°; they can be single or multi- 
ple-stage. 

10.8 Pump drive arrangements 

Two different drive arrangements exist for water 
pumping from deep wells: shalt driven and close- 
coupled submersible electric motor. 

A. SHAFT-DRIVEN 

The crankshaft or motor is placed at the ground 
surface and powers the pump using a vertical 
drive shaft or spindle [Fig. 10.12). A long drive 
shaft will need support at regular intervals 
along its length and flexible couplings to 
eliminate any stresses due to misalignment. The 
advantage of a drive shaft is that the drive 
mechanism may be set above ground or in a dry pit 
and thus will be readily accessible for main- 
tenance and repair. An accurate alignment of the 
shaft is necessary; the shaft-drive arrangement 
is not possible in crooked tubewells. 

B, CLOSE-COUPLED SUBMERSIBLE ELECTRIC MOTOR 

In this pump drive arrangement, a centrifugal 
pump is connected directly to an electric motor 
in a common housing, with the pump and motor as a 
single unit. This unit is constructed for sub- 
merged operation in the water to be pumped (Fig. 
10.13.). 
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CRANKSHAFT 
ORIVEN 

MOTOR DRIVEN 
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STATOR -4 
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I -1 

Figure 10.12. 
Shaft-driwn pumps 
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PIPE 

Figure 10.13. 
Pumpdrirten by a close-coupled submersible electric motor 

The pump-motor unit (often referred to as 'sub- 
mersible pump'j is lowered inside the well casing, 
and set a suitable depth below the lowest draw-down 
water level in the well. 
a 'tight* 

Submersible pumps are often 
fit in a tubewell as their outside diameter 

is usually only 1 - 2 cm less than the internal bore 
of the well casing. Consequently, great care is 
needed during installation or removal of these pumps. 
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A waterproof electric cable connects the motor with 
the control box housing, the on-off switch and the 
power connection. The electrical control should be 
properly grounded to minimize the risk of shorting 
and damage to the motor. Fig. 10.14 shows a sub- 
mersible pump in exploded view. 

OROP PIPE CONNECTION 

~UJ POWER CABLE 

II ‘111 /-CHECK VALVE-/ 

/ 
PUMP CASING/ 

e 
INLET SCREEN 

IFFUSERS & IMPELLERS 

POWER LEADS - 

LUBRICANT SEAL 

Figure 10.14. 
Submersible pump (exploded tiiew) 

The submersible pump-motor unit is usually supported 
by the discharge pipe which conveys the pumped water 
to the connecting pipeline or tank. 
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When sand is found or anticipated in the water 
source, special precautions should be taken before cl 
submersible pump is used. The abrasive action of sand 
during pumping would shorten the life of the pump 
considerably. 

10.9 Air-lift pumps 

An air-lift pump raises water by injecting small 
evenly distributed bubbles of compressed air at the 
foot of a discharge pipe fixed in the well. This 
requires an air compressor. The mixture of air and 
water being lighter than the water outside the dis- 
charge pipe, the water/ air mixture is forced upward 
by the hydrostatic head (Fig. 10.15). 

Figure 10.15. 
Air lift pump (schematic) 
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The pumping head (h) against which an air lift pump 
can raise water, is related to the submergence (s) of 
the discharge pipe. A high lift requires a consider- 
able submergence to a depth under the lowest drawdown 
level of the water in the well. The point of injec- 
tion of compressed air is also at this depth, so that 
a sufficiently high air pressure is needed. The major 
drawback of air-lift pumps is their low mechanical 
efficiency in utilizing the energy supplied for 
lifting the water. The efficiency of an air-lift pump 
itself is about 25-40x. Additional are the energy 
losses in the compressor. Overall, not more than 
15-30x of the total power consumption is effectively 
utilized. 

However, air-lift pumps also have important ad- 
vantages. They are simple to operate and not affected 
by sand or silt in the pumped water. All mechanical 
equipment (the compressor) is above ground. A number 
of air-lift pumps installed in adjacent wells can be 
operated using a single compressor. Water can be 
air-lift pumped from wells as deep as 120 m, at a 
considerable rate. Thus, air-lift pumps should be 
considered for those applications where their ad- 
vantages will outweigh the drawback of high power 
consumption due to the low mechanical efficiency. 
They should be particularly considered in areas where 
the groundwater carries much sand or silt, and for 
pumping water that is acidic (low pH). 

Table 10.2. is provided for preliminary guidance in 
air-lift pump selection. 
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1 Table 10.2. 
~ Preliminary guidance i,l. air-lift pump selection 

Lift 
(ml 

Submergence 
(4 

Air-to-water 
Flow Ratio 
(volune/volume) 

Air pressure 
required 
Cm Hz01 

10 
20 
30 
40 
60 
80 

100 
120 

12 
20 
25 
20 
40 
49 
58 
71 

3.0 
4.7 
6.2 
7.9 
9.6 

11.6 
13.3 
14.8 

20 
30 
40 
45 
65 
85 

105 
125 

Pumping 
Capacity 
(l/set) 

Discharge 
Pipe Diameter 

Cd 

Air pipe 
Diameter 

(mm) 

Compressor 
Power 

(HP) 

2.5 75 (3") 25 (I") 1.5 
5.0 100 (4") 40 (11") 2.5 
7.5 100 (4") 40 (II") 4 

10.0 125 (5") 50 (2") 5 
IS.0 150 (6") 50 (2") 7.5 
20.0 150 (6") 60 (.!j") 10 
40.0 200 (8") 75 (3") 20 

lQ.10 Hydraulic ram 

The hydraulic ram needs no external source of power. 
The ram utilizes the energy contained in a flow of 
water running through it, to lift 3 small volume of 
tkis water to a higher level. The phenomenon involved 
is that of a pressure surge which develops when a 
moving mass of water is suddenly stopped. A steady 
and reliable supply of water is required with a fall. 
sufficient to operate the hydraulic ram. Favourble 
conditions are mostly found in hilly and mountainous 
areas. Hydraulic rams are not suited to pumping water 
from wells. 
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Figure 10.16. 
Typical’ hydraulic ram 

Source: S.B. Watt 
A Manual on the Hydraulic 
Ram for Pumping Water, 
I.T. Publications Ltd., 1974 

The ram operates on a flow of water running from the 
source down through the drive pipe into the pump 
chamber. The water escapes through the opened impulse 
valve (waste valve). When the flow of water through 
the impulse valve is fast enough, the upward force on 
the valve will exceed the spring tension of the valve 
adjustment and the impulse valve is suddenly shut. 
The moving mass of water is stopped with its momentum 
prodilcing a pressure surge along the drive pipe. Due 
to the pressure surge, water is forced through the 
non-return (delivery) valve and into the delivery 
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pipe. Water continues to pass the non-return valve 
until the energy of the pressure surge in the drive 
pipe is exhausted. The air chamber serves to smooth 
out the delivery flow of water, as it absor!x part of 
the pressure surge which is released ,fcer the 
initial pressure wave. 

When the pressure surge is fully exhausted, a slight 
suction created by the momentum of the water flow, 
together with the weight of the water in the delivery 
pipe, shuts the non-return valve and prevents the 
water from running back into the pump chamber. The 
adjustment spring now opens the impulse valve, water 
begins to escape through it, 
cycle is started. 

and a new operating 

Once the adjustment of the impulse valve has been 
set, the hydraulic ram needs no attention providing 
the water flow from the supply source is continuous, 
and at an adequate rate, and no 
into the pump blocking the valves. 

foreign matter gets 

An air valve is provided to allow a certain amount of 
air to bleed in and keep the air chamber charged. 
Water under pressure will absorb air and without a 
suitable air valve the air chamber would soon be full 
of water. The hydraulic ram would cease to function. 

The advantages of the hydraulic ram are: 

No power sources are needed, and there are no 
running costs; 
Simple to make. Local materials and 
workshop equipment can be used; 

simple 

It has only two moving parts. 

A small supply of water with plenty of fall will 
enable a hydraulic ram to lift as much water as a 
large flow of water with a small fall. Most hydraulic 
rams will work at their best efficiency if the supply 
head is about l/3 of the delivery head. The higher 
the pumping head required, the smaller the amount of 
water delivered. 

In cases, where the required pumping capacity is 
greater than one hydraulic ram can provide, a battery 
of several rams may be used, provided the supply 
source is of sufficient capacity (Fig. 10.17). 
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J 

DRIVE PIPE. 

Figurn IO. I 7. 
Hydrauk rams placed parallel 

The maintenance required for a hydraulic ram is very 
little and infrequent. It includes: 

Replacement of the valve rubbers when they wear 
out; 
Adjusting the tuning; 
Tightening bolts which work loose. 

Occasionally, the hydraulic ram may need dismantling 
for cleaning. It is essential that as little debris 
as possible enters the drive pipe. For this reason, 
it is necessary to provide a grate or strainer to 
keep back floating leaves and debris. 
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11 a water treatment 

11 .l Introduction 

There will be situations where treatment of the water 
is necessary to render it fit for drinking and do- 
mestic use. The provision of any form of treatment in 
a water supply system will require a capital outlay 
that may be relatively substantial. More important, it 
will greatly expand the problems of maintaining the 
water supply system, and the risks of failure. Some 
water treatment processes are easier to operate and 
maintain than others, but all need regular supervision 
and attention. When designing a water treatment plant, 
the operational and maintenance requirements are key 
factors that must be considered carefully. 

The purpose of water treatment is to convert the water 
taken from a ground or surface source, the 'raw 
water', into a drinking water suitable for domestic 
use. Most important is the removal of pathogenic 
organisms and toxic substances 
causing health hazards. 

such as heavy metals 
Other substances may also need 

to be removed or at least considerably reduced. These 
include: suspended matter causing turbidity, iron and 
manganese compounds imparting a bitter taste or 
staining laundry, and excessive carbon dioxide 
corroding concrete and metal parts. For small commu- 
nity water supplies, other water quality characteris- 
tics such as hardness, total dissolved solids and 
crganic content would generally be less important. 
They should be reduced to acceptable levels but the 
extent to which the water is treated will be limited 
by economic and technical consideraticns. The quality 
guidelines for drinking water presented in Chapter 3 
should be a guide when the extent of the necessary 
treatment is determined. 

Various water treatment processes (also called 'unit 
operations') have been developed. Some serve a single 
Purpose, others have multiple applicability. Often a 
treatment result can be obtained in different ways 
(Table l1.i). The treatment processes mentioned, are 
discussed in the chapters 12 - 17. Artificial re- 
charge (discussed in Chapter 9) may also be regarded 
as a water treatment process. 
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Storage of water can be regarded as treatment. For 
example, schistosomiasis cercariae are normally unable 
to survive 48 hours of storage. The number of faecal 
coliforms and faecal streptococci will be considerably 
reduced when the raw water in subjected to storage. 
Storage also allows sedimentation to take place re- 
ducing the settleable solids content of the water. 
Storage, however, may promote algal growth in the 
water. Loss of water through evaporation often is 
another drawback. These effects will be minimized if 
storage tanks are covered which also would prevent 
dust, insects, air borne pollution and small animals 
from contaminating the stored water. 

Table 11.1. 
Effectiveness of water treatment processes in removing various 
impurities 

+++ etc. = increasing positive 
effect 

0 = no effect 
= negative effect 

Aeration C?x.em,cal Sediment- Rapid Slow sand Chlorina- 
Coagula- at IOn Filtra- Filrra- t1on 
tion and t:on tion 
Floe. 

Dissolved Oxygen 
Content 

Carbon Dioxide 
Remova 1 

Turbidity* 
RedL<tron 

Colour Reduction 

Taste and O&xx 
Removal 

Fiacterra Removal 

Iron and Manga- 
nese Removal 

Organic Matter 
Remxal 

+ 0 

0 

0 +--+ 

0 ++ 

++ + 

0 + 

++ + 

+ + 

0 

0 + 

+ ++s 

+ + 

+ ++ 

++ ++ 

+ ++++ 

++ +++ 

-- + 

++ + 

++++ 0 

++ ++ 

.* + + 

++++ ++++ 

++++ 0 

++++ A++ 

l Twbrdity of water is -aused by the presence of suspended matter scattering 
and absorbing light rays, and thus giving the water a non-transparant, milk: 
appearaxe. 
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Frequently, a number of water treatment processes have 
to be used in combination, in order to obtain the 
desired result. For groundwater and for clear surface 
water, one or a few processes will probably be suf- 
ficient. Slightly polluted surface water generally can 
be sufficiently treated using a few processes; heavily 
pollute.1 water requires many treatment processes, one 
after the other, to render it safe for drinking and 
domestic use. For small comiiunity water supplies, 
complicated treatment schemes are not suited and in 
such cases a better solution may be to develop an- 
other, unpolluted source of water even when this can 
only be found at a greater distance. An alternative 
may be the use of underground fxmations for storage 
of water and quality improvement (artificial re- 
charge). 

Once the source of water has been selected, and the 
variation in its quality assessed, the engineer can 
decide wnich treatment should be applied. The follow- 
ing chapters give information and guidance. For small 
community water supplies, the most important design 
considerations are: 

Low cost; 
Use a minimum of mechanical equipment; 
Avoid the use of chemicals, when possible; 
Easy to operate and maintain. 

Simple arrangements can be effective, provided they 
are well-designed. The water treatment process 
diagram shown in Fig. 11.1 is illustrative. 

Figure 11.1. 
Simple arrangements for water intake, coagulant mixing and 
settling 
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1 11.2 Groundwater quality and treatment 

For the most part, groundwater originates from in- 
filtrated rainwater which after reaching the aquifer 
flows through the underground. During infiltration, 
V-2 water will pick up many impurities such as in- 
organic and organic soil particles, debris from plant 
and animal life, micro-organisms, natural or man-made 
fertilizers, pesticides, etc. During its flow under- 
ground, however, 
will occur. 

a great improvement in water quality 

tration, 
Suspended particles are removed by fil- 

organic substances are degraded by oxidation, 
and micro-organisms die away because of lack of 
rlutriects. The dissolved mineral compounds are no% 
removed; in fact, the mineral content of the water can 
increase considerahly through the leaching of salts 
from the underground layers. 

Groundwater, if properly withdrawn, will be free from 
turbidity and pathogenic organisms. When it origin- 
ates from a clean sand aquifer, other hazardous gr 
objectionable substances will also be absent. In these 
cases, a direct use of the water as drinking water may 
be permitted without any treatment. When the water 
comes from an aquifer containing organic matter, 
oxygen will have been consumed and the carbon dioxide 
content of the water is likely to be high. The water 
will then be corrosive unless calcium-carbonate in one 
form or another is present. In cases where the amount 
of the organic matter in the aquifer is high, the 
oxygen content may be completely depleted. The water 
containing no oxygen (anaerobic water) will dissolve 
iron, manganese and heavy metals from the underground. 
Through treatment these substances can be removed, 
i.e. by aeration. It depends on the type of aerator 
whether the carbon dioxide ccntent of the water will 
be reduced or left unchanged. A reduction is 
desirable if the water is corrosive but in other cases 
it can result in troublesome deposits of calcium 
carbonate. 

Sometimes, groundwater contains excessive amounts of 
Iron, manganese and ammonia. In Europe, where ground- 
water is scarce, even such groundwater sources are 
abstracted and treated with chemical coagulation and 
flocculation or dry filtration to render them fit for 
drinking and domestic purposes. However, for small 
community water supplies in developing countries these 
processes are too complicated and should be avoided 
whenever possible. Table 11.2 sums up the treatment 
processes described above. 
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Table 11.2. 
Treatment of groundwater 

WATER ?UALITY 

Aeration for Plain (Rapid) SJfety- Or 

Sedimer.t- Post- Chlw- Filtra- 
increasing reducing ation tion rination 

O2 co2 

Aerobic, farly 
hard, not 
corrosive 

0 

Aerobic, soft 
and corrosive 

Anaerobic, 
fairly hard, 
not corrosi;le 

no iron and 
manganese 

Anaerobic, 
fairly hard, 
not corrosive 

with iron and 
manganese 

Anaerobic, soft, 
corrosive X X 0 
no iron and 
manganese 

Anaerobic, soft 
corrosive X X 0 X 0 
with iron and 
manganese 

(X = necessary, 0 = optional) 

11.3 Surface water quality and treatment 

Surface water can be taken from streams, rivers, lakes 
or irrigation canals. Water in such surface sources 
originates partly from groundwater outflows and partly 
from rainwater that has flowed over the ground to the 
receiving bodies of surface water. The groundwater 
outflows will bring dissolved solids into the surface 
water; the surface run-off is the main contributor of 
turbidity and organic matter, as well as pathogenic 
organisms. In the surface water bodies, the dissolved 
mineral particles will remain unchanged but the or- 
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ganic impurities are degraded through chemical and 
microbial processes. Sedimentation in impounded or 
slow-..; ;..>winf.j :;urface water results in the removal of 
suspc;lded solids. Pathogenic organisms will die off 
due to lac-lT; of suitable f>od. However, new CO.?- 
tamination of the surface water is likely to ta:cc 
place as a result of waste influents and algal growt,?. 

In sparsely populated areas, clear water from rivc,rr 
and lakes might require no treatment to make it 
suitable for drinking. However, taking into accoui‘i 
the risk of incidental contamination, chlorination as 
a safety measure should be provided whenever feasible. 
ijilpOiiuted surface water of low turbidity may bc 
purified by slow sand filtration as a single treatment 
process, or by rapid flitration followed by chlorin- 
ation only. Slow sand filters, particularly in rural 
areas of developing countries, have the great ad- 
vantage that local workmen can build them with 
locally-available materials and without much expert 
supervision. 
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When the turbidity of the water to be treated is high, 
or when algae are present, slow sand filters would 
rapidly clog. A pretreatment will be needed, such as 
sedimentation, rapid filtration or both processes in 
combination. For colloidal suspended particles, the 
removal by settling can be greet:>- improved through 
chemical coagulation and flocculation. The removal of 
algae is promoted by pre-chlorination. All. these 
processes are reqired in most instances where the 
organic matter content of the raw water is high. Water 
from rivers and lakes is of a very wide variety in 
composition and it is impossible to describe in detail 
all the treatment systems required in every case. 
Leaving complicated processes out, Table 11.3 shows 
the systems most applicable to small community water 
supplies. 

Tab!e 11.3 

-. ___-___-_-.-_-- 
treatment Pre-chlo- Chem.coag. sodzment- RL3PlU Slri-: sand saiecy- 9r 

rlnation nnd floe. at1on Filtration Filtration Post-calo- 
rlnation 

clear and 
unpolluted 

ij 

-___--.--.- -. .- 

sllghr?y 
polluted, 
low tLm1- 
dity 

c X l! 

~-~- -.--- - 

pollutba, 
mediiun 
turbrdity 

C X X 0 

slightly 
polluted, 
high x X x X 0 

turbidity 

slightly 
polluted, X X X X x 
many algae 

heavily 
polluted, X X x 0 
LittLe 
turbidity 
____ __--_ _~- .~ 

X X x X X 

____-----_ _ ----..___ 

(X -5 necessary. 0 = oGtiona1) 

197 



198 



! Water treatment 

I American Water Works Association 
i WATER QUALITY AND TREATMENT 
/ McGraw-Hill Book Co., New York, 1971 (3rd Editrdn) 

Azevedo Netto, J.M. 
TRATAMENTO DE AQUAS DE ABASTECIMENTO 
Editora de Universidade de Sao Paulo, Sao Paulo, 1966 

Cox, C.R. 
OPERATION AND CONTROL OF WATER TREATMENT PROCESSES 
World Health Organisation, 1964, 392 p. 
(Honograph Series No. 49) 

Fair, G-H.; Geyer, J-C.; Okun, D.A. 
WATER ARD WASTE WATER ERGINEERXNG (2 Volumes) 
John Wilei, London, 504; 664 p. 

Fair, C.M.; Ceyer, J.C.; Okun, D.A. 
ELkBENTS OF WATER SUPPLY AND WASTE DISPOSAL 
John Wiley, London, 1972 

Mann, H.T.; Williamson, D. 
WATER TREATMENT AND SANITATION 
Intermediate Technology Publications Ltd., London, 1968, 92 p. 

MANUAL ON WATER SUPPLY AND TREATMENT 
Goverinment of India Ministry of Works & Housing (Central Public 
Health Environmental Engineering Organisation), 
New Delhi, 1976 (2nd Edition) 

Sanks, R.C. 
WATER TREATMENT PLANT DESIGN FOR THE PRACTICING ENGINEER 
Ann Arbor Science, Ann Arbor, USA, 1978 

Smethurst, G. 
BASIC WATER TREATMENT 
Thomas Telford Ltd., London, 1979 

TEORIA DESIENO CONTROL DE LOS PROCESOS DE CLARIFICACION DEL AGUA 
Centro Panamericano de Ingenieria Sanitaria y Ciencias de1 
Ambiente, Lima, 1974 (Serie Technica 13) 

VILLAGE TECIINOLOGY RANDBOOK 
Volunteers in Technical Assistance 
Mount Rainer, Maryland, USA, 1977 

199 



200 



aeration 

aeration 

12.1 Introduction 

Aeration is the treatment process whereby water, is 
brought into intimate contact with air for the pur- 
pose of (a) increasing the oxygen content, (b) re- 
ducing the carbon dioxide content, and (c) removing 
hydrogen sulfide, methane and various volatile or- 
ganic compounds responsible for taste and odour. The 
treatment results mentioned under (a) and (c) are 
always useful in the production of good drinking 
water. Reducing the carbon dioxide content, however, 
may shift the carbonate-bicarbonate eguilibrium in 
the water so that deposits of calci-um carbonate alre 
formed which may cause problems. 

AeLation is widely used for the treatment of groun;- 
water having too high an iron and manganese content. 
These substances impart a bitter taste to the water, 
discolour rice cooked in it and give brownish-black 
stains to clothes washed. The atmospheric oxygen 
brought int3 the water through aeration will react 
with the dissolved ferrous and manganous compounds 
changing them into insoluble ferric 
oxide hydrates. 

and manganic 
These can then be removed by sedi- 

mentation or filtration. It is important to note that 
the oxidation of the iron and manganese compounds in 
the water is not always readily achieved. Parti- 
cularly when the water contains organic matter, is 
the formation of iron an2 manganese precipitates 
through aeration likely to be not very effective. 
Chemical oxidation, a change in alkalinity or special 
filters may then be required for iron and manganese 
removal. These treatment methods, however, are expen- 
sive and complex, and for rural areas in developing 
countries it would be better to search for another 
source of water. For the treatment of surface water, 
aeration would only be useful when the water has a 
high content of organic matter. The overall quality 
of this type of water will generally be poor and to 
search for another water source would probably be 
appropriate, 

The intimate contact between water and air, as needed 
for aeration, can be obtained in a number of ways. 
For drinking water treatment, it is mostly achieved 
by dispersing the water through the air in thin 
sheets or fine droplets (waterfall aeratorsj, or by 
mixing the water with dispersed air (bubble 
aerators). In both ways the oxygen content of the 
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water can be raised to 60-80x of the maximum oxygen 
content that the water could contain when fully 
saturated. In waterfall aerators an appreciable 
release of gases from the water is effected; in 
bubble aerators this effect is negligible. The 
reduction of the carbon dioxide by waterfall aerators 
can be considerable, but is not always sufficient 
when treating very corrosive water. h chemical treat- 
ment such as the dosing CJ~ lime, or filtration over 
marble or burned dolomite would be required for this 
type of water. 

12.2 Waterfall aerators 

The multiple tray aerator shown in Fig. 12.1 provides 
a very simple and inexpensive arrangement and it 
occupies little space. 

‘F=l 
/I\ it\ i’l\ /I\ 

0 1 

Y=== 

v- --_--_ 1 

\-*---.I 
RAW WATER 

\ 44 ----- 

AERATED WATER 

Figure 12.1. 
Multiple-tray aerator 

This type of aerator consists of 4-8 trays with per- 
forated bottoms at intervals of 30-50 cm. Through 
perforated pipes the water is divided evenly over the 
upper tray, from where it trickles down at a rate of 
about 0.02 mJ/sec per m2 of tray surface. The drop- 

202 



lets are dispersed and re-collected at each following 
tray. The trays can be made of any suitable material, 
such as asbestos cement plates with holes, small dia- 
meter plastic pipes or parallel wooden slats (Fig. 
12.2.). For finer dispersion of the water, the 
aerator trays can be filled with coarse gravel about 
10 cm deep. Sometimes a layer of coke is used which 
acts as catalyst and promotes the precipitation of 
iron from the water. A hand-operated aera,tion/filtra- 
tion unit for treatment of water having high iron and 
manganese content is shown in Fig. 12.3. 

Figure 12.2. 
Aerator installation 
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75mmx25mm 
VENTILATORS 

25mmsq.VENTlLATORl 

25 mmSTONE 
15cm LAYER 

COARSESAND 
30 cm LAYER 

Ref.: NEERI, India 
Figure 12.3. 
Hand-opera ted aeration/filtration unit 

A type of aerator with similar features, is the 
cascade aerator (Fig. 12.4). Qsentially this 
aerator consists of a flight of 4-6 steps, each about 
313 cm high with a capacity of about 0.01 m3/s per 
metre of width. To produce turbulence and thus pro- 
mote the aeration efficiency, obstacles are often set 
at the edge of each step. Compared with tray aerators, 
the space requirements of cascade aerators are some- 
what larger but the overall head loss is lower. 
Another advantage is that no maintenance is needed. 

A multiple-platform aerator uses the same principles. 
Sheets of falling water are formed for full exposure 
of the water to the air (Fig. 12.5). 
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Figure 12.4. 
Cascade aerator 
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Figure 12.5. 
Multiple-platform aerator 
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Spray aerators consist of stationary nozzles, con- 
nected to a distribution grid through which the water 
is sprayed into the surrounding air, at velocities of 
5-7 m/set. 

A very simple spray aerator is shown in Fig. 12.6, 
with the water discharging downwards through short 
pieces of pipe, of some 25 cm length and with a dia- 
meter of 15-30 mm. A circular disk is placed a few 
centimetres below the end of each pipe, so that thin 
circular films of water are formed which further dis- 
perse into a fine spray of water droplets. 

Figure 12.6. 
Spray aerator 

Another type of spray aerator uses nozzles fitted to 
feeding pipes, which spray the water upwards (Fig. 
12.7). Spray aerators are usually located above the 
settling tank or filter units, so as to save space, 
and to avoid the need for a separate collector basin 
for the aerated water. 
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WATER BASIN 
WALL 

Figure 12.7. 
Nozzled spray aera tos 

To avoid clogging, the nozzle openings should be 
fairly large, more than 5 mm, but at the same time 
the construction should be such that the water is 
dispersed into fine droplets. Many designs have been 
developed to meet these requirements. A simple spray 
aerator using a baffle plate is shown in Fig. 12.8. 

BAFFLE PLATE 

---- / / /--. 

Figure 12.8. 
Simple spray aerator using baffle plate 
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Fig. 12.9 presents several examples of specially de- 
signed nozzles. 

"SACRAMENTO" 

1 75 

LE 
ECE 

"hEW YORK" "WEST PALMBEACH" 

all measures 
in mm 

"AMSTERDAM" 

Figure 12.9. 
Nozzles for spray aerators 

After: Fair, Geyer & Okun, lYb8 

12.3 Bubble aerators 

The amount of air required for bubble aeration of 
water is small, no more than 0.3-O-5 m3 of air per m3 
of water and these volumes can easily be obtained by 
a sucking in of air. This is best demonstrated with 
the venturi aerator shown in Fig. 12.10. The aerator 
is set higher than the pipe carrying the raw water. 
In the venturi throat the velocity of flow is so high 
that the corresponding water pressure falls below the 
atmospheric pressure. Hence, air is sucked into the 
water. After passing the venturi throat, the water 
flows through a widening pipe section and the 
velocity of flaw decreases with a corresponding rise 
of the water pressure. The fine air bubbles are mixed 
intimately with the water. From the air bubbles, 
oxygen is absorbed into the water. The release of' 
carbon dioxide in this type of aerator is negligible, 
because the air volume of the bubbles is quite small. 
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Compared with spray aerators, the space requirements 
of venturi aerators are low: the overall headloss is 
about the same. 

PERFORATED PIPE 

AERATED WATER 

Figure 12. lo. 
Venturi aerator 

The submerged cascade aerator of Fig. 12.11 operates 
by entrapping air in the falling sheets of water 
which carry it deep into the water collected in the 
troughs. Oxygen is then transfered from the air 
bubbles IL?C. the water. The total fall is about 
1.5 m subdivided in 3-5 steps. The capacity varies 
between 0.005 and 0.05 ms/sec. per metre of width. 

Figure 12.11. 
Submerged cascade aerator 
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coagulation and flocculation 

13.1 Introduction 

Coagulation and flocculation provide the water treat- 
ment process by which finely divided suspended and 
colloidal matter in the water, is made to agglomerate 
and form floes. This enables their removal by sedi- 
mentation filtration. 
(colloids) a%: eidway in 

Colloidal particles 
size* between dissolved 

solids and suspended matter. Colloids are kept in 
suspension ('stabilized') by electrostatic repulsion 
and hydration. Electrostatic repulsion occurs because 
colloids usually have a surface charge due to the 
presence of a double layer of ions around each 
particle. Thus, the colloid has an electric charge, 
mostly a negative one. Hydration is the reaction of 
particles at their surface with the surrounding 
water. The resulting particle-water agglomerates have 
a specific gravity which differs little from that of 
water itself. 

The substances that frequently are to be removed by 
coagulation and flocculation, are those that cause 
turbidity and colour. Surface waters in tropical 
countries often are turbid and contain colouring 
material. Turbidity may result from soil erosion, 
algal growth or animal debris carried by surface 
runoff. Colour may be imparted by substances leached 
from decomposed organic matter, leaves, or soil such 
as peat. Both turbidity and colour are mostly present 
as colloidal particles. 

The electrostatic repulsion between colloidal parti- 
cles effectively cancels out the mass attraction 
forces (van der Waal's forces) that would bring the 
particles together. Certain chemicals (called coagu- 
lating agents, coagulants) have the capacity to 
compress the double layer of ions around the colloi- 
dal particles. They check the electrostatic re- 
pulsion, and thus enable the particles to flocculate, 
i.e. to form floes. These floes can grow to a suf- 
ficient size and specific weight to allow their 
removal by settling or filtration. 

Generally, water treatment processes involving the 
use of chemicals are not so suitable for small com- 
munity water supplies. They should be avoided when- 
ever possible. Chemical coagulation and flocculation 

:‘; Size range: 5.10a6 - 2.10-4 q illimetre 
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should only be used when the needed treatment result 
cannot be achieved with another treatment process 
using no chemicals. If the turbidity and colour of 
the raw water are not much higher than is permissible 
for drinking water, it should be possible to avoid 
chemical coagulation in the treatment of the water. A 
process such as slow sand filtration would serve both 
to reduce the turbidity and colour to acceptable 
levels, and to improve the other water quality 
characteristics, in a single unit. A roughing filter 
can serve to reduce the turbidity load on the slow 
sand filter, if necessary. 

13.2 Coagulants 

Alum (Al (SO ) .nE3 0; 
the most2wid%& used 

aluminium sulphate) is by far 

ferric 
coagtilant but iron salts (e.g. 

chloride;FeCl ) can be used as well, and in 
some instances have 2 dvantages over alum. A signifi- 
cant advantage of iron salts over aluminium is the 
broader pH* range for good coagulation. Thus, in the 
treatment of soft coloured waters where colour re- 
moval is best obtained at low pH's, iron salts may be 
preferred as coagulants. Iron salts should also be 
considered for coagulation at high pH's, since ferric 
hydroxide is highly insoluble in contrast to aluminum 
salts which form soluble aluminate ions at high pH's. 
Sodium aluminate is mostly used for coagulation at 
medium pH's. Synthetic organic polyelectrolytes have 
become available as coagulants but are generally not 
economical for small water supply systems, nor are 
they readily available. 

Coagulants such as soluble aluminium and iron salts 
react with the alkalinity of the water, and hydrolyze 
in it, For example, alum reacts to form aluminium- 
hydroxide floe, Al(OH ), 
The required 3 

a gelatinous precipitate. 
alkalinit may be naturally present in 

the water or it has to be added through dosage of 
lime, Ca(OH2) or sodium carbonate, 
called: soda-ash). 

Na2C03 (also 

For good coagulation, the optimal dose of coagulant 
should be fed into the water and properly mixed with 
it. The optimal dose will vary depending upon the 
nature of the raw water and its overall composition. 
It is not possible to compute the optimal coagulant 
dose for a particular raw water. A laboratory ex- 

coagulation and flocculation 

it i'leasure of the acidity/alkalinity of water. Acid water has a 
pH below 7, the pH of alkaline water is higher than 7. 
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periment called the !jar test' is generally used for 
the periodic determination of the optimal dose. The 
'jar test' may be briefly described as follows: 

A series of samples of water are placed on a special multiple 
stirrer and the samples are dosed with a range of coagulant, 
e.g. 10, 20, 30, 40 and 50 mg/l; they are stirred vigorously 
for about one minute. Thea follows a gentle stirring (10 
minutes), after which the samples are allowed to stand and 
settle for 30 to 60 minutes. The samples are then examined for 
colour and turbidity and the lowest dose of coagulant which 
gives satisfactory clarification of the water is noted. 

A second test involves the preparation of samples with the pH 
adjusted so that the samples cover a range (e.g. pH = 5; 6; 7 
and 8). The coagulant dose determined previously is added to 
each beaker. Thea follows stirring, flocculation and settlement 
as before. After this, the samples are examined and the optimum 
pH is determined. If necessary, a re-check of the minimum 
coagulant dose can be done. 

200 
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Coagulation of 50 q g/i kaolin with aluminum sulfate and 
ferric sulfate. Comparison of pH zones of coagulation of 
clay turbidity by aluminum sulfate, curve A, and ferric 
sulfate, curve B. Points OE the curves represent coagulant 
dosage required to reduce clay turbidity to one-half its 
original value. 

-_ .- _ (Adapted from R.F. Packham) 
Ftgure 13.1. 
pH tune-coagulation relationship 
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As mentioned earlier, aluminium and iron salts have 
considerable differences in their pH zones of good 
coagulation. For alum the pH zone for optimum coagu- 
lation is quite narrow, ranging from about 6.5 to 
7 .5. The comparable range for ferric sulfate is 
considerably broader, a pH range of about 5.5 to 9.0 
(Fig. 13.1). When the results of a 'jar test' are 
plotted, this type of curve is typical. 

The most common method of dosing the alum or ferric 
sulphate is in the form of a solution. Such a solu- 
tion (usually of 3 to 7% strength) is prepared in 
special tanks with a holding capacity of 10 or more 
hours coagulant feeding requirements. Two tanks are 
required, one in operation, while the solution is 
being prepared in the other. 

PVC PIPE --j 1 DOSING TAP 

CONSTANT 
LEVEL BOX 

Figure 13.2. 
Chemical feed arrang’oment for alum 

When using alum, one should keep in mind that in 
solutions of less than 1 percent strength, the chemi- 
cal is hydrolyzed (i.e. forms agglomerates with the 
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chemical feed water) before it is dosed into the raw 
water. To prevent this, the solution should always 
have a strength of more than 1.5 percent. 

Various chemical feed arrangements can be used. Fig. 
13.2. shows an example. 

The simplest method of using lime is in the form of a 
suspension led into a special tank (called a 'Lime 
Saturator'), to produce a saturated solution of cal- 
cium hydroxide. The size of the tank depends on the 
required lime dosage. 

For further information on chemicals used in water 
treatment, see Annex 4. 

13.3. Rapid mixing 

Rapid mixing aims at the immediate dispersal of the 
entire dose of chemicals throughout the mass of the 
raw water. To achieve this, it is necessary to agi- 
tate the water violently and to inject the chemical 
in the most turbulent zone, in order to ensure its 
uniform and rapid dispersal. 

The mixing has to be rapid, because the hydrolysis of 
the coagulant is almost instantaneous (within a few 
seconds). The destabilisation of colloids also takes 
very little time. 

The location of the rapid mixer should be near to the 
'chemical house' where solutions of chemicals are 
prepared. The feeding pipes then will be of short 
length. It is also desirable to place the rapid 
mixing device close to the flocculators. To combine 
both these requirements in the layout of a treatment 
plant is often quite difficult. 

Many devices are used to provide rapid mixing for the 
dispersal of chemicals in water. Basically, there are 
two groups: 

i) Hydraulic rapid mixing; 
ii) Mechanical rapid mixing. 

Hydraulic Rapid Mixing 

For hydraulic rapid mixing, arrangements are used 
such as: channels or chambers with baffles producing 
turbulent flow conditions, overflow weirs, and hy- 
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draulic jumps (Figs. 13.3; 13.4; 13.5). Rapid mixing 
may also be achieved by feeding the chemicals at the 
suction side of pumps. With a good design, a hydrau- 
lic mixer can be as effective as il n.cchanical mixing 
device. 

- FEED POINT OF COAGULANT 

Figure 13.3. 
Baffled channel for rapid mixing 

r FEED POINT OF COAGULANT 

NOTE: THE WEIR CAN ALSO BE USED 
TO MEASURE THE FLOW 

Figure 13.4. 
Overflow weir 
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i FEED POINT OF COAGULANT 

Figure 13.5. 
Hydraulic jump 

Figure 13.6. 
IRC Photo 

Hydraulic jump for rapid mixing (Philippines) 
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Mechanical Rapid Mixing 

With mechanical mixing the for 
agitation of 

power required 
the water is imparted by impellers, 

propellors or turbines ('Rapid Mixers', 'Flash 
Mixers', 'Turbo Mixers'). See Fig. 13.7. 

Generally, mechanical rapid mixers are less suitable 
for small treatment plants than hydraulic ones since 
they require a reliable and continuous supply of 
power. 

CHEMICAL 
FEED 

ELECTRIC MOTOR 

TO FLOCCULATOR 

Figure 13.7. 
Mechanical mixer 

13.4 Flocculation 

Flocculation is the process 
stirring 

of gentle and continuous 
of coagulated water for the purpose of 

forming floes through the aggregation of the minute 
particles present in the water. It is thus the con- 
ditioning of water to form floes that can be readily 
removed by settling or filtration. The efficiency of 
the flocculation process is largely determined by the 
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number of collisions between the minute coagulated 
particles per unit of time. 
hydraulic flocculators. 

There are mechanical and 

In mechanical flocculators the stirring of the water 
is achieved with devices such as paddles, 
reels or rakes. 

paddle 

These devices can be fitted to a vertical or horizon- 
tal shaft. Vertical shaft flocculators are usually 
placed in a square tank with several chambers (4 or 
more). With horizontal shaft flocculators having a 
traverse flow, one should provide at least 4 rows of 
shafts, with partitions of baffles (stop logs), 
to avoid short-circuiting. 

so as 

In hydraulic flocculators, the flow of the water is 
so Influenced by small hydraulic structures that a 
stirring action results. Typical examples are: 
channels with baffles, flocculator chambers placed in 
series (e.g. 'Alabama' 
flocculators. 

flocculator) and gravel bed 

The main shortcomings of hydraulic flocculators are: 

No adjustment is possible to changes of raw water 
composition; 
No adjustment is possible to the water production 
rate of the treatment plant; 
The head loss is often appreciable; 
They may be difficult to clean. 

Desiqn of Flocculators 

In the design of a flocculator installation not only 
the velocity gradient (G) should be taken into 
account, but also the detention time (t). The product 
G.t gives a measure for the number of particle colli- 
sions, and thus for the floe formation action. 

The formula for computing the velocity gradient is: 
\m 

G = 
V Li 

, in which 

G = velocity Lradient (set-') 
P = power transmitted to the water (kilowatt) 
V = volume of water to which the power is applied; where 

applicable, the volume of the mixing tank or basin (m3) 
= kinematic v&scosity of water (m*/sec) 

(1.14 x 10W6m2/sec at water temperature ef, 15OC; 
1.01 x 10 m2/sec at 20°C; 0.90 x 10 m2/sec at 25OC). 
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Table 13.1. 
Flocculator design criteria 

_____- 
Design Factcr G 

(set --I) 
t G.t 

(set) 
-- __ -~~--- 

Range 10 to 100 1.206 to 1.800 3o.oou to 150.000 

Typical Value 45 to 30 l.HOO 5o.oi)o to 1cJ0.G00 
- -~___-- 

For each individual flocculator, the optimal G.t 
value should be carefully selected, and taken 9s high 
as is consistent with the optimal formation of floes 
without causing disruption or disintegration of the 
floes after they have formed. The internal cohesion 
of the floes can be improved by chemicals such as 
activated silica or polyelectrolytes 
aids). 

(coagulant 

13.5 HydrauEic flocculators 

Baffled Channel Flocculators 

For horizontal-flow baffled flocculation channels 
(Fig. 13.8), the design water velocity usually is in 
the 0.10 to 0.30 m/set. range. Detention time normal- 

1 
I 

ly is 15 to 20 minutes. 

Figure 13.8. 
Horizontal-flow baffled chunnel flocculator (plan) 
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This type of flocculator is well suited for very 
small treatment plants. The efficiency, however, is 
highly dependent on the depth of water in the baffled 
channel. 

Flocculators with vertical flow through baffled 
chambers (Fig. 13.9) are mostly used for medium- and 
larger-size water treatment plants. The water flow 
velocity range is 0.1 - 0.2 m/set. Detention time is 
10 - 20 minutes. Cleaning arrangements are called for 
because of deposits in the flocculator. 

LOSS OF HEAO I 

Figure 13.9. 
Vertical-flow baffled chamber flocculator (cross section) 

'Alabama'-type Flocculators 

'Alabama*-type flocculators are hydraulic floccula- 
tors having separate chambers placed in series 
through which the water flows in two directions (Fig. 
13.10). The water flows from one chamber to the next, 
entering each adjacent partition at the bottom end 
through outlets turned upwards. This type of floc- 
culator was initially developed and used in the State 
of Alabama (U.S.A.) and later introduced in Latin 
America. 
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Fig. 13.10. 
‘Alabama’-type flocculator 

For effective flocculation in each chamber, the 
outlets should be placed at a depth of about 2.50 m 
below the water level. 

Common design criteria are: 

Rated capacity per unit chamber: 25 to 50 litres/ 

Velocity at turns 
set per square metre 
0.40 to 0.60 m/set 

Length of unit chamber (L) 0.75 - 1.50 m 
Width (B) 0.50 - 1.25 m 
Depth W 2.50 to 3.50 m 
Detention time (t) 15 to 25 minutes 

The loss of head in this type of flocculator normally 
is about 0.35 to 0.50 m for the entire unit. Thf 
velocity gradient is usually in the 40-50 set 
range. 
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Table 13.2 provides practical guidance for the design 
of an 'Alabama*-type flocculator. 

Table 13.2. 
Guidance for ‘.4labama’-type flocculator design 

Flow Rate Width Length Diameter Unit chamber Unit chamber 
? B L D area volume 

10 

20 

30 

40 

50 

60 

70 

80 

90 

100 

0.60 

0.60 

0.70 

0.80 

0.90 

1.00 

1.05 

1.15 

1.20 

1.25 

0.60 150 0.35 1.1 

0.75 250 0.45 1.3 

0.85 300 0.6 1.8 

1.00 350 0.8 2.4 

1.10 350 1.0 3.0 

1.20 400 1.2 3.6 

1.35 450 1.4 4.2 

1.40 450 1.6 4.8 

1.50 500 1.8 5.4 

1.60 500 2.0 6.0 

Example: 

Flow Q = 1.2 q 3/minute. Detention time = 15 min. Size of curved 
pipe: 250 mm (10"). Unit chamber measures 0.60 x 0.75 m2. 
Volume of unit chamber: 1.3 q 3.Total volume required: 15 x 1.2 
= 18 m3. Number of chambers 18/1.3 = 14. 

Hydraulic Jet Mixer and Flocculator 

In a jet flocculator the coagulant (alum) is injected 
in the raw water using a special orifice device. The 
water is then jetted into a tapered cylinder placed 
above the nozzle. The resulting jet pump action gives 
a gentle stirring of the water for floe formation, 
and part of the formed floes are recycled (Fig. 
13.11). Through these two actions, in combination, 
excellent flocculation results can be achieved. 
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I 
I - - 

ALuM\- 1 RAW WATER- \ 

RAW 
WATER 

ORIFICE 

SETTLING TANK 

Figure 13.11. 
Hydraulic jet f’occulator 
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sedimentation 

14.1 introduction 

Sedimentation is the settling and removal of sus- 
pended particles that takes place when water stands 
still in, or flows slowly through a basin. Due to the 
low velocity of flow, turbulence will generally be 
absent or negligible, and particles having a mass 
density (specific weight) higher than that of the 
water will be allowed to settle. These particles will 
ultimately be deposited on the bottom of the tank 
forming a sludge layer. The water reaching the tank 
outlet will be in a clarified condition. 

Sedimentation takes place in any basin. Storage 
basins through which the water flows very slowly, are 
particularly effective but not always available. In 
water treatment plants, settling tanks specially 
designed for sedimentation are widely used. The most 
common design provides for the water flowing horizon- 
tally through the tank but there are also designs for 
vertical* or radial flow. For small water treatment 
plants, horizontal-flow, rectangular tanks generally 
are both simple to construct and adequate. 

t 
SETTLING ZONE ” 

m- - - 
SETTLE0 WATER 

Figure 14.1. 
Rectangular horizontal flow settling tank 

2’; The operational requirements of vertical-flow sludge 
blanket-type settling tanks are so strict that they are 
generally not suitable for small water treatment plants. 
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The efficiency of the settling process will be much 
reduced, if there is turbulence or cross-circulation 
in the tank. To avoid this, the raw water should 
enter the settling tank through a separate inlet 
structure. Here the water must be divided evenly over 
the full width and depth of the tank. Similarly, at 
the end of the tank an outlet structure is required 
to collect the clarified water evenly. The settled - 
out material will form a sludge layer on the bottom 
of the tank. Settling tanks need to be cleaned out 
regularly. The sludge can be drained off or removed 
in another way. For manual cleaning (e.g. scraping), 
the tank must first be drained. 

14.2 Settling tank design 

The efficiency of a settling tank in the removal of 
suspended particles can be determined using as a 
basis the settling velocity (s ) of a particle which 
in the detention time (T) will yust traverse the full 
depth (H) of the tank. Using these notations (see 
Fig. 14.1), the following formulae are applicable: 

S H ; =- 
0 

T = BLH' so that s 
0 

= k (m3/m2 .hr = m/hr) 
T Q' BL 

S 
0 

= settling velocity (m/'hr) 

z 
= detention time (hr) 
= flow rate (ma/hr) 

H = depth of tank (m) 
B = width of tank (m) 
L = length (m) 

Assuming an even distribution of all suspended 
particles in the water over the full depth of the 
tank (by way of an ideal inlet structure), particles 
having a settling velocity (s) higher than s will be 
completely removed, and particles that settle slower 
than so will be removed for a proportional part, 
S : s 

0‘ 

This analysis shows that the settling eficiency 
basically only depends on the ratio between the in- 
fluent flow rate and the surface area of the tank. 
This is called the "surface loading". It is in- 
dependent of the depth of the tank. In principle, 
there is no difference in settling efficiency between 
a shallow and a deep tank. 
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The settling efficiency of a tank as shown in Fig. 
14.1, may therefore be greatly improved by the 
installation of an extra bottom as indicated in Fig. 
14.2. The effective surface area would be greatly 
increased and the surface loading would be much 
lower. 

The design of a settling tank should properly be 
based on an analysis of the settling velocities of 
the settleable particles in the raw water (see: Annex 
3). 

I SLUDGE-d 

Figure 14.2. 
Settling tank with extra bottom 

Where sedimentation is used without pre-treatment, 
(this is called "plain sedimentation") for the clari- 
fication of river water, the surface loading gene- 
rally should be in the range from 0.1-l m/ hour. For 
settling tanks receiving water that has been treated 
by chemical coagulation and flocculation, a higher 
loading is possible, somewhere between 1 and 3 m/hour. 
In both cases, %he lower the surface loading the 
better the clarification of the water: the settled 
water will have less turbidity. 

The above considerations ignore the effects of tur- 
bulence, short-circuiting and bottom scour. To keep 
these effects to a minimum, the tank should not be 
too shallow, at least 2 m deep or more, and the ratio 
between length and width should be between 3 and 8. 
The horizontal velocity of flow, computed as v = Q/BH, 
will then be in the 4 to 36 m/hour range. A t&k 2 m 
deep or more could accommmodate mechanical sludge re- 
moval equipment but small installations are better 
cleaned manually. This is done at intervals varying 
from one to several weeks. The depth of the tank 
should be adequate to accommodate the sludge accumu- 
lating at the bottom between the cleanings. 
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This is well within the design limits quoted above. 
Assuming that during periods of high turbidity the 
river water contains a suspended load of 120 mg/l 
which is to be reduced to 10 mg/l by sedimentation, 
then 110 grammes of silt will be retained from every 

232 

For a further elaboration of settling tank design, 
take the example of a town with a future population 
of 10,000 inhabitants, 
litres/day per person. 

requiring an average of 40 
Assuming a maximum daily de- 

mand of 1.2 times the average demand, 
capacity should be: 

the design 

Q = 10,000 x -%- x 1.2 = 480 m3/day = 20 m3/hour 
1,000 

If the raw water source is turbid river water, it may 
be subjected to plain sedimentation as a first treat- 
ment. Two settling tanks should be built. If the 
second tank serves only as a reserve for when the 
first tank is out of operation, then each of the two 
settling tanks has to be designed to take the full 
design flow (Q = 20 ms/hour). An alternative is to 
provide two tanks of 10 ms/hour capacity each; this 
would give a saving in construction costs. With one 
of these tanks out of operation for cleaning, the 
other tank has to be overloaded for the duration of 
the cleaning operation. In many situations this can 
be quite acceptable. Whether this approach may be 
followed, must be determined in each individual case. 

If experience with other installations using the same 
water source indicates that a surface loading of 0.5 
m/hour gives satisfactory results, the sizing of the 
tank for a design capacity of 20 ma/hour would be as 
follows: 

Q = 20 - - = 0.5, so that BL = 40 m* 

BL BL 
The tank dimensions could be, for instance: 
B= 3 m, L = 14 m. 

With a depth of 2 m the tank would have about 0.5 m 
available for filling up with sludge deposits before 
cleaning is needed. The horizontal flow 
velocity would be: 

= 4.44 m/hour. 
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cubic meter of water clarified. With a surface 
loading of 0.5 m/hour this means an average sludge 
accumulation of 55 gram/mz/hour; that is for sludge 
having a dry matter content of 3%, an amount of 
55 : 0.03 = 1830 cm3/m2 per hour = 1.83 mm/hour. At 
the inlet end of the tank the deposits will accu- 
mulate faster, probably about 4 mm/hour, so that for 
an allowable accumulation of 0.5 m an interval of 125 
hours or 5 days between cleanings is to be expected. 
When the periods of high turbidity are infrequent and 
of short duration, this is certainly acceptable. 

14.3 Construction 

Settling tanks with vertical walls are normally built 
of masonry or concrete; dug settling basins mostly 
have sloping banks of compacted ground with a 
protective lining, if necessary. 

Medium and large size settling tanks generally have a 
rectangular plan and cross-section. To facilitate 
sludge removal it is convenient to have the tank 
bottom slope lightly towards the inlet end of the 
tank where the sludge pocket is situated. 

As described in section 14.1, a settling tank should 
have a separate inlet arrangement ensuring an even 
distribution of the water over the full width and 
depth of the tank. Many designs can be used; Fig. 
14.3 shows a few examples. The arrangement shown to 
the left consists of a channel over the full width of 
the tank with a large number of small openings in the 
bottom through which the water enters the settling 
zone. For a uniform distribution of the influent 
these openings should be spaced close to each other, 
less than 0.5 m apart, and their diameter should not 
be too small (e.g. 3-5 cm) otherwise they may clog 
up- The channel should be generously sized, with a 
cross-sectional area of at least twice the combined 
area of the openings. A settling tank as elaborated 
in the example given earlier, with a capacity of 
20 ms/hour and a width of 3 m, would have in the 
inlet channel about 6 holes of 4 cm diameter. The 
inlet channel itself would be about 0.4 m deep and 
0.3 m wide. 
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TOP - 

Figure 14.3. 
Inlet arrangements 

Frequently, the effluent water leaves the tank over 
weirs. Sometimes one weir is adequate but to prevent 
the settled material from being picked up again, the 
draw-off of the water should always be gentle and 
more weirs may have to be provided (combined length 
nB). The following formula can be used for computing 
the total weir length required: 

* = -k- 
0 

In the example of the preceding section: 

b)(3) = (5)(?5)(0.5) 
orn=2 

Outlet arrangements using one and more overflow weirs 
are shown in Fig. 14.4. 

When low weir overflow rates are used, the precise 
horizontal positioning of the weir crest is of im- 
portance. In the above example the 5 ma/hour overflow 
rate would give an overflow height A of only 8 mm. 
A slight deviation of the weir crest from the 
horizontal would then already cause a very uneven 
withdrawal of the settled water. To avoid this as 
much as possible, the weir crest may be made of a 
special metal strip fastened with bolts to the con- 
crete weir wall. The top of such a strip is not 
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straight; it has triangular notches at intervals 
(Fig. 14.5). Another solution is shown in Fig. 14.4 
to the left. Openings in the settling tank wall are 
used which should be of a smaller diameter than for 
the similar inlet construction. For Q = 20 m3/hour, 6 
openings of 2.5 cm diameter should be adequate. The 
suspended matter content of the effluent water 
normally being low, the danger of clogging the holes 
is small and cleaninq should not be needed fre- 
quently. 

Figure 14.4. 
Outlet arrangements 

Figure 14.5. 
Notched overflow weir 

Earlier it was mentioned that small settling tanks 
may also be constructed simply as a basin with 
vertical walls of wooden sheet piling or similar 
;;t;;ial (Fig. 14.6), or with sloping walls (Fig. 

. . In the latter case, only half the wetted slope 
length should be taken into account when computing 
the effective surface area and, thus, the surface 
loading of the settling basin. In both cases the 
basin should be constructed on raised ground to 
prevent flooding during wet periods. 
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INLET ZONE OUTLET ZONE 

-=: -*I 2 

PLAN 

I LONGITUOINAL SECTION CROSS SECTION 
I 

Figure 14.6. 
Settling basin constructed with wooden sheet piles 

OVERFLOW WEIR MAOE OF 
WOOEN SHEET PILES 

,--- ABOVE MAX FL000 LEVEL 

Figure 14.7. 
Dug basin as settling tank 
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14.4. Tilted plate and tube settlers 

The improvement in settling efficiency which can be 
obtained by the installation of one extra bottom 
(tray) in a settling tank can be greatly increased by 
using more trays as shown in Fig. 14.8. The space 
between such trays being small, it is not possible to 
remove the sludge deposits manually with scrapers. 
Eydraulic cleaning by jet washing would be feasible 
but a better solution is the use of self-cleaning 
plazes. This is achieved by setting the plates 
steeply at an angle of 40 to 60° to the horizontal. 
The most suitable angle depends on the characteris- 
tics of the sludge which will vary for different 
types of rab3 water. Such installations are called 
tilted plate settling tanks. This type of tank is 
shown schematically in Fig. 14.9. Fig. 14.10 shows a 
cross-section. 

AAH 
WA1 

I 
-6 

SLUDGE 

I 
Figure 14.8. 
Multiple-tray settling tank 

I -- 
SLUOGE 

Figure 14.9. 
Tilted plate settling tank 
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SLUOGE 

Figure 14.10. 
Settling tank with tilted plates 

For large tanks, 
or plates, 

quite sophisticated systems of trays 
have been devlsa.? but in small instal- 

lations flat or corrugated plates and upward flow of 
the water are frequently the most suitable. For any 
clarification duty, tilted plate settling tanks have 
the advantage of packing a large capacity in a small 
volume. The effective surface being large, the sur- 
face loading will be low, and the settling efficien- 
CYI therefore, high. 
computed as: 

The surface loading may be 

S 0 =- 
r-IA 

= surface loading (ma/m2/hour) 
;= rate of flow (ma/hour) 
A = bottom area of the tank (mz) 
n = multiplication factor depending on the type 

and position of the tilted plates. 

Water enters 
flows upward, 

at the bottom of the settling tank, 
passes the tilted plates, and is col- 

lected in troughs (Fig. 14.11). As the water flows 
upwards past the plates the settleable particles fall 
to the plates. 
wards, 

When they strike it, they slide down- 
eventually falling to the area beneath the 
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plates. An individual particle might enter tha plate 
channels several tin&Ls before it agglomerates and 
gathers sufficient weight to eventually settle to the 
tank floor. 

pb---.--. h -_____y 

SETTLED WATER 
COLLECTlNGTHROUGHS r INLET PIPE 

ORMOOULES 

Figure 14.11. 
Tilted plate settling tank disign parameters 

Assuming h = 1.5 m, w = 0.05 m, 4 = 55' and plates 
made of asbestos cement with a thickness of 6 mm, we 
find n = 16! One should keep in mind that the sludge 
deposits per unit bottom area will also be 16 times 
greater, for the same influent flow rate. Manual 
jiudge removal will probably be impractical. In a 
tank having a square plan, 
might be used. 

rotating sludge scrapers 
Another possibility is the use of 

hopper-bottomed tanks with the walls sloping at about 
50" to the horizontal. The depth of such a tank will 
be considerable and the costs of construction are 
likely to be much greater than for flat-bottomed 
tanks. Sludge discharge is carried out through the 
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draining of water from the hopper-bottom section of 
the tank (this is called "bleeding"). 

Instead of tilted plates, closely packed tubes may be 
used. These can easily be made of PVC pipes, usually 
of 3-5 cm internal diameter and sloping about 60° to 
the horizontal. For large installations commercially 
available tube models can have merit. An example is 
shown in Fig. 14.12 . There are many other designs 
that may give an equally good settling efficiency. 

Figure 14.12. 
Module for tube settler 

In a 5 cm dia tube, the farthest distance any 
particle must settle is from the top of the tube to 
the bottom. If the particle's settling rate is 2.5 
cm/minute it will take only two minutes for the 
particle to reach the bottom. In contrast, if the 
same particle were to settle in a 3 m deep tank, it 
would take 120 minutes (2 hours) for it to fall to 
the tank bottom. Tube modules commonly are approxi- 
mately 76 cm wide, 3 m long and 54 cm deep. Because 
the tubes are at an angle of 60' the effective tube 
length is 61 cm. 

Tube modules can be constructed from flat sheets of 
ABS plastic with the passage ways formed by slabs of 
PVC. The passage ways are slanted in a criss-cross 
pattern for structural strength so that the module 
need be supported only at its ends. Being of plastic 
these modules can be easily trimmed to fit the 
available space in a settling tank. 

The effective .settling surface is very great and., 
thus, the "surface loading" 
To illustrate this: 

(overflow rate) very low. 
a flow rate of 2 ma/hour through 

a settling basin of 0.1 m2 surface represents a 
"surface loading" of 20 ma/m2/hour. If twenty rows of 
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tubes are used, the surface loading will be reduced 
to 1 ma/m2/hour. The detention time of the water in 
each tube will be just a few minutes. 

The possibility of increasing the efficiency of a 
tank through the installation of tilted plates or 
tubes may be used with great advantage for raising 
the capacity of existing settling tanks. Where the 
available tank depth is small, less than 2 m, the 
installation of the tilted plates or tubes is likely 
to meet with problems. In deeper tanks, they can be 
very advantageous. 

In considering the expansion of existing facilities 
by the addition of tilted plates or tubes, it is 
important to remember that more sludge will be 
generated and so additional r%\moval facilities may be 
required. Inlet and outlet pipe sizes and weir 
capacity should also be checked to see i,' they can 
carry the increased loading. 
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slow sand filtration 

15.1 Introduction 

Filtration is the process whereby water is purified 
by passing it through a porous material (or 'medium'). 
In slow sand filtration a bed of fine sand is used 
through which the water slowly percolates downward 
(Fig. 15.1). Due to the fine grain size the pores of 
the filter bed are small. The suspended matter 
present in the raw water is largely retained in the 
upper 0.5-2 cm of the filter bed. This allows the 
filter to be cleaned by scraping away the top layer 
of sand. As low rates of filtration are used (0.1-O-3 
m/hour = 2-7 m3/mz/day), the interval between two 
successive cleanings will be fairly long, 
several months. 

usually 
The filter cleaning operation need 

not take more than one day but after cleaning, one or 
two more days are required for the filter bed to 
again become fully effective. 

i i 
i,LATERAL , 
1 UNOER”““” II UnRlN II 

.; INFLUENT 

EFFLUENT MAIN’ORAIN LiTERAL ~GAVEL 
CONDUIT 

Figure 15.1. 
Slow sand filter 
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The main purpose of slow sand filtration is the 
removal of pathogenic organisms from the raw water, 
in particular the bacteria and viruses responsible 
for the spreading of water-related diseases. Slow 
sand filtration is highly efficient in this respect 
as it is capable of reducing the total bacteria 
content by a factor of 1,000 to 10,000, and the 
E.coli content by a factor 100 - 1,000. A well- 
operated slow sand filter will remove protozoa such 
as Endamoeba histolytica and helminths such as 
schistosoma haematobium and Ascaris lumbricoides. 
When processing raw water that is only lightly con- 
taminated, slow sand filters will produce a bacteri- 
ologically safe water. E.coli will normally be absent 
in a 100 ml sample of the filtered water, which 
satisfies normal drinking water standards. 

Figure 15.2. Figure 15.2. 
IRC Photo 

Slow sand filter - circular type (Pakistan). Slow sand filter - circular type (Pakistan). 

Slow sand filters are also very effective in removing 
suspended matter from the raw water. However, the 
clogging of the filter bed may be too rapid necessi- 
tating frequent cleanings. Trouble-free operation is 
only possible when the average turbidity of the raw 
water is less than 5 F.T.U., with peak values below 
20 F.T.U. 
only. 

and occurring for periods of a few days 
When this is not the case, the suspended load 
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in the raw water must be reduced by a pre-treatment 
process such as sedimentation, coagulation and 
flocculation, or rapid filtration, before the water 
is admitted to the slow sand filter. In storage 
reservoirs, suspended particles will be removed by 
settling but a rapid blocking of the slow sand filter 
bed would still take place when considerable algal 
growth occurs. Pre-treatment will then be necessary. 

Slow sand filters have many advantages, for use in 
developing countries. They produce a clear water, 
free from suspended impurities and hygienically safe. 
They can be built with local materials using local 
skills and labour. Much of the complex mechanical and 
electrical equipment required for most other water 
treatment processes can be avoided. Slow sand filters 
do not for their operation require coagulating chem- 
icals, lime or chlorine that frequently need to be 
imported. It is true that they occupy more land and 
that their cleaning calls for ample labour but par- 
ticularly in the rural areas of developing countries 
these requirements generally should be no drawbacks. 

15.2 Theory of slow sand filtration 

In slow sand filters, the removal of impurities from 
the raw water is brought about by a combination of 
different processes such as sedimentation, ad- 
sorption, straining and, most importantly, bio- 
chemical and microbial actions. The purification 
processes start in the supernatant water but the 
major part of the removal of impurities from the 
water and the microbial and bio-chemical processes 
take place in the top layer of the filter bed, the 
'Schmutzdecke'*. 

Straining removes those suspended particles that are 
too large to pass through the pores of the filter 
bed. It takes place almost exclusively at the surface 
of the filter where the impurities are retained in 
the top layer. This will improve the straining ef- 
ficiency but it also increases the resistance against 
the downward water flow. Periodically the accumulated 
impurities have to be removed by scraping off the top 
layer. In this way the operating head of the filter 
bed is brought back to the original value. 

* The 'filter skin' or 1ayf.r of deposited material that forms 
on top of a slow sand filter. 
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Sedimentation removes fine suspended solids as they 
are deposited onto the surface of the filter bed sand 
grains. For fine sand as normally used in slow sand 
filters the combined surface area of the grains is 
very great, some 10,000 to 20,000 square metres per 
cubic metre of filter sand. In combination with the 
low rate of filtration, this gives a very low 
'surface loading' {as described in section 14.2). The 
settling efficiency will, therefore, be so high that 
even very small particles can be 'completely removed. 
Again, this action takes mainly place in the upper 
part of the filter bed and only organic matter of iow 
mass density is carried deeper into the bed. The 
remaining suspended solids, together with colloidal 
and dissolved impurities, are removed hy adsorption 
either onto the sticky gelatinous coating formed 
around the filter bed grains or through physical mass 
attraction and electrostatic attraction. 

The electrostatic attraction is the most effective, 
but it occurs only between particles having opposite 
electrical charges. Clean quartz sand has a negative 
charge and is, therefore, unable to adsorb negative- 
charged particles such as bacteria, colloidal matter 
of organic origin, anions of nitrate, phosphate, and 
similar chemical compounds. Thus, during the ripening 
period of a slow sand filter, only positive-charged 
particles are adsorbed, such as floe of carbonates, 
iron- and aluminium hydroxide, and cations of iron 
and manganese. However, the adsorption of positive 
charged particles will continue to a stage that 
over-saturation occurs. The overall charge of the 
filter bed grain coatings then reverses and becomes 
positive, after which negative-charged particles will 
be attracted and retained. After the initial ripening 
period the filter bed will exhibit a varied and 
continuously varying series of negative and positive 
charged grain coatings that are able to adsorb most 
impurities from the passing water. 

The matter accumulated on the filter sand grains does 
not remain there unchanged; it is transformed by 
bio-chemical and bacterial activity. Soluble ferrous 
and manganous compounds are turned into insoluble 
ferric and manganic oxide hydrates that become part 
of the coating around the sand grains. Organic matter 
is partly oxidised thus providing the energy needed 
by the bacteria for their metabolism. Another part of 
the organic matter is transformed into cell material 
which is used for bacterial growth. Usually, th& 
amount of organic matter in the raw water is small 
and provides food for only a limited bacterial popu- 
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lation. Thus, simultaneous with the bacterial growth 
mentioned above, there will be a die-off of bacteria. 
Organic matter is so released. It is carried away 
with the water flow and again consumed by other 
bacteria deeper in the filter bed. In this way the 
degradable organic matter originally present in the 
raw water is gradually broken down and transformed 
into inorganic compounds such as carbon dioxide, 
nitrates, sulfates, and phosphates. Finally these are 
discharged with the filter effluent. 

It should be stressed that the microbial actions 
mentioned above need time to establish themselves. 
Hence, a ripening period of sufficient time is re- 
quired. During this period bacteria from the raw 
water are adsorbed onto the filter bed grains. There, 
they multiply using the organic matter present in the 
water as food. The break-down of organic matter takes 
place in many steps in each of which a particular 
type of bacteria is active. 

For the filtration process to be effective, it is 
necessary that the bacteria develop and migrate to 
the deeper layers of the filter bed. This takes time, 
and variations in the filtration rate should be 
introduced slowly over a period of hours. In practice 
it has been found that the full bacterial activity 
extends over a depth of about 0.6 m of filter bed so 
that the effective bed thickness should be not less 
than 0.7 m. The initial bed thickness should be 
0.3-0.5 m more, to allow for a number of filter 
scrapings before resanding is necessary. 

The most important purification effect of a slow sand 
filter is the removal of bacteria and viruses. 
Through adsorption and other processes, bacteria are 
removed from the water and retained at the surface of 
the filter bed grains. For intestinal bacteria, the 
filter bed provides unfavourable conditions because 
the water is generally colder than their natural 
habitat, and usually contains not sufficient organic 
matter (of animal origin) for their living require- 
ments. 

Moreover, in the upper part of the filter bed several 
types of predatory organisms abound feeding on bac- 
teria. Deeper in the filter bed bio-chemical oxi- 
dation will have reduced the organic matter in the 
water already so much that the bacteria are starved. 
The various micro-organisms in a slow sand filter 
produce chemical compounds (antibiotics) and micro- 
bial agents that kill or at least inactivate in- 
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testinal bacteria. The overall effect is a con- 
siderable reduction of the number of E.coli and, 
since pathogens are less likely to survive than 
E.coli, an even greater reduction of their numbers is 
obtained. Treating a raw water of average bacterio- 
logical quality with slow sand filters, it is usual 
to find E.coli absent in 100 ml samples of filtered 
water. 

Slow sand filters are usually built in the open. 
Photosynthetic algal growth may occur. This has some 
disadvantages as will be explained in section 15.5 
but it also promotes the filter efficiency and helps 
achieve a greater removal of organic matter and 
bacteria. This is brought about by the thin slimy 
matting on top of the filter bed, consisting of 
threadlike algae and numerous other forms of aquatic 
life such as plankton, diatoms, protozoa, and 
rotifers. The filter matting is intensely active with 
the various organisms entrapping, digesting and 
breaking down organic matter from water passing 
through. Dead algae from the supernatant water and 
living bacteria from the raw water are similarly 
consumed in the filter matting; inert suspended 
matter is strained out. 

15.3 Principles of uperation 

Basically a slow sand filter consists of a tank, open 
at the top and containing the bed of sand. The depth 
of the tank is about 3 m and the area can vary from a 
few tens to several hundreds of square metres. At the 
bottom of the tank an underdrain system (the 'filter 
bottom') is placed lo support the filter bed. The bed 
is composed of firze sand, usually ungraded, free from 
clay and loam, and with as little as possible organic 
matter in it. The filter bed normally is 1.0-1.2 m 
thick, and the water to be treated (the 'supernatant 
water') stands to a depth of 1.0-1.5 m above the 
filter bed. 

The slow sand fiiter is provided with a number of 
influent and efflnen'c lines fitted with valves and 
control devices. These have the function of keeping 
both the s.aw water Level and the filtration rate 
constant. 

For clarity of illustration all influent and effluent 
lines are shown separately in Fig. 15.3 but in prac- 
tice they are combined and placed together to save on 
construction costs. 
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OUTLET 

TO DRAIN TO IlRAiN 

Figure 15.3. 
Slow sand filter 

Guring operation, the raw water enters the filter 
tank through valve A and passes the float-controlled 
regulating valve B; the supernatant water infiltrates 
into the filter bed and percolates down toward the 
underdrain system; the filtered water then passes a 
flow meter End the regulating valve F, and flows into 
the outlet weir chamber; from there the water passes 
through valve J and flows into the clear water well. 
Valve B keeps the raw water at a constant level. To 
obtain a constant rate of filtration, the regulating 
valve has to be opened a little bit each day in order 
to compensate for the increase in resistance of the 
filter bed due to clogging. when the demand for 
filtered water changes, valve F is adjusted slowly, 
over a period of several hours, with the water 
production rate checked by reading the flow meter. 
The outlet weir prevents under-pressures from oc- 
curring in the filter bed and makes the operation of 
the filter independent from water level variations in 
the clear water well. The weir also provides aeration 
of the water for which the weir chamber should be 
ventilated. Ventilation is further required for the 
filter itself to provide for the release of gases 
that are liberated or produced during filtration. To 
facilitate the release of these gases, the underside 
of the filter bottom should slope 1:500 upward in the 
direction of flow. For drainage purposes (e.g. when 
repairs are carried out) the filter-tank fioor should 
slope 1:200 downward. If considerable amounts of scum 
(e.g. floating algae) accumulate at the water surface 
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during filtration, scum outlets at the four corners 
of the filter are handy for regular scum removal. 

When after a period of operation the regulating valve 
F is fully open, a further increase in filter re- 
sistance would result in a reduction of the fil- 
tration rate. The production of filtered water would 
fall below the required rate, and the filter must be 
taken out of service for cleaning. Cleaning is 
carried out by scraping off the top 1.5 to 2 cm of 
dirty sand. For this the filter must first be drained 
to a water level about 0.2 m below the top of the 
sand bed. To start the cleaning operation, valve A is 
closed, usually at the end of a day, while the filter 
continues to discharge water in the normal 
through valves F and J. The next morning, valveswas 
and J are closed and the remaining supernatant water 
is drained off through valve C. This draining of the 
filter is controlled by a box of which one wall 
consists of stop logs forming a weir. The top of this 
weir is kept more or less level with the top of the 
filter bed. The pore water in the upper 0.2 m of the 
sand bed is drained off by opening valve E for a 
short period of time. When the cleaning operation 
(see section 15.6) has been completed, valve C is 
closed and the filter is slowly refilled with fil- 
tered water from underneath, through valve D, to a 
level of about 0.1 m above the top of the sand bed. 
During this operation one should take care that all 
the air that has accumulated in the pores of the bed 
is driven out. 

After this, raw water is admitted from the inlet 
through valve A taking care not to damage the filter 
bed. An effective arrangement is to lticate valve A 
above the discharge box connected to valve C. When 
the raw water level in the filter has reached its 
normal level as determined by the 'regulating valve B, 
valve K is fully opened and regulating valve F just 
enough for the clean filter to operate at about one 
quarter of its normal filtration rate. 

During the next 12 hours the filtration rate is 
slowly raised to the normal level. After at least 12 
more hours - but preferably 36 hours -valve K is 
closed and valve J opened; the filter is back in 
normal operation. When the filter has been out of 
operation for a considerable period of time, e.g. for 
re-sanding or repair, the ripening period of 1 to 2 
days mentioned earlier must be extended with several 
more days. When the filter is new, the breaking-in 
period may even take several weeks. In the event of 
the filter remaining out of operation for a long 
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period, it should be drained completely using valves 
E, G and H. 

The operating method for a slow sand filter as de- 
scribed above, is fail-safe and gives reliable 
results but the installation is rather complex. Many 
simplifications are possible. When the raw water 
level on top of the filter is kept constant by mani- 
pulating the raw water supply rate it is possible to 
do without the float-operated regulating valve B. 
Valves D and E may be combined, and the function of 
valve H can be fulfilled by valve K. Scum outlets are 
not necessary particularly for small filters, if scum 
removal can be carried out manually. Fig. 15.4 shows 
an example of such a simplified design which has a 
minimal number of control valves and only a few 
influent and effluent lines. 

CLEAR WELL 

Figure 15.4. 
Simplified slow sand filter 

16.4 Design considerations 

For the actual design of a slow sand filter four 
dimensions have to be chosen in advance: the depth of 
the filter bed, the grain size distribution of the 
filter material, the rate of filtration, and the 
depth of supernatant water. As far as possible, these 
design factors should be based on experience obtained 
with existing treatment plants which use the same 
water source or water of a comparable nature. When 
such experience is not available, the design should 
be based on results obtained with pilot tests carried 
out with experimental filters (see Annex 3). 
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When no actual or experimental data are available, 
the following procedure may be used: 

slow sand filtration 

a. 

b. 

C. 

d. 

I : 

e. 
f. 

In 

For the initial design, the bed thickness is 
chosen at 1.0-l-2 m, This is sufficient to allow 
for the necessary filter bed scrapings before the 
minimum thickness of 0.7 m is reached. 
Analyse the grain size distribution of locally 
available sand and determine the effective size 
and coefficient of uniform:ty (see Fig. 15.5). 
Select sand with an effectrve size of about 0.2 
mm and a coefficient of uniformity less than 3. 
When such sand is not available a coefficient of 
uniformity up to 5 may be accepted, and an ef- 
fective size of the sand ranging from 0.15 to 
0.35 mm. Builder's grade sand often satisfies 
these requirements. Sometimes burnt rice husks of 
0.3 to 1.0 mm size are used. 
For the initial design fix the depth of super- 
natant water at between 1 and 1.5 m. 
Provide at least 2 and preferably 3 filter units. 
The combined surface area should be so large that 
with one filter out of operation for cleaning, 
the filtration rate in the operating units will 
not exceed 0.2 m/hour. 
Provide space for additional filter units. 
As soon as operations start, carefully note the 
length of the, filter runs. An average filter run 
of about 2 months is most appropriate. When 
filter runs prove to be much longer, filtration 
rates can be raised allowing a greater qlant 
output. If filter runs are shorter than expected, 
additional units will have to be constructed at 
an earlier date than was an?:cipated. 

slow sand filters under-pr essure (that is water 
pressure below atmospheric) mus‘t- be avoided under all 
circumstances as this might give serious problems. 
Air bubbles would form and accumulate in the filter 
bed increasing the resistance against the filtration 
flow. Air bubbles of large size may even break up the 
filter bed and create fissures through which the 
water would pass without adequate purification. The 
maximum allowable head loss over the filter bed is 
thus limited to the depth of she supernatant water 
plus the resistance of the cli-n filter bed at the 
minimum filtration rate. In orr:?r to make the occur- 
rence of under-pressure compl -tely impossible, an 
overflow weir may be provided -n the effluent line. 
The difference in level between the supernatant water 
and the overflow weir should not exceed the maximum 
allowable head loss plus the head losses in the 
effluent piping, again for the minimum rate of 
filtration. 
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Figure 15.5. 
Grain size distribution of filter sand 

For the low filtration rates used in slow sand 
filters, a small variation of the level of the super- 
natant water may have an appreciable influence on the 
filtration rate and so affect the effluent quality. 
To avoid this, filtration rate control fitted in the 
effluent line should be provided. 

15.5 Construction 

As regards the construction of a slow sand filter, 
various elements may be distinguished the most im- 
portant being the filter tank, the filter bottom, the 
filter bed, the supernatant water and the influent 
and effluent lines. Attention should also be given to 
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the layout of the slow sand filtration plant as a 
whole. 

In continental Europe slow sand filters are built of 
reinforced or pre-stressed concrete with a rect- 
angular form and vertical walls 3 to 4 m high. Where 
possible they are situated above the highest ground- 
water table to make sure that there is no seepage of 
polluted water through cracks. In Great Britain mass 
concrete is still very popular. Gravity walls are 
used and a separate floor is constructed on site, 
with sections placed in a checker-board pattern (Fig. 
15.6). 

ROUGHENED SURFACE 
TO PREVENT SHORT-CIRCUITING 

PERMANENT JOINT 

I~~~~~klllIlIIIlIlIlIIIIIlIIliIIlrrnrIIIrIIIlrlrIIrrI!~rIIIIIIIlllllrrIIllq 

/- STABILIZE0 SAN0 
AS WORKING PLATFORM 

L FLOOR SLABS 
3x3 M 

Figure 15.6. 
Slow sand filter constructed in mass concrete 

In the past slow sand filters have been built of 
masonry on a foundation of puddled clay (Fig. 15.7). 
Such a construction may be quite appropriate in rural 
areas of developing countries. 

A very simple slow sand filter constructed in-ground 
is shown in fig 15.8. 
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L PROTECTED BY MASONRY 

Figure 15.7. 
Slow sand filter constructed of masonry on puddled clay 

BRICK ,--. 

Figure 15.8. 
Simple slow sand filter 

Depending on the treatment plant capacity the 
reguired area varies from a few tens to several 
hundreds of square metres. There is a tendency to 
reduce the maximum sizes with a view of obtaining a 
greater flexibility of operation as well as quicker 
filter cleaning. With a maximum filtration rate of 
0.2 m/hour a plant with a capacity of 2 million 
ms/year and a ratio between maximum and average daily 
production rate of 1.2 would require a filter bed 
area of 1,170 m2. With one unit as a reserve (i.e. 
cleaning) this calls for 4 units each of 460 m2 of 
surface area, or 6 units of 270 m2 each. In order to 
ensure good effluent quality, short circuiting along 
the walls of the filter box must be prevented. When 
reinforced concrete is used, the inner wall should be 
made rough over half the filter bed depth. Con- 
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strutting this wall slightly tilted backwards also 
greatly helps in having the filter bed tightly fitted 
to the filter tank wall. Careful attention should be 
given to the occurrence of high groundwater levels 
which might lift the structure up and so damage the 
filter structures. 

The filter bottom serves the two-fold purpose of 
supporting the filter bed and draining the filtered 
water off. The openings or pores of the filter bottom 
should be so fine that no filter material can pass 
through them. The resistance of the filter bottom to 
the passage of filtered water (head loss) should be 
small. As shown in Fig. 15.9 various types of filter 
bottom exist including stacked bricks and no-fines 
concrete poured on site on recoverable steel forms. 

slow sand filtration 

CROSS-SECTION LONGITUOINAL SECTION 

PRECAST CONCRETE SLABS LA10 WITH 
OPEN JOINTS ON PRECAST 
CONCRETE RIBS 

L -H-J LA+-J L./+-i 

Figure 15.9. 
Types of filter bottoms 
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To prevent the filter material from entering and 
blocking the underdrainage system a series of graded 
gravel layers can be used. The under layer of coarse 
size should be large enough to keep the openings in 
the filter bottom free, and the upper layer so fine 
that the overlying filter sand will not sink into its 
pores. For porous filter bottoms, one layer of 
O-1-0.2 m thickness would be sufficient; for stacked 
bricks with open joints (10 mm wide) four layers will 
be required, for instance of 0.4-0.6 mm, 1.5-2 mm, 
5-8 mm and 15-25 mm size each layer about 10 cm 
thick. 

For small filters, perforated lateral pipes may be 
more attractive. They are connected to a central 
drain leading the water out of the filter. The 
perforated laterals can be made of many materials 
such as vitrified clay (full-round or half-round farm 
drain tiles) or cast iron, but in waterworks practice 
asbestos cement and polyvinylchloride are mostly 
applied. Locally-made porous pipes can also be used 
with advantage (Fig. 15.10). Lateral pipes with an 
inside diameter of about 80 mm are set at intervals 
of about 1 m and are provided with holes of 5 mm 
diameter on the underside; about 10 per metre of 
length. The central drain is usually not perforated 
and should have a cross-section of about twice the 
combined cross-sectional area of the laterals con- 
nected to it. 

Figure 15.10. 
Porous underdrain pipes 
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Sand for slow filters has already been discussed in 
section 15.4. When sand of the required effective 
size is not naturally available, it may sometimes be 
produced by thoroughly mixing two types of natural 
sand. However, this will result in a less uniformly 
graded sand bed. Sieving the sand to remove the 
coarsest grains may then be needed to obtain sand of 
the required uniformity. 

The depth of supernatant water is related to the 
maximum allowable head loss which in its turn in- 
fluences the length of filter run. A free board of 
0.2 m above the maximum raw water level should be 
provided, and the top of the walls should be at least 
0.8 m above ground level to minimize pollution by 
dust, leaves, small animals, etc. 

Covering a slow sand filter is a necessity in cold 
climates to prevent the freezing of the water in 
winter time. In tropical climates it is sometimes 
practiced to prevent algal growth. In open filters 
the photosynthetic reaction 

CO2 + H20 '", CH20 + O2 

proceeds from left to right during daylight hours; 
oxygen 
reaction 

(0 ) is produced. During the night, the 
8 recess is in the reverse direction and 

oxygen is consumed. As a result, there is a con- 
siderable variation in the oxygen content of the 
filtered water with very low values in the morning 
and perhaps even anaerobic water pockets in the 
filter bed. Dead algae may block the filter bed and 
cause a shortening of filter runs. A massive die-off 
of algae (e.g. in autumn) may impart a bad smell and 
taste to the filtered water. In tropical climates the 
period of daylight is generally relatively short, 
about 12 hours, and the water temperature is fairly 
constant. The growth and die-off of algae will then 
take place more or less at the same rate. The dis- 
advantages mentioned above are thus less pronounced 
and the advantageous increase of self-purification 
processes can be fully utilized (see section 15.2). 

Nowadays the various units of a slow sand filter 
plant are usually arranged in regular rows on both 
sides of a strip of land where all influent and 
effluent lines are laid. Between each row of units 
strips are kept open to facilitate access for filter 
cleaning. The filters frequently are provided with a 
small annex containing the valves, meters and other 
equipment necessary for the daily operation and 
control (Fig. 15.11). 
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#OT TO SCALE 

Figure 15.11. 
General arrangement for slow sand filtration plant 

15.6 Cleaning 

The time-proven method of cleaning a slow sand filter 
is by scraping off the sand surface with hand shovels 
tb remove the top layer of dirty sand over a depth of 
1.5-2 cm. The scraped-off mixture of sand and impuri- 
ties is piled in ridges or in heaps from where it is 
carried or carted to the edge of the filter using 
barrows or hand-carts wheeled over wooden planks (Fig 
15.12). It may also be taken out of the filter with 
the help of baskets hoisted up with rope and tackle. 

The dirty sand is sometimes discarded (can be used 
for landfills) but in other cases it is cleaned by 
washing (Figs. 15.13 and 15.14), if this is cheaper 
than buying new sand. To prevent putrefaction the 
sand should be washed immediately after it has been 
taken out of the filter. Care should be taken not to 
lose too much of the finer fractions of the sand 
during the washing. 
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Figure 15.12. 
Manual cleaning of a slow sand filter 
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WATER CARRYING SAND 
TO GE WASHED 

CARYING 
TO WASTE 

--) WATER CARRYING 
WASHED SAND 

i 
MAKE-UP WATER 
(IF MEEDED) 

Figure 15.13. 
Sand washer 
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PLAN 

CROSS-SECTION 

Figure 15.14. 
Sand washing platform 

The penetration of the impurities in the filter bed 
is largely confined to the upper layers. Scraping 
away the top layer removes the major part of the 
cloggings but some will remain in the deeper layers 
of the filter bed. These deposits-accumulate little 
by little and also penetrate gradually deeper into 
the filter bed. This could cause problems if the sand 
remains in place for -a very long time. When after 
many scrapings the minimum filter bed thickness is 
reached, it is therefore necessary to remove an 
additional 0.3 m of the filter sand before the new 
sand is brought in. 
all the organisms 

The removed sand layer contains 
necessary 

chemical functioning 
for the proper bio- 

of the slow sand filter and 
should be placed on top of the new sand in order to 
promote the ripening process (Fig. 15.15). 
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Figure 15.15. 
Re-sanding of a slow sand filter 

The manual cleaning work described above does not 
require special equipment or skills but for large 
filters a considerable number of workers are needed. 
Various mechanical systems of filter cleaning have 
been developed. Unfortunately, these are too complex 
and costly for use in small treatment plants in 
developing countries. 
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rapid filtration 

16.1 Introduction 

As explained in the preceding chapter on slow sand 
filters, filtration is the process whereby water is 
purified by passing it through a porous material (or 
"mediumtt). For rapid filtration, sand is commonly 
used as the filter medium* but the process is quite 
different from slow sand filtration. This is so be- 
cause much coarser sand is used with an effective 
grain size in the range O-4-1.2 mm, and the filtra- 
tion rate is much higher, generally between 5 and 
15 ms/mz/hour (120-360 ma/mz/day). Due to the coarse 
sand used, the pores of the filter bed will be 
relatively large and the impurities contained in the 
raw water will penetrate deep into the filter bed. 
Thus the capacity of the filter bed to store de- 
posited impurities is much more effectively utilized 
and even very turbid river water can be treated with 
rapid filtration. For cleaning a rapid filter bed, it 
is not sufficient to scrape off the top layer. 
Cleaning of rapid filters is 
washing. 

effected by back 
This is directing a high-rate flow of water 

back through the filter bed whereby it expands and is 
scoured, The back-wash water carries the deposited 
cloggings out of the filter. The cleaning of a rapid 
filter can be carried out quickly; it need not take 
more than about one half hour. It can be done as 
frequently as required, if necessary each day. 

Applications of Rapid Filtration 

There are several different applications of rapid 
filtration in the treatment of water for drinking 
water supplies. 

In the treatment of groundwater, rapid filtration is 
used for the removal of iron and manganese. To assist 
the filtration process, aeration is 
provided as 

frequently 
a pretreatment to form insoluble com- 

pounds of iron and manganese (Fig. 16.2). 

* Anthracite, crushed coconut shell, pumice, and other 
materials are also used especially in multiple-layer filter 
beds where one or more layers of such materials are placed 
on top of a (shcllow) sand bed. 
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WASH THAOUGHS 

CAST IRON 
MANIFGLO 

Figure 16.1. 
Rapid filter (opeqgravity-type) 

AAW WATER - 
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Figure 16.2. 
Rapid filtration of pre-treated (aerated) watm 
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For water with a low turbidity as frequently found in 
lakes and sometimes in rivers, rapid filtration 
should be able to produce a clear water which, how- 
ever may still contain pathogenic bacteria and 
viruses. A final treatment such as chlorination is 
then necessary to obtain a bacteriologically safe 
water. 

In the treatment of river water with high turbidity, 
rapid filtration may be used as a pre-treatment to 
reduce the load on the following slow sand filters 
(Fig. 16.3), or it may be applied for treating water 
that has been clarified by coagulation, flocculation 
and sedimentation (Fig. 16.4). In such cases again a 
final chlorination is required. 

RAW WATER 

PRE-FILTER 
‘.‘.‘.‘.‘.‘.~.‘.‘.‘.~.~.~.~ . . . . . . . . . . . . 

TO CLEAR WATER 
RESERVOIR 

SLOW SAND FILTER 

Figure 16.3. 
Rapid filtration-followed by slow sand filtration 

CHEMICAL 
FEE0 

CHLORINiTION 

Figure 16.4. 
Rapid filtration after coagulation and flocculation, and 
sedimentation 
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Types of Rapid Filters 

Rapid filters are mostly built open with the water 
passing down the filter bed by gravity (Fig. 16.1). 

For certain operating conditions, oth&*rapid filters 
than the open gravity-type are better suited. The 
most important are: pressure filters, upflow filters 
and multiple-media filters. 

~.~.~.~.~.~.~.~.~.~.‘.~.~.~.~.~.~.~.~.~.~.~.~. 
~.~.~.~.~.~.~.~.~.~.~.~.~.~.~.~.~.~.~.~.~.~,~~ 
. . . . . . . . . . . . . . . . . . . . . . ATEA . . . . . . . . . . . . . . . . . . . . . . 

FILTEREO 
WATER* 
OUTLET 

- 

Figure 16.5. Figure 16.5. 
Pressure filter Pressure filter 

Pressure filters (Fig. 16.5) are of the same con- 
struction as gravity-type filters but the filter bed 
together with the filter bottom is enclosed in a 
water-tight steel pressure vessel. The driving force 
for the filtration process is here the water pressure 
applied on the filter bed which can be so high that 
almost any desired length of filter run is obtain- 
able. Pressure filters are commercially available as 
complete units. They are not so easy to install, 
operate and maintain. For this reason they are not 
very well suited for application in small treatment 
plants in developing countries. 

Upflow filters (Fig. 16.6) provide for a coarse-to- 
fine filtration process. The coarse bottom layer of 
the filter bed filters out the major part of the sus- 
pended impurities, even from a turbid raw water, with 
no great increase of the filter bed resistance, due 
to the large pores. The overlaying fine layers have 
smaller pores but here also the filter resistance 
will increase only slowly as not much impurities are 
left to be filtered out. 
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In upflow filters, sand is used as the single filter 
medium. They are frequently used for the pre-treat- 
ment of water that is further purified by gravity- 
type rapid filters or by sloty sand filters. In such 
cases, upflow filters can give excellent results and 
may be well suited for use in small treatment plants. 

One drawback is that the allowable resistance over an 
upflow filter is not more than the submerged weight 
of the filter bed. With sand as the filter material, 
the available resistance head is about equal to the 
thickness of the bed. For very turbid river water the 
length of the filter run and the allowable rate of 
filtration are thus very limited. 

::::::. :;::..:. 
0.5 M SAND. 1.0-1.4 MM 

. . . . . . . .._................. . . . . . . . . . . . ..*......... . . . . . . . . . . . . . . . . . . . . . . ::::: 
0.75 M SAND.1,4-2.0 MM 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . WATER 

WATER DISCHARGE 

WASH WATER SUPPLY 

Figure 16.6. 
Upflow filter 

Multiple-media filters (Fig. 16.7) are gravity-type, 
downflow filters with the filter bed composed of 
several different materials which bre placed coarse- 
to-fine in the direction of flow. For small-size 
rapid filters it is common to use only two materials 
in combination: 0.3-0.5 m of sand with an effective 
size of O-4-0.7 mm as the under layer, topped by 
O-5-0.7 m of anthracite, pumice or crushed coconut 
husks with an effective size of 1.0-1.6 mm. As a 
final treatment multiple-layer filters can give ex- 
cellent results and, when suitable materials are 
available locally, application in small treatment 
plants is well worth considering. 
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JLTEr: BED JSPOSEO OF: 
0.6 M ANTHRACITE 
1.6 MM 
SPECIFIC WEIGHT 1.5 

0.4 M SAN0 
0.8 MM 
SPECIFIC WEIGHT 2.6 

Figure 16.7. 
Dual-media filter bed 

16.2 Theoretical aspects 

The overall removal of impurities from the water as 
effected in rapid filtration, is brought about by a 
combination of several different processes. The most 
important are: straining, sedimentation, adsorption, 
and bacterial and bio-chemical processes. These are 
the same processes already described for slow sand 
filtration (in section 15.2). In rapid filtration, 
however, the filter bed material is much coarser and 
the filtration rate much higher (up to 50 times 
higher than in slow sand filtration). These factors 
completely alter the relative importance of the 
various purification processes. 

The straining of impurities in a rapid filter is not 
important due to the relatively large pores in the 
filter bed. Sedimentation will not be very effective 
due to the high filtration rates used. Thus, much 
less impurities will be retained by straining and 
sedimentation than in a slow sand filter. Especially 
the upper filter bed layers will be far less ef- 
fective and there will be a deep penetration of 
impurities into the entire bed of a rapid filter. 

By far the most important purification effect in 
rapid filtration is the adsorption of impurities 
having an electric charge, onto the filter bed grains 
with an opposite electric charge. In a rapid filter 
the natural static charges of the filter bed material 
are supplemented by the electro-kinetic charges pro- 
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duced by the high-rate flow of water. Charged 
particles ("ionst') are dragged away from the filter 
bed grains with the result that the grains are left 
with an (opposite) charge. The electro-kinetic effect 
greatly reinforces the adsorption action. 

In a slow sand filt.er the water stays several hours 
in the filter bed, but with rapid filtration the 
water passes in a few minutes only. From a rapid 
filter, the accumulated organic cloggings are fre- 
quently removed when the filter is cleaned by back- 
washing. There is very little time and opportunity 
for any bio-degradation of organic matter to develop, 
and for killing of pathogenic bacteria and viruses to 
take place. The limited degradation of organic matter 
need not be a serious drawback as the accumulated 
cloggings will be washed out of the filter during 
backwashing. The poor bacteriological and biochemical 
activity of a rapid filter will generally be in- 
sufficient to produce a bacteriologically safe water. 
Hence, further treatment such as slow sand filtration 
or chlorination will be necessary to produce water 
that is fit for drinking and domestic purposes. 

16.3 Rapid filter operation and control 

Filter Operation 

The operation of a rapid filter (gravity type) is 
shown schematically in Fig. 16.8. 

During filtration the water enters the filter through 
valve A, moves down towards the filter bed, flows 
through the filter bed, passes the underdrainage 
system (filter bottom) and flows out through valve B. 
Due to the gradual clogging of the pores the filter 
bed's resistance against the downward water flow will 
gradually increase. This would reduce the filtration 
rate unless it is compensated by a rising raw water 
level above the filter bed. Frequently, rapid filters 
are disigned to operate with a constant raw water 
level which requires that the filter is equipped with 
a filter rate control device in the influent or ef- 
fluent line. These filter rate controllers provide an 
adjustable resistance to the water flow. They open 
gradually and automatically to compensate for the 
filter bed's increasing resistance and so keep the 
operating conditions of the rapid filter constant. 
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Figure 16.8, 
Rapid filter (gravity-type) 

When, after some time of operation, the filter rate 
controller is fully opened, a further clogging of the 
filter bed cannot be further compensated and the 
filtration rate would fall. The filter then is taken 
out of service for backwashing. For this, the valves 
A and B are closed, and valve D is opened to drain 
the remaining raw water out of the filter. A few 
minutes later valve E is opened for admitting the 
wash water. The back-wash rate should be high enough 
to expand the filter bed so that the filter grains 
can be scoured, and the accumulated cloggings carried 
away with the wash water. The wash water is collected 
in the washwater troughs from where it drains to 
waste. When the backwashing is completed, valves E 
and D are closed and valve A is re-opened admitting 
raw water to begin a new filter run. 

For fine filter bed material the scouring action 
produced by the wash water during backwashing, may be 
in the long run not sufficient to keep the filter bed 
clean. It is then desirable to provide an additional 
scour using air and water in combination for back- 
washing. This, however, is much more complex than 
backwashing with water only, and air-and-water wash 
is generally not to be recommended for small water 
treatment plants. 
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Filter Control 

There are several types of filtration-rate con- 
trollers: inlet rate control devices (equal dis- 
tribution or "flow splitting"), and outlet rate 
control devices (level-operated valves, overflow 
weirs, and siphons). Basically, filter-rate control 
arrangements can be divided into three groups: 

1. Each filter has an individual rate controller 
that keeps the filtered water production at the 
desired constant rate. 

2. The total flow of water through the filter plant 
is controlled by the raw water intake rate, or 
alternatively by the rate at which the filtered 
water is withdrawn. 

3. Same as under 2, but the filter units operate at 
individual, declining rates. 

Individual rate controllers allow each filter unit to 
operate at its optimal filtration rate (Fig. 16.9). 
This advantage, however, is not very great and such 
rate controllers are generally very expensive and not 
easy to maintain. 

CONSTANT WATER LEVEL 

CONSTANT WATER LEVEL 

FILTRATION RATE 
MEASUREMENT + Gun I HUL 

Figure 16.9. 
Filter-rate control 

Filter control arrangements using an even dis- 
tribution of the raw water ("flow splitting") over 
the filter units or uniform withdrawal of the 
filtered water, are widely used in Europe and North 
America. Various methods can be employed. The one 
shown in Fig. 16.10b is probably the simplest as 
there are no moving parts at all. In this type the 
raw water enters the filter over a weir. For all 
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filters the weir crest is at the same level. The raw 
water conduit feeding the filter units is generously 
sized so that the water will flow without any ap- 
preciable head loss. The water level in it will be 
practically t‘le same at each entrance weir. Thus, the 
overflow rate at each weir will be the same,'and the 
raw water feed to the filter units will be equally 
split. 

The filtration rate can be controlled jointly for all 
filter units by the raw water feeding rate. It can be 
readily adjusted to meet the demand for filtered 
water. In this arrangement there will be considerable 
variations of the raw water level in the filters 
which may be objectionable. If so, another arrange- 
ment as shown in Fig. 16.10~ may be preferred. Here, 
a float-controlled valve is used to keep the raw 
water level in each filter constant. 

Frequently, rapid filters are employed to treat water 
that has been pre-treated by coagulation, floc- 
culation and sedimentation; they then serve to retain 
the floes carried over from the settling tanks. Any 
break up of these floes must be prevented and the 
entrance weirs mentioned above are not suitable in 
these cases. The arrangement shown in Fig. 16.10a 
would be much betteL. Each filter is equipped with a 
float box in which the water level is kept constant, 
at the same level in all filter units, with a float- 
controlled valve. The effluent channel should be 
generously sized to ensure that the water level will 
be practically the same at each filter effluent gate. 
The overall producti,on rate of all filters jointly 
can now be controlled by the rate at which the 
filtered water is withdrawn. 

Declininq-Rate riltration 

When no filtration rate controllers are used, 
filtration will take place at a declining rate. The 
design of declining-rate filters is much simpler than 
for controlled-rate filters. Simple stop logs or 
gates can be used for filter control (Fig. 16.11). 
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Figure 16.10. 
Filter control systems 
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I CLEAR WATER WELL 

Figure 16.11. 
Declining-rate filtration 

All filters are in open connection with both the raw 
and filtered water conduits. Consequently, all have 
the same raw water level and filtered water level so 
that all filters will operate under the same head. 
The filtration rate for the various filter units, 
however, will be different: highest in the filter 
just cleaned by backwashing and lowest for the one 
longest underway in its current filter run. For all 
filters jointly, the production will be determined by 
the supply of raw water which should be high enough 
to meet the demand for filtered water. During 
filtration the filter beds are gradually clogged and 
the raw water level in all filters will rise due to 
the increased resistance against water flow in the 
filter beds. The filter unit that has been in oper- 
ation for the longest period of time will probably 
reach the maximum allowable raw water level first, 
and needs cleaning by backwashing. After its cleaning 
this filter will have the lowest resistance against 
flow so that a considerable portion of the raw water 
supplied will pass this filter. The load on the other 
filters is temporarily reduced. These units will show 
a fall of the raw water level but later the further 
clogging of the filter beds will cause the raw water 
level again to rise. When in a second filter the 
maximum raw water level is reached this one will be 
backwashed and so forth. 

If no special measures are taken, the filtration rate 
in a declining-rate filter just after cleaning can be 
very high, up to 25 m3/mZ/hour, which is much higher 
than the average rate of 5-7 m3/mz/hour. When it is 
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necessary to limit the filtration rate in order to 
safeguard the filtered water qtiality, an extra flow 
resistance device (e.g. 
in the influent line. 

an orifice) should be fitted 

1 For pressure filters, declining-rate filtration is 
common practice. For gravity-type rapid filters, its 
application is gradually increasing in Great Britain, 
in Latin America and also, 
North America. 

to a limited extent, in 
Due to its simplicity, declining-rate 

filtration is certainly worth considering for small 
water treatment plants in developing countries. 

16.4 Design considerations 

For the design of a rapid filter, four parameters 
need to be selected. The grain size of the filter 
material, the thickness of the filter bed, the depth 
of the supernatant water, and the rate of filtration. 
To the extent possible, these design factors should 
be based on experience obtained in existing plants 
that treat the same or a comparable raw water. When 
such experience does not exist, the design should be 
based on the results obtained with a pilot plant 
operating experimental filters (see Annex 3). 

Backwash Arrangements 

A rapid filter is cleaned by backwashing, that is 
directing a flow of clean water upward through the 
filter bed for a period of a few minutes. Filtered 
water accumulated by pumping in an elevated tank can 
be used, 
filter 

or the effluent from the other (operating) 
units of the filtration 

('self-wash 
plant directly 

arrangements'). The velocity bf the 
upward water flow should be high enough to produce an 
expansion of the filter bed so that the accumulated 
cloggings can be loosened and carried away with the 
washwater (Fig. 16.12). 

BED EXPANSION = 

FILTER BED EXPANDED 

FILTER BED NORMAL 

Figure 16.12. 
Backwashing of rapid filter 
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For a filter bed of sand (specific weight: 2.65 g/cm3) 
typical backwash rates giving about 20 percent expan- 
sion are listed in Table 16.1. 

Table 16.1. 
Typical backwash rates 

9 9.7 0.8 0.9 1.0 1.1 1.2’ 

BACKWASH RATE (m'/m'/hour) 

10" c 12 17 22 28 34 40 47 54 62 

20 14 20 26 33 40 48 56 64 73 

30 16 23 30 38 47 56 65 75 86 

d = average grain size of filter sand (mm) 
t = back-wash water temperature ("C) 
v = back-wash rate (m3/m2/hour) 

If the wash water is supplied with pumps, three (in 
very small installations two) pumps in number are 
iiormally used of which one serves as the reserve 
unit. For high backwash rates and large filter bed 
areas these pumps would need to be of a large 
capacity so that their installation and operation 
would be rather expensive. A wash water reservoir 
such as the one shown in Fig. 16.13 is then prefer- 
able; small pumps will be adequate to fill the 
reservoir during the intervals between successive 
backwashings. The reservoir generally should have a 
capacity between 3 and 6 m3 per m2 of filter bed area 
and it should be placed about 4-6 metres above the 
water level in the filter. 

For pumping water into the wash-water tank, usually 
three pumps are provided one of which is the reserve 
unit. The total capacity of the two operating pumps 
should be about 10-20x of the wash-water supply rate. 
A special wash water tank or reservoir is not 
necessary when the required wash water is taken from 
the filtered water reservoir. However, tis may cause 
undesirable pressure fluctuations in the distribution 
system due to the interrupted supply of water. 
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n TO WASTE 
FROM CLEARWELL 

Figure 16.13. 
Wash-water tank arrangement 

A simpler solution is to increase the depth of the 
water standing over the filter bed and to limit the 
maximum filter resistance. The filtered water will 
then be available at a head of some 1.5 to 2 m above 
the filter bed which should be sufficient. The 
operating units of the filtration plant must supply 
enough water for the required back-wash rate. For 
this reason, a rapid filtration plant using this 
back-wash arrangement should have at least six filter 
units. 

The wash water is admitted at the underside of the 
filter bed through the underdrain system ("filter 
bottom"). To divide the wash water evenly over the 
entire filter bed area, the underdrain system must 
provide a sufficient resistance against the passage 
of wash water (generally 0.6-1.0 m head of water). 
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LATkRAL 
(WITH OPENINGS 
AT UNOERSIDE) 

OPENING 

Figure 16.14. 
Lateral underdrain systems 

A frequently used underdrain system consists of 
laterals placed about 0.2 m apart, and connected to a 
manifold (Fig. 16.14). The laterals have holes at the 
under side, with a diameter of about 10 mm. Pipes of 
asbestos cement and rigid plastic are generally used 
in this underdrain system. 

To prevent the filter material from entering the 
laterals through the holes, the filter bed should be 
supported by a layer of coarse material (e.g. gravel) 
that will not be dislodged by the backwash water 
jetting from the underdrain holes. For example, 
filter sand of 0.7-1.0 mm effective size would 
require 4 gravel layers; from top to bottom: 0.15 m x 
2-2.8 mm, 0.1 m x 5.6-8 mm, 0.1 m x 16-23 mm and 
0.2 m x 38-54 mm; the total gravel pack would be 
0.55 m deep. 

After passing the filter bed, the wash water carrying 
the washed-out impurities is collected and drained 
off with washwater troughs. The distance the wash 
water will have to travel horizontally to trough, 
should be limited to about 1.5-2.5 m. The troughs are 
set with their top at 0.5-0.6 m above the unexpanded 
sand bed, and their cross-sectional area follows from 
the consideration that at the discharge end of the 
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trough the water depth will be the free discharge 
('critical') depth. (Fig. 16.15). 

I 

~~ 

* ,- -- -._... . . * . _ ; .u _‘. ‘. . .-*.-.:. 
-* a.-. . . . ...‘. * > . :. .-.. _- : -... _ 
‘_ : -.- ._ ,.*.. . . . . . :’ 

.*. . . : . ‘.’ . . _- . . . 

Figure 16.15. 
Flow condition in wash-water trough 

Table 16.2 gives wash water flow rates (Q) for com- 
binations of depth of wash water flow (H) and width 
of wash water trough (b). 

Table 16.2. 
Wash water carrying capacity of troughs (litredsec) 

Width of trough 

The wash water troughs can be placed in several ways. 
Fig. 16.16 shows typical arrangements. 
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Figure 16.16. 
Typical arrangements of wash-water troughs 

Particularly when fine sand is used, with a grain 
size less than about 0.8 mm, the scouring force of 
the rising wash water may be inadequate to keep the 
filter grains clean in the long run. After some time 
they could become covered with a sticky layer of 
organic matter. This may cause problems such as mud 
balls and filter cracks (Fig. 16.17). 

Figure 16.17. 
Mudballs and filter cracks 
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These can be prevented by providing an additional 
scour through air wash. Filter cleaning now starts by 
back washing with air at a 30-50 m/hour rate, usually 
combined with a water wash at a lo-15 m/hour rate. 
This should remove the coatings from the filter 
grains and the loosened material is carried away by 
the following water wash. For backwashing with air a 
separate pipe system is necessary. An example is 
shown in Fig. 16.18. It should be noted that 
air-and-water backwashing generally is too complex an 
arrangement for small water treatment plants. 

Figure 16.18. 
Backwashing with air and water 

An interesting arrangement for feeding air and water 
for back-washing is shown in Fig. 16.19. Back-washing 
starts by allowing water from chamber 1 to flow into 
chamber 2. The air in chamber 2 is pressurized and 
admitted for scouring the filter. Then the water 
collected in chamber 2 is used to back-wash the 
filter. 
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Figure 16.19 
Air-and-water back-wash arrangement 

Ref. Prof R.N. Sen 
Indian Institute 

of Technology 
Kharagpur (India) 

Rapid Filtration Plant Lay-out 

A rapid filtration plant consists of a number of 
filter units (minimum 2), each with an area A. When 
one filter is out of operation for cleaning, the re- 
maining units must be able to provide the required 
capacity Q at the selected rate of filtration r. This 
is expressed in the formula: 

Q = (n - 1) A.r 
\ 

For small plants there is little choice regarding 
suitable combinations of n and A, but for larger 
plants the choice should be such that the cost of 
construction is minimized. As a tentative design 
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step, the unit filter bed area (A) expressed in 
square metres may be taken about 3.5 times the number 
of filter units n. 

For economy in construction and operation, the filter 
units should be set in a compact group with the in- 
fluent and effluent lines, and any chemical feed 
lines as short as possible. The siting of the various 
units of a rapid filtration plant is a matter that 
warrants the closest attention of the design en- 
gineer. Allowance should be made for a future ex- 
pansion of the plant. An example is shown in Fig. 
16.20. Common facilities such as wash-water pumps and 
tanks, and chemical solution feeders, are to be 
placed in a service building which also should con- 
tain the office, laboratory and store rooms, chemical 
handling, and storage, and sanitary facilities. 

FLOCCULATION-SEOIMENTATlON FILTRATION 

CONTROL BUILGING 

Figure 16.20. 
Rapid filtratim plant layout 

Many designs place the service building in the centre 
while in the wings the various filter units are ar- 
ranged on one or two si.des of a two level corridor, 
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the upper level being the operating floor and the 
lower level the pipe gallery. 

16.5 Construction 

As explained in the preceding sections, a rapid 
filter consists of a tank containing the underdrain 
system, the filter bed and the superriatant water. The 
filter tank is mostly made of reinforced concrete, 
rectangular and with vertical walls. The design of 
the concrete structure follows common rules with the 
added difficulty that the water retaining structures 
must be water-tight. An ample concrete cover should 
be provided to protect the reinforcement bars against 
corrosion. 

All bars should be placed far enouqh apart to allow 
the concrete to surround them completely. Loading 
stres.r;es should be kept to a minimum. Any stresses 
developing in the concrete due to drying, shrinkage, 
temperature changes and differences in soil sub- 
sidence should be limited as far as possible by sub- 
di-viding the building into a number of independent 
sections connected with water-tight expansion joints. 
The concrete mix's cement content and the placing of 
the mix should aim at full watertightness and as 
little drying shrinkage during hardening as possible. 
A plaster finish should never be used. A good finish 
can be obta!.ned by using smooth shuttering, for in- 
stance made of laminated wood. To prevent short- 
circuiting of the water flow along the walls of the 
filter box, the inside shuttering opposite the filter 
bed should be made of unplaned planks placed horizon- 
tally. Whenever possible, the filters should be set 
above the highest groundwater table, if necessary on 
elevated land. 

Numerous underdrain systems (popularly known as 
'filter bottoms') have been developed in the past but 
unfortunately many are either too expensive or unable 
to ensure an even distribution of the washwater over 
the full underside of the filter bed. The simple 
system which was earlier described, using perforated 
laterals can be so constructed that a good washwater 
distribution is obtained. It has the added advantage 
that it may be made of locally available materials 
using local skills. Another good solution is the 
false bottom and strainer underdrain system. It 
consists of prefabricated concrete slabs, about 
0.6 x 0.6 m2, placed on and anchored to short 
concrete columns as shown in Fig. 16.21. 
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Figure 16.21. 
Underdrain system with false bottom and strainers 

The slabs are provided with holes, about 60 per 
square metre, in which the strainers are set (Fig. 
16.22). The slits in these strainers are narrow, 
about 0.5 mm, giving a sufficient resistance against 
the passage of the wash water, for an even dis- 
tribution of the water. This underdrain system allows 
the filter sand to be placed directly on the filter 
bottom with the strainers, .and no supporting gravel 
layers are needed. 

The work of a rapid filter is done by the filter bed 
and considerable attention should be given to its 
composition. Sand as filter material has proven to 
give excellent results, it is cheap and generally 
available, and for these reasons widely used. For 
single-medium filter beds there is no reason to use 
other filter materials except in very special cases. 
To prevent a hydraulic classification during back 
washing which would bring the fine grains to the top 
and the coarse grains to the bottom of the filter 
bed, filter sand that is as uniform as possible in 
size should be used. It should have a coefficient of 
uniformity less than 1.7 and preferably as low as 
1.3. The requirements for grading filter sand are 
best given as maximum ail4 minimum percentages of 
material that pass various sieves of standard mesh 
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SlZeS. For a graphical specification, a diagram can 
be plotted as in Fig. 16.23. 

Figure 16.22. 
Strainers made of plastic 

PERCENTAGE OF 
FILTER SAND 
PASSING SPECIFIC 
SIEVF 
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SIEVE OPENING 
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o.so O.il 1.ao ,,,q 1.41 2.00mm 
0.59 0.84 1.66 

Figure 16.23. 
Specification of filter sand for pre-treatment of river water 
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16.6 Village-scale rapid filtration 

Because of their complex design and construction, and 
the need for expert operation, rapid filters arz not 
very well suited for application in village-scale 
water treatment Plants. This is especially ?rue for 
their use as final filters in the treatment of turbid 
river water. The bacteriological safety of the 
filtered water then has to be secured by post- 
chlorination with all its associated difficulties. It 
would be better to use slow sand filters which give a 
bacteriologically safe filtrate, but these may suffer 
from rapid clogging caused by the turbidity present 
in the raw water. 

Suspended matter can be removed from raw water 
through various processes such as: storage, 
coagulation and floiaulation, and sedimentation. 
However, only rapid filters are able to constantly 
produce a clear water with a turbidity of less than 
5 F.T.U. This will ensure the smooth operation of any 
following slow filters. There should be few ob- 
jections against such an application of rapid 
filters. The use of rapid filtration for the removal 
of iron and manganese from groundwater also presents 
few problems as the health hazard of possible con- 
tamination of the treated water will be small. 

Assuming a water use of 40 litres/person/day, the 
required water filtration capacity for 10,000 people 
would be 400 ma/day or 40 ma/hour for a lo-hour dayly 
operating period. With a filtration rate of 5 m/hour 
this calls for 8 ma filterbed area which may be 
provided in three circular filters of 2 m diameter 
each (one filter as reserve). The underdrain system 
would probably best be made of perforated laterals 
(see section 16.4), covered with graded layers of 
gravel, broken stones or hard bricks chipped to the 
desired size. When coarse sand is available it should 
be graded using suitable sieves. Grading limits would 
be 0.8 mm - 1.2 mm for prefilters; 1.0 mm - 1.5 mm 
for iron and manganese removing filters. For pre- 
filters the sand bed thickness should be taken at 
1.0 m and for iron and manganese removing filters at 
1.5 m. In the event that sand cannot be obtained, 
similar materials may be used, such as crushed 
stones, bricks, crystalline calcium-carbonate, 
dolomite, etc. These should be graded to a size about 
40 percent larger than the sizes mentioned above. In 
some instances burned rice husks and crushed coconut 
shells have given acceptable results. Before the 
filter is commissioned it should be back washed for 
about half an hour to clean the filter material. 
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The depth of supernatant water may be fixed between 
1.5 and 2 m. The filter box will then have a total 
depth of 3.5-4 m. 

The greatest difficulty encountered in village-scale 
rapid filtration is the backwashing process. It is 
uneconomical to use a wash-water pump. In the example 
presented earlier, a capacity of 100-200 ma/hour 
would be needed, in duplicate to allow for mechanical 
failures. Compared with the plant capacity of 40 ma/ 
hour, this is an enormous pump involving a con- 
siderable investment and high operating costs. With 
an elevated washwnter reservoir of 20 m3 volume, the 
pump capacity can be reduced to 10 ma/hour, but the 
costs of the tank should be taken into account. For 
villages with low buildings, the pressure in the 
distribution system generally does not need to be 
more than 6 m. In these cases, a good solution will 
be to use an elevated service reservoir for back- 
washing the filters. No separate pumps would be 
needed. 

RPW W?TER PUMPING STATION 

WASH WATFR 

Dh +jD /RD 
, I I I TO FURTHER 

/ 
WASH WATER THROUGH 

TREATMENT 
WEIR 
CHAMBER 

Figure 16.24. 
General layout of a rapid filtration plant 

The layout of the rapid filtration plant as described 
above is shown in Fig. 16.24. The raw water enters 
the filter through valve A and falls into the wash- 
water trough tc disperse the flow energy. The branch 
pipes into which valves A are set, have a2 small dia- 
meter giving sufficient flow resistance (e.g. 0.5 m 
of head) to assure an even distribution of the raw 
water over the individual filter units. The filtered 
water is discharged through valve D and passes over a 
weir placed in the weir chamber. The top of the weir 
is set so high that the lowest raw water level in the 
filter tank will be at least 0.2 m above the filter 
bed. Due to clogging the level of the supernatant 
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water will rise until it reaches the water pressure 
level in the supply pipe; no more water will enter 
the filter. The filter should then be cleaned by 
feeding the Y?ash water through valve C and dis- 
charging it through valve B. The dirty wash water 
should be clarified by sedimentation after which it 
may be discharged back into the river, some distance 
downstream of the raw water intake. 

16.7 Roughing filtration 

Sometimes a more limited treatment than rapid 
filtration using a sand bed, can be adequate for 
treating the raw water. This can be obtained by using 
gravel cr plant fibres as filter material. In the 
upflow filter of Fig. i6.6 three layers would be used 
having grain sizes of IO-15 mm; 7-10 mm, and 4-7 mm, 
from the bottom upward, and with simple underdrain 
system. This coarse ("roughing") filter wili have 
large pores that are not liable to clog rapidly. A 
high rate of filtration, up to 20 m/hour, may be 
used. The large pores also allow cleaning at 
relatively low back-wash rates since no expansion of 
&he filter bed is needed. The backwashing of roughing 
filters takes a relatively long time, about 20-30 
minutes. 

Another possibility is the use of horizontal filters 
as &own in Fig. 16.25. These have a depth of l-2 m 
subdivided into three zones. each about 5 m long and 
composed of gravel with sizes of 20-30 mm, 15-20 mm 
and lo-15 mm. The horizontal water flow rate computed 
over the full depth will be O-5-1.0 m/hour. 

IMPERMEABLE BOTTOM O%ET 

Figure 16.25. 
Horizorztai gravel filter 

This represents a very low surface loading of the 
filter of only 0.03-0.10 m/hour. A large area will be 
required, but the adva&age is that clogging of the 
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filter will take place very slowly, so that cleaning 
will be needed only after a period of years. This 
cleaning is carried out by excavating and washing the 
filter material after which it is put back in place. 

Coconut fibres have been used for fzltar material in 
an experimental filter unit similar to a sand filter. 
The filter bed is only 0.3-O .5 m thick and &he depth 
of supernatant water about 1 m. The filter is 
operated at rates of 0.5-l m/hour which gives a 
length of filter run of several weeks. To clean the 
filter it is first drained after which '&e coconut 
fibres are taken out and discardad. The filter is 
repacked with new material that has previously been 
soaked in water for 24 hours to remove as much or- 
ganic matter as possible. Coconut fibre f.~lters 
appear to be able to cope with considerable fluc- 
tuations in their loading while producing an effl~~ent. 
of almost constant quality. The experiments showed a 
remarkably constant behaviour of the coconut fibre 
filters. The overall turbidity removal varied between 
60 and 80 percen . 

296 



Hudson, H.E. 
DECLINING RATE FILTRATION 
In: Journal Am. Water Works Assoc. Vol. Sl(1959) pp. 1455-1461 

297 

Rapid filtration 

Arboleda, J. 
HETODOS SIHPLIFICADOS DE TRATAMIENTO DE AQUA 
Nuevos Hetodos df! Tratamiento de Aqua 
CEPIS, Lima, August 1972 (Manual No. 14) 

Arboleda, J. 
HYDRAULIC CONTRgL SYSTEMS OF CONSTANT AND DECLINING FLOW 

i 
FILTRATION 
In: Journal Am. Water Works Assoc. Vol. 66(1976) No. 2, pp. 87-93 

~ Baylis, J.R. 
VARIABLE RATE FILTRATION 
In: Pure Water, Vol. X1(1959) No. 5, pp. 86-114 

Baylis, J.R. 
EXPERIENCE WITH HIGH-RATE FILTRATION 
In: Journal Am. Water Works Assoc. Vol. 42(1950) No. 7, pp. 687-694 

Camp, T.R. 
WATERTREATMENT 
Handbook of Applied Hydraulics (2nd Edition) 
McGraw-Hill Book Co., New York, 1962 

Cleasby, J.L. 
FILTER RATE CONTROL WITHOUT RATE CONTROLLERS 
In: Jounsl Am. Water Works Assoc. Vol. 61(1969) No. 4, pp. 181-186 

Cleasby, J-L.; Williamson, M.M.; Baumaun, E.R. 
EFFECT OF FILTRATION RATE CHANGES ON QUALITY 
In: Journal Am. Water Works Assoc. Vol. 55(1963) No. 7, pp. 869-875 

Conley, W.K. 
EXPERIENCE WITH ANTHRACITE - SAND FILTERS 
In: Journal Am. Water Works Assoc. Vol. 53(1961) No. 12, 
pp. 1473-1483 

Fair, G.M.; Geyer, J.C.; Okun, D.A. 
WATER AND WASTEWATER ENGINEERING 
Vol. 2, Water Purification and Wastewater Treatment and Disposal, 
John Wiley Sr Sons, New York, 1968 



Robe-k G G ., . . 
MODERN CONCEPTS IN WATER FBLTRATION 
PAHO §ymposium on Modern Water Treatment Methods, 
Asuncion (Paraguay), 14 :i.;gust, 1972 
CEPIS, Lima, 1972 (Manuii :io. 14) 

Shull, K.E. 
EXTERIENCES WITH MULTIPLE-BED FILTERS 
In: Journal Am. Water Works Assoc., March 1965, pp. 230-314 

298 



disinfection 

/ disinfection 

17.1 Introduction 

The single most important rqrz..Lrement of drinking 
water is that it should be free from any micro- 
organisms that could transmit disease or illness to 
the consumer. 
ation, 

Processes such as storage, sediment- 
coagulation and flocculation, and rapid 

filtration reduce to varying degrees the bacteria!, 
content of water. However, these processes cannot 
assure that the water they produce is bacteriol- 
ogically safe. 
needed. 

Final disinfection will frequently bt:. 
In cases where no other methods of trea"ir;lenl 

are available, disinfection may be resorted to as a 
single treatment against bacterial contamination of 
drinking water. 

Disinfection of water provides for destruction or at 
least complete inactivation of harmful micro--or-- 
ganisms present in the water. It is carried out using 
physical or chemical means. The following factors in- 
Yuence the disinfection of water: 

1) The nature and number of the organisms to be 
destroyed. 

2) The type and concentration of the disinfectant 
used. 

3) The temperature of the water to be disinfected; 
the higher the temperature the more rapid is the 
disinfection. 

4) The time of contact; the disinfection effect be- 
comes more complete when the disinfectant remains 
longer in contact with the water. 

5) The nature of water to be disinfected; if the 
water contains particulate matter, especially of 
a colloidal and organic nature, the disinfection 
process generally is hampered. 

6) The pH (acidity/alkalinity) of the water. 
7) Mixing; good mixing ensures proper dispersal of 

the disinfectant throughout the water, and so 
promotes the disinfection process. 

17.2 Physical disinfection 

The two principal physical disinfection methods are 
boiling of the water, and radiation with ultraviolet 
rays. 
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Boilinq is a safe and time-honoured practice which 
destroys pathogenic micro-organisms such as viruses, 
bacteria, cercariae, cysts and ova. While it is ef- 
fective as a household treatment, it is not a 
feasible method for community water supplies. 
However, in emergency situations boiling of water may 
be used as a temporary measure. 

Ultraviolet light radiation is an effective dis- 
infection method for clear water but its effective- 
ness is significantly reduced when the water is 
turbid or contains constituents such as nitrate, 
sulphate and ferrous iron. This disinfection method 
does not produce any residual that would protect the 
water against new contamination, and that could serve 
for control and monitoring purposes. Ultraviolet 
light for disinfection has been used in several 
developed countries but is rarely applied in develop- 
ing countries. 

17.3 Chemical disinfectants 

A good chemical disinfectant should possess the 
following important characteristics: 

Quick and effective in killing pathogenic micro- 
organisms present in the water; 
Readily soluble in water in concentrations re- 
quired for the disinfection, and capable of pro- 
viding a residual; 
Not imparting taste, odour or colour to water; 
Not toxic to human and animal life; 
Easy to detect and measure in water; 
Easy to handle, transport, apply and control; 
Readi available at moderate cost. 

The chc.i::;.cals that have been successfully used for 
disir::: ,:tion are: chlorine, chlorine compounds and 
iodire dosed in suitable form; ozone and other 
oxidants like potassium permanganate and hydrogen 
peroxide. Each one of these has its advantages and 
limitations. 

Chlorine and chlorine compounds: 
destroy psogens fairly quickly, 

Their ability to 
and their wide 

availability make them well suited for disinfection. 
Their cost is moderate and they are, for this reason, 
widely used as disinfectants throughout the world. 

Iodine: In spite of its attractive properties as a 
disinfectant, iodine has serious limitations. High 
doses (lo-15 mg/l) are required to achieve satis- 
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factory disinfection. It is not effective when the 
water to be disinfected is coloured or turbid. The 
high volatility of iodine in aqueous solution is also 
a factor against its use except in emergency situ- 
ations. 

Potassium Permanganate: This is a powerful oxidising 
agent, and has been found to be effective against 
cholera ,vibrio but not for other pathogens. It leaves 
stains in the container and hence it is not a very 
satisfactory disinfectant 
plies. 

for community water sup- 

Ozone: Ozone is increasingly used for disinfection of 
drinking water supplies in industrialized countries, 
as it is effective in eliminating compounds that give 
objectionable taste or colour to water. Like ultra- 
violet rays, ozone normally leaves no measurable 
residual which could serve for monitoring the 
process. The absence of a residual also means that 
there is no protection against new contamination of 
the water after its disinfection. The high in- 
stallation and operation costs and the need for 
continua-us supply of power do not make the use of 
ozone a recommended practice in developing countries. 

17.4 Chlorination 

Water disinfection by chlprination, first introduced 
in the early 20th century, was perhaps the most im- 
portant technological event in the history of water 
treatment. The chlorination of water supplies in 
developix:? countries is extremely important. Poor 
sanitation resulting in the faecal pollution of water 
sources frr$tiently poses the greatest threat to 
public health. Effective chlorination of water 
supplies has in many cases achieved a substantial 
reduction in those enteric diseases that are 
primarily water-related. Recent studies, still in 
progress, have raised the possibility that organic 
compounds formed ("halogenatedl') when chlorine is 
added to water, might cause certain forms of cancer 
in man. Due to the number of variables involved no 
definite evidence is available so far. On the other 
hand, the disinfecting properties of chlorine are 
well established and, to date, should. outweigh the 
suggested possible side effects when it is used to 
safeguard public health. 

Chlorine is a greenish yellow toxic gas found in 
nature only in the combined state, chiefly with 
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sodium as the common salt. It has a characteristic 
penetrating and irritating odour, is heavier than air 
and can be compressed to form a clear amber-coloured 
liquid. Liquid chlorine is heavier than water. It 
vapourises under normal atmospheric temperature and 
pressure. Commercially, chlorine is manufactured by 
the electrolysis of brine with caustic soda and hy- 
drogen as by-products. As 3 dry gas, chlorine is non- 
corrosive but in the presence of moisture it becomes 
highly corrosive to all metals except silver and 
lead. Chlorine is slightly soluble in water, approx- 
imately 1 percent by weight at 10°C. 

Chlorinated Lime ("Bleaching Powder"): Before the 
advent of lia chlorine, chlorination was mostly 
accomplished by the use of chlorinated lime. It is a 
loose combination of slaked lime and chlorine gas, 
with the approximate composition CaCl .Ca(OH) .H 0 + 
Ca(OC1)2.2Ca(OH)2. When added to water: it dec%mp%ses 
to give hy-pochlorous acid, HOCl. When fresh, chlorin- 
ated lime has a chlorine content of 33 to 37 per 
cent. Chlorinated lime is unstable; exposure to air, 
light and moisture makes the chlorine content fall 
rapidly. The compound should be stored in a dark, 
cool and dry place, in closed, corrosion-resistant 
containers. 

Hiqh-Test Hypochlorites*: These are not only twice as 
strong as chlorinated lime (60 to 70 per cent 
available chlorine content) but retain their original 
strength for more than a year under normal storage 
conditions. 
kg, 

They may be obtained in packages of 2-3 
and in cans of up to 45 kg; also available in 

granular or tablet form. 

Sodium Hypochlorite: As a solution, sodium hypo- 
chlorite (NaOCl) usually contains 12 to 15 per cent 
available chlorine in the commercial product. House- 
hold bleach solutions of sodium hypochlorite usually 
contain only 3 to 5 per cent available chlorine. 

It is the characteristics of chlorine and its 
compounds that have dictated the methods of handling 
and application in -water disinfection practice. 

Chlorination Practice: 
grouped under two 

Chlorination practices may be 
categories depending upon the 

desired level of residual chlorine and the point of 
application. 

2’: Trade tames include: 'HTH', 'Perchlorin', and 'Pittchlor'. 
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When it is required to provide a residual and the 
time of contact is limited, it is common practice to 
provide for free available residual chlorination. If 
combined available residual chlorination is used, the 
chlorine is applied to water to produce, with natural 
or added ammonia, 
7.1). 

a combined residual effect (Fig. 

Pre-chlorination is the application of chlorine pri:Jr 

to any other treatment. Frequently, this is for the 
purpose of controlling algae, taste and odour. 
Post-chlorination refers to the 
chlorine 

application of 
after other treatment nrocesses. partic- 

ularly after filtration. 

REACTIONS OF CHLORINE IN WATER 

GESTfiJCTION 
OF CHLORINE 
BY REDUCING 
COMPOUNOS 

10.6 lo.7 l0.e lo.9 11.0 

FORMATION O&HLORO-ORGANIC GESTRUkTION OF 
COMPUUNOS ANG CHLORAMINES CHLORINES AND 

FORMATION 0: FREE CHLORINE 
CHLORO-ORGANIC COMP. 

AN0 PRESENCE OF CHLORO. 
ORGANIC COMPOUNGS 
NOT OESTROYEG 

Figure 17.1. 
Reactions of chlorine in water 

Chlorine Demand: This is the difference between the 
amount of chlorine added to water and the amount of 
free or combined available chlorine remaining at the 
end of a specified contact period. 

Residual Chlorine: Several methods are available to 
measure residual chlorine in water. Two of the more 
simple methods are presented here. 
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a) Diethyl-para-Phenylenediamine Method (DPD).* 

Free available chlorine reacts instantly wi-th 
N-diefhyl-para-phenylene-diamine producing a red 
colouration providing iodine is absent. Standard 
solutions of DPD potassium permanganate are used 
to produce colours of various intensities. 
Colour produced by the addition of DPD is 
measured by a calorimetric method to indicate the 
concentration of residual chlorine. The colour 
produced by this method is more stable than that 
in Orthotolidine Method. 

b) Orthotolidine Method 

Orthotolidine, an aromatic compound, is oxidized 
in an acid solution by chlorine, chloramines and 
other oxidants to produce a yellow coloured 
complex the intensity of which is directly 
proportional to the amount of oxidants present. 
The method is suitable for the routine deter- 
mination of chlorine residuals not exceeding 10 
w/l. The presence of natural colour, turbidity 
and nitrate interfeies with the colour develop- 
ment. Ortholodine has been demonstrated to cause 
cancer and is being withdrawn from production in 
several countries. 

17.5 Chlorination technology for rural water supply 

Groundwater obtained from shallow dug wells contines 
to be the major source ot supply for millions of 
people in small communities. A number of surveys have 
revealed that dug wells become quite frequently con- 
taminated. Surface water sources such as village 
ponds, 
Whiln 

canals and rivers are usually also polluted. 
it is neither feasible nor always necessary to 

establish complete treatment of the water from these 
sources, proper disinfection should at least be pro- 
vided in order to protect public health. 

Technically, disinfection by chlorination can give a 
satisfactory solution for rural and small community 
water supplies. Disinfection by gaseous chlorine is 
generally not feasible for small water supplies, due 
to the problems of applying small quantities of gas 
accurately and on a continuous basis. The choice is 
likely to fall on chlorine compounds. 

* Surveillance of Drinking Water Quality, 
WHO Monograph Series 63 (1976) 
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Bleachinq Powder: C;:l(:rinated lime 
powder -.-- 

or bleaciiing 
istie Annex 3 for details) is a readily 

available and cheap chlorine compound. This chemical 
is easy to transport and not dangerous to handle if 
it is supplied in a suitable container. It is a free- 
flowing white or yellowish powder containing about 33 
to 37 percent available chlorine. It is unstable and 
will lose chlorine during st,>rage. In the presence of 
moisture, bleaching powder becomes corrosive; it is 
necessary to use corrosion-resistant containers made 
of wood, ceramic or plastics. These should be stored 
in a dark, cool and dry place. In order to minimize 
the loss of chlorine a maximum concentration of 5 
percent is recommended for a bleaching powder 
solution. 

Disinfection of Cpen Dug Wells: As open dug wells 
sll continueto be used in considerable numbers as 
sources of drinking water in rural and small com- 
munities, it is desirable to employ simple methods 
for disinfecting the water of these wells. 

rot Chlorination: An earthen pot of 7 to 10 litres 
Gacity with 6 to 8 mm diameter holes at the bottom 
is half filled with pebbles and pea gravel of 20-40 
mm size. Bleaching powder and sand (in a 1 to 2 
mixture) is placed on top of the pea gravel and the 
pot is further filled with pebbles up to the neck 
(Fig. 17.2). The pot Is then lowered into the well 
with its mouth open. 

MOUTH OPEN 



For a well from which water is taken at a rate of 
l,OOO-1,206 litres/day, a pot containing about 1.5 kg 
of bleaching powder should provide adequate chlori- 
nation for about one week. 

Double pot System: When a single chlorination pot is 
used in a small household well, it may be found to 
give too high a chlorine content to the water ("over- 
chlorination"). In such situations, a unit consisting 
of two cylindrical pots one inside the other has been 
found to work well (Fig. 17.3). The inner pot is 
filled with a moistened mixture of 1 kg of bleaching 
powder with 2 kg of coarse sand to a little below the 
level of the hole and is then placed inside the outer 
pot. The mouth of the outer pot is tied with a poly- 
thene sheet and the unit lowered into the well with 
the help of a rope. Such a unit has been found to 
work effectively for 2 - 3 weeks in household wells 
of 4,500 litres capacity from which water is with- 
drawn at a rate of 400-450 litres/day. 

disinfection 

futer : KaJagopalan & snirrman 
Figure 17.3. 
Double pot chlorinator 

Drip-Type Chlorinator: An alternative device for 
disinfecting wells is a drip-feed chlorinator (Fig. 
17.4). Clogging of the drip outlet may take place due 
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to calcium carbonate deposits that are formed when 
the bleaching powder solution comes into contact with 
atmospheric carbon dioxide. A special drip outlet 
similar to the one used in medical transfusions can 
be inserted in the outlet tube just before the stop- 
cock. The outlet tube is extended right into the 
well and dipped into the water. The container may be 
placed on the parapet of the well. 

PLASTICJERRYCAN 

Figure 17.4, 
Equipment for feeding chlorine solution 

Solution feed devices using a constant head have been 
successfully operated in many places. Fig. 17.5 shows 
a "Floating Bowl" device. 

Both the regulating tube and the delivery tube must 
have a tight sliding fit in the floating bowl. The 
tubes are adjusted to such a level that the solution 
enters into the bowl and flows down the delivery tube 
at the desired feeding rate. Another feeding rate can 
be set by varying the levels of the regulating and 
delivery tubes. 
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FLOATING BOWL 

REGULATING TUBE 
PLASTIC. RUBBER OR 

CONTAINER 

GLASS 

WATERTIGHT JOINT 

OISCHARGE OVER INLET 
0 OF CLEAR WATER TANK 

Figure 17.5. 
Constant-head solution feeder for chlorine compounds 

Proportioning Devices for Pumped Supplies: When water -. 
from the source is pumped to an elevated service 
reservoir and supplied by gravity to the distribution 
system, 
in Fig. 

a bleaching powder solution may be dosed as 
17.6. From the bleaching powder solution 

reservoir a direct connection is made to the suction 
line of the pump. One percent bleaching powder 
solution prepared earlier and allowed to settle to 
remove impurities, is filled in the solution con- 
tainer. It should provide a supply sufficient for 
more than one day. Air entry at the suction side of 
the pump must be prevented. It is necessary to close 
the solution feed line when the pump is stopped. 
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CONSTANT HEAO 
OOSING OEVICE 

-SOURCE OF 
SUPPLY 

Figure 17.6. 
Chiorinatiorz arrangement for pumped supplies 

17.6 Disinfection using chloriw gas 

The form in which the disinfectant should be used is 
governed by several factors such as the quantity of 
water to be treated, cost and availablity of 
chemicals, the equipment needed for its application, 
and the skill required for operation and control. 
When the quantity of water to be treated is more than 
500,000 litres per day, chlorine gas has been found 
to be the most economical. For smaller supplies, 
cylinder-mounted chlorine gas controlLers are avail- 
able but they are not capable of accurately feeding 
very small quantities of gas. Two distinct methods 
are available for controlled application of chiorine 
gas: 

1: Solution Feed: The gas is first dissolved in a 
small volume of water and the resultins chlorine 
solution is fed to the main stream of-the water 
to be disinfected. Dissolving the gas in a small 
voluxe of water promotes complete and rapid dis- 
persal at the point of application. 
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2) Direct Feed: Here the gas is fed directly to the 
point of application. A special type of diffuser 
or perforated tubing (of silver or plastic) is 
needed for the proper diffusion of the gas. 
Therefore, this method is not recommended for 
small and rural water supplies. 

The equipment used for the controlled feed of 
chlorine gas may be grouped under pressure-feed and 
vacuum-feed types. The pressure type consists of a 
gas filter, stop valve, pressure-reducing valve, and 
regulating valve or orifice tube with a manometer and 
moisture seal. Regardless of the pressure variation 
in the chlorine cylinder, a constant pressure is 
maintained across the orifice by means of the pres- 
sure-reducing valve. The differential pressure drop 
across the orifice is measured and is an indication 
of the rate of gas flow. The solution feed apparatus 
includes some means of introducing the metered gas 
into the small stream of water which then carries the 
chlorine to the point of application (Fig. 17.7). 

6AAVlTY TYPE CONTROL PANEL 

, CHLORINE GYLINUEAS 

T,,‘, ,/,, ,,,‘,1/’ ‘/,1,,, I 
OISTRIBUTOR AT POINT 
OF APPLICATION ELEVATION 

Figure 17.7. 
Chlorine gas apparatus with gravity-type so&ionizer 
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17.7 Disinfection of new tanks, pipes and wells 

New Tanks: All new tanks and reservoirs should be 
disinfected before they are brought into service. 
Similarly, tanks that have been out of service for 
repair or cleaning should also be disinfected before 
they are put back in service. Prior to disinfection, 
wells and the bottoms of tanks should be cleaned by 
sweeping and scrubbing to remove all dirt and loose 
material. 

One of the disinfection methods used for a new tank 
is to fill it to t&e overflow level with clean water 
to which enough chlorine added to produce a concen- 
tration of 50 mg/l. The chlorine solution is in- 
troduced into the water as early as possible during 
the filling operation in order to ensure thorough 
mixing and contact with all surfaces to be dis- 
infected. After the tank is filled, it is allowed to 
stand, preferably for 24 hours but not for less than 
6 hours. The water should -then be drained out and 
the tank refilled for regular supply. 

A second method which i$ quite satisfactory and 
practical under rural conditions, is the direct 
application of a strong solution (200 mg/l) to the 
inner surfaces of the tank. The surface should remain 
in contact with the strong solution for at least 30 
minutes before the tank is filled with water. 

A third method, which should be used only when other 
methods cannot be used, does not expose the upper 
surfaces of walls to a strong chlorine solution. 
W.--a--s. "CLLGA Coil aii2iEg t" 59 mg,C chlorine is fed in the tank 
to such a volume that when the tank is later com- 
pletely filled up, the resultant chlorine concen- 
tration will be about 2 mg/l. The water containing 50 
mg/l chlorine is held in the tank for 24 hours before 
the tank is filled up with water. The tank can then 
be put into service without draining the water used 
for the disinfection providing the final residual is 
not too high. 

E IGains a?d Pipes: Distribution mains and pipe- 
lines are likely to be contaminated during laying 
irrespective of the precautions. Therefore, they must 
be disinfected before they are brought into use. 
Distribution systems need to be disinfected when 
contaminated in the event of main breaks or floods. 

Every pipeline should be cleaned by swabbing and 
flushing in order to remove all foreign matter. 
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Immediately before use, the packing and jointing 
material should be cleaned and disinfected by 
immersion in a 50 mg/l chlorine solution for at least 
30 minutes. 

A practical means of applying chlorine solution for 
disinfection of rural water supply systems is to 
flush out each section to be disinfected. The intake 
valve is shut off and the section allowed to drain 
dry. Then the discharge hydrant or valve is shut off 
and the section isolated from the rest of the system. 
The disinfecting solution is fed through a funnel or 
a hose into a hydrant or opening made specially for 
this purpose at the highest part of the pipeline. 
Since air valves are usually placed at these high 
points removing an air valve often is a convenient 
way to provide a point of entry. 

The solution is slowly poured in until the section is 
completely fliied. Care should be taken to ensure 
that air trapped in the pipe is allowed to escape. If 
there is no air valve or other orifice, one or more 
service connections should be disconnected to provide 
for the release of air. 

17.8 Disinfection of water supply in emergency situations 

Long-term measures for the provision of safe water 
supply aided by personal hygiene and health education 
will greatly help protect and promote public health. 
However, natural disasters like cyclones, earthquakes 
and floods do occur and sometimes result in complete 
disruption of water supplies. 

These situetions call for measures to provide for 
supply of safe water on an emergency basis. While 
there is no single measure which is the panacea for 
all situations, the following may be useful to ensure 
a safe water supply depending upon local conditions 
and available resources. 

When the regular water supply system is affected d!le 
to a disaster, top priority should be given by put- 
ting the system back into operation. Simultaneous 
action to tide over the situation should include a 
thorough search for all possible sources of water 
within a reasonable distance of the affected area. 
Water from private water supply systems and other 
sources may bc transported by tankers to the poin%s 
of consumption. 
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After floods, when the water supply distribution 
system remains intact, the pressure in the pipe lines 
should be raised so as to prevent polluted water from 
entering the pipes. As an additional measure the 
chlorination of the water at the treatment plants may 
be temporarily raised to a higher rate. High-dosage 
chlorination is recommended only in extreme circum- 
stances or when cleaning out new pipes. 

Chlorine Tablets and Bleach Solutions: Chlorine con- 
taining compounds that are dosed in solution or 
tablet form, are readily available in 
countries*. 

many 

They are quite good for disinfecting small quantities 
of water, but are costly. After addition of the 
chemical in the prescribed quantity, the water is 
stirred and allowed to stand for 30 minutes before 
consumption. If the water is turbid, it may be 
necessary to increase the dose of the chemical. 

-‘- Trade names include: 'Halazone', 'Chlor-dechlor', 

I 

'Hydrochlorzone', 'Hadex'. 
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SURVEILLANCE OF DRINKING WATER QUALITY 
World Health Organisation, Geneva, 1976, 135 p. 
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National Environmental Health Engineering Research 
Institute, Nagpur (India) 

Rajagopalan, S.; Shiffman, M.A. 
GUIDE ON SIMPLE SANITARY MEASURES FOR THE CONTROL OF ENTERIC 
DISEASES 
World Health Organisation, Geneva, 1974 
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water transmission 

18.1 introduction 

Water transmission frequently forms part of a small 
community water supply system; in that they do not 
differ from large schemes. The water needs to be 
transported from the source to the treatment plant, 
if there is one and 
tribution. Depending 

onward to the area of dis- 
on the topography and local 

conditions, the water may be conveyed through 
free-flow conduits (Fig. 18.1), pressure conduits 
(Fig. 18.2) or a combination of both (Fig. 18.3). The 
transmission of water will be either under gravity or 
by pumping. 

Free-flow conduits must be laid under a uniform slope 
in order to follow closely the hydraulic grade line*. 
Pressure pipelines can bie laid up- and downhill as 
needed, as long as they remain a sufficient distance 
below the hydraulic grade line. 

For community water supply purposes, pipelines are 
most common means of water transmission but canals, 
aqueducts and tunnels are also used. Whether for free 
flow or under pressure, water transmission conduits 
generally require a considerable capital investment. 
A careful consideratin of all technical options and 
their costs is, therefore, necessary when selecting 
the best solution in a particular case. 

18.2 Types of water conduits 

Canals 

Canals generally have a trapezoidal corss section but 
the rectangular form is more economical when the 
canal traverses solid rock. Flow conditions are more 
or less uniform when a channel has the same size, 
slope and surface lining throughout its length. 

:& The slope of the hydraulic grade line is the "hydraulic 
gradient". For open channels, it is the slope of the water 
surface. For closed conduits under pressure (e.g. pipe- 
lines), the hydraulic grade line slopes according to the 
head loss per unit length of pipe. 
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HYURAULIC GRADE I 

WATER SOURCE 
I 

gure 18.1. 
ee-flow conduit 

BREAK-PRESSURE TANK 

gure 18.2. 
sessure pipeline 

r HYDRAULIC GRAOE LINE 

d--FREE FLOW CONOUIT 

‘igure 18.3. 
Yombined free-flow/pressure conduit 
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Pressure Pipelines 

Obviously, the routing of pressure pipelines is much 
less governed by the topography of the area to be 
traversed, than is the case with canals, aqueducts 
and free-flow pipelines. A pressure pipeline may run 
up- and downhill; there is considerable freedom in 
selecting the pipeline alignment. A routing alongside 
roads or public ways is often preferred to facilitate 
inspection (for detection of any leakage, unoperative 
valves, damage, etc.) and to provide ready access for 
maintenance and repair. 
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Open canals have limited application in water supply 
practice in view of the danger that the water will 
get contaminated. Open canals are never appropriate 
for the conveyance of treated water but they may be 
used for transmission of raw water. 

aeducts and Tunnels 

Aqueducts and tunnels should be of such a size that 
they flow about three quarters full at the design 
flow rate. Tunnels for free-flow water transmission 
frequently are horse-shoe shaped. Such tunnels are 
constructed to shorten the overall length of a water 
transmission route, and to circumvent the need for 
any aqueducts and conduits traversing uneven terrain. 
To reduce head losses and infiltration seepage, 
tunnels are usually lined. However, when constructed 
in stable rock they require no lining. 

The velocity of flow in these aueducts and tunnels 
ranges between 0.3-0.9 m/set for unlined conduits, 
and up to 2 m/set for lined conduits. 

Free-flow Pipelines 

In free-flow pipelines, there being no pressure, 
simple materials may be used. Glazed clay pipes, 
asbestos cement and concrete should be adequate. 
These pipelines must closely follow the hydraulic 
grade line. 



18.3 Design considerations 

~ Design Flow 

The water demand in a distribution area will 
fluctuate considerably during a day. Usually a 

, service reservoir is provided to accumulate and even 
out the water demand fluctuation. The service 
reservoir is supplied from the transmission main, and 
is located at a suitable position to be able to 
supply the distribution system (Fig. 18.5). The 
transmission main is normally designed for the 
carrying capacity that is required to supply the 
water demand on the maximum day at a constant-rate 
basis. All hourly variations in the water demand 
during the day of maximum consumption, are then 
assumed to be leveled out by the service reservoir. 

The number of hours the transmission main operates 
per day is another important factor. For a water 
supply with diesel engine or electric motor-driven 
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Pumps, the daily pumping often is limited to 16 or 
less hours. In such a case, the design flow rate for 
the transmission main needs to be adjusted accord- 
ingly. 

ONMAXlMUMBAY 

UlSTRlBUTllJN SYSTEM 

I [ I I I 
I ! , 

TRANSMISSION MAIN 

AYERSFLOW -_. -..Y . . . . . L. m.., 
UR MAXIMUlA UAl 

Figure 18.5. 
Transmission main and service reservoir (schematic) 

Design Pressure 

The design pressure, of course, is only of relevance 
for pressure pipelines. Such pipelines generally 
follow the topography of the ground quite closely. 
The hydraulic grade line indicates the water pressure 
in the pipeline under operating conditions. The 
hydraulic grade line should lie above the pipeline, 
over its entire length, and for all rates of flow; in 
fact, nowhere should the operating head of water in 
the pipeline be less than 4 m (Fig. 18.6). 

The pipe material must be selected to withstand the 
highest pressure that can occur in the pipeline. The 
maximum pressure frequently does not occur under 
operating conditions but it is the static pressure 
when the pipeline is shut. In order to limit the 
maximum pressure in a pipeline and, thus, the cost of 
the pipes, it can be divided into sections separated 
by a break-pressure tank. The function of such a 
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break-pressure tank is to limit the static pressure 
by providing an open water surface at certain places 
alone the pipeline. The flow from the upstream 
section can be-throttled when necessary. 

, RESERVOIR 
I 

STATIC PRESSURE ---- -------- --- 

ON 
SYSTEM 

0 14 18 I12 116 I20 124 128 I32 

DISTANCE 

Figure 18.6. 
Design pressure determination for pipeline 

Critical pressures may also develop as a result of 
pressure surge or water hammer in the pipeline. These 
are caused by the instant or too rapid closure of 
valves, or by sudden pump starts or stops. The 
resulting pressure surges create over- and under- 
pressures that may damage the pipeline. 

18.4 Hydraulic design 

For a given design flow rate (Q), the velocity of 
flow (v) and consequently the required size of the 
water transmission conduit may be computed using the 
following formulae: 

Open Conduits 

The Manning (or Strickler) formula is widely used in 
the hydraulic design of open conduits with free flow 
conditions. The formula reads: 

v = C.R2'3.11'2 
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v = (average) velocity of flow in water 
conduit (m/set.) 

c = Coefficient of roughness of conduit 
walls and bottom (mm) 

R = Hydraulic radius (m) 
I = Hydraulic gradient (m/m'; 

For design purposes, Table 18.1 provides indicative 
values of the coefficient of roughness for various 
types of linings in clean, straight channels*. 

Table 18.1. 
Indicative values for roughness of various types of linings 

Type of Lining Coefficient of roughness (K) 

Planed timber, joints flush 
Sawn lumber, joints uneven 
Concrete, trowel finished 
Masonry 
. Neat cement plaster 
. Brickwork; good finish 
. Brickwork; rough 
Excavated 
. Earth 
. Gravel 
. Rock cut, smooth 

Rock cut, jagged 

80 
70 
80 

70 
65 
60 

45 
40 
30 
25 

Pipelines 

The most accurate formula for computing the head loss 
of water flowing through a pipeline iF the Colebrook- 
White ('universal') formula: 

H= gJ . g .L = i.L 
fi2s D 

Where: 

H = head loss (m) 

i 1 
length of pipeline (m) 
friction coefficient 

Q 1 
internal pipe diameter (m) 
flow rate (m3/s) 

cl = 
I = 

gravitational factor kapprox. 9.8 m/sec2) 
hydraulic gradient (m/m or m/km) 

* In practice, a channel does not have a single C-value. 
Frequently it varies for different sections of the channel, 
and often there are also seasonal variations. 
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70 98.7 22.5 

100 199 45.1 
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The factor A is the friction coefficient which is a 
function of the pipe wall rowpry ( k) , the 
(kinematic) viscosity of water the flow 
velocity (v), and the internal pipe diam;ter (D). The 
Colebrook-White formula is too complicated for 
numerical calculations. Tables and monograms have 
been prepared for different values of pipe wall 
roughness. 

Table 18.2 is an example. It gives the head loss for 
water flowing through smooth-walled pipes (wall 
roughness k = 0.1 mm). Figure 18.7 is an example of a 
head loss determination graph for pipes with wa!.l 
roughness k = 0.2 mm. 

Table 18.2. 
Head loss in m/km 

temperature 20° C 

for smooth pipes (wall roughness k = 0.1 mm) 

--- 
0 in mm 
\ 15 20 25 30 50 70 100 120 I50 200 

Q in l/s 
\ 

0. I 44. I 10.5 3.51 1.45 

0.15 94. I 22.0 7.28 2.97 

0.2 162 37.6 12.3 4.99 

0.3 80.5 26.0 10.5 0.85 

0.5 214 68.1 27.0 2.13 

0.7 129 51.0 3.94 0.76 

1.0 101 7.60 1.44 

1.5 16.2 3.02 

2 28.0 5.15 0.88 I md 

3 60.9 II.0 1.86 0.76 

5 I64 29.1 4.81 I .94 0.65 

7 55.7 9.09 3.64 1.20 

IO 111 17.9 7.13 2.33 0.56 

I5 i9.2 15.5 5.01 I.19 

20 68.6 26.9 8.66 2.04 

30 I52 59.3 18.9 4.39 

50 I61 51.0 11.7 
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Example 1 

What is the hea? loss in a pipeline 1200 m long with a diameter 
of 50 mm, for a flow of 3 m3/hour? 
A flow of 3 m3/hour is equal to 0.83 l/set. Using the table: 
Q = 0.7 l.lsec, i = 3.94 m/km, thus 

I =(tW1;3y (3.94) = 5.54 m/km 

Q = 1.0 l/set, i = 7.60 

I =((‘;:;3)J C7.60) = 5.24 m/b 

The average is (5.54 + 5.24) : 2 = 5.4 m/km, so that over a 
length of 1.2 km the head loss will be 
(1.2)x(5.4) = 6.5 m head of water. 

-* FLOW RATE Q (MVHA.) 

Figure 18.7. 
Head loss determination graph 

Example 2 

What will be the flow in a 50 mm diameter pipe to transport 
water from a small dam to a tank at 600 m distance. The 
difference in elevation between the two points is 5.40 m. 
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The hydraulic gradient thus is 5.40/0.6 = 9 m/km. 
According to the table, the hydraulic gradient for a flow of 1 
litre/sec is 7.60 m/km. Thus the acttial flow will be: 
Q = 1.0 

v- 
9 = 1.1 litres/sec, or approximately 
7.6 

4 m3/hour. 

Example 3 

What will be the flow in example 2 when a 55 mm diameter pipe 
is chosen? 

Q= (1.1) (I % $5 = 1.4 litres/sec. 
5 

Indicative values of pipe wall roughness (k) are 
given below: 

Pipe Material Pipe Wall 
Roughness* 

Asbestos Cement (A-C.) = 0.1 mm 
Polyvinylchloride (P.V.C.) = 0.1 mm 
Polyethylene (P-E.) k = 0.05 mm 
Ductile Iron (D-I.) (unlined) k = 0.25 
Ductile Iron (D-1.) (cement-lined) k = 0.125 z 
Steel (lined) = 0.125 mm 
Galvanised Steel (G-S.) = 0.15 mm 

Figure 18.8. 
i Water transnzissicn mair, river crossing 

-2 After several fears of service, and allowing for the effect 
of the joints and some misalignment of the pipes. 
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18.5 Water transmission by pumping 

For water transmission by pumping, the head loss 
corresponding with the design flow rate can be ccm- 
puted for any pipe diameter using tables or nomo- 
graphs like the ones presented in section 18.4. The 
pumping head is the total head, that is the static 
head plus the friction head loss for the design flow 
rate. The pump to be selected milst be able to provide 
this head -(Fig. 18.9). 

water transmission 

-I 

I 
f-b -. 

FRICTION LOSS 
AH SERVICE 

RESERVOIR 

Figure 18.9. 
Pumped supply 

This calculation should be repeated for several pipe 
diameters. Each combination of pumping head and pipe 
diameter would be capable of supplying the required 
flow rate of water over the required distance, and up 
to the service reservoir. However, only one pipe 
diameter will represent the least-cost choice taking 
into account the initial costs (capital investment) 
and the energy costs for pumping. The total cost, 
capitalized, is the basis for selecting the most 
economical pipe diameter. 

For this analysis, the calculated costs for different 
sizes of pipe are plotted in a grapth of which Fig. 
18.10 shows an example. 
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t 
$ 
% MINIMUM TOTAL COSTS 
b 
Y 
3 
5 
k 
is 
f 

lNv~+ 
COSTs’ MOST ECONOMICAL 

PIPE OIAMETE!I 

Figure 18.10. 
Determination of most economical pipe diameter 

The most economical pipe diameter will tend to be 
large: 

when energy costs are high, 
costs pe-: linear metre of pipe low, and 
capital interest rates low. 

For a tentative estimate of the most economical pipe 
diameter, this diameter may be computed using a 
velocity of flow of 0.75 m/set. 

Selection of Pumps 

Various types of pumps have been mentioned in chapter 
10: centrifugal, axial-flow, mixed-flow and recipro- 
cating pumps. The choice of pump will generally 
depend on its duty in terms of pumping head and 
capacity. 

Pumps with rotating parts have either a horizontal or 
a vertical axis. The choice between these is gene- 
rally based on the pump-motor drive arrangement and 
the site conditions. At a site subject to flooding, 
the motor and any other electrical eguipment must be 
placed above flood level. 
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In water transmission for community water supply 
purposes, it is not unusual that a substantial head 
is required. This implies that the pumps selected 
frequently are of the centrifugal (radial-flow) type. 

Many waterworks pumps are designed to run (almost) 
continuously for long periods of time. A high effi- 
ciency of a few percent may represent a considerable 
saving in the running costs over a long period of 
time. However for rural water supplies, an even more 
important requirement is that any pumps installed 
should be reliable. 

The pumping head/capacity characteristic of a pump, 
and its efficiency are indicated in graphs that are 
supplied by the manufacturers of the pump. Fig. 18.11 
shows an example. 

water transmission 

------__ 

CAPACITY 0 ImVsIl - 

Figure 18.11. 
Typical pump characteristic curve 

In practice it is seldom possible to have the pump 
permanently run at its maximum efficiency because the 
operating point of the pump is determined by both the 
pumping head and the capacity, and these can vary 
considerably. The efficiency of small-capacity pumps 
operating under the conditions of rural areas in 
developing countries frequently is quite low. A 
tentative estimate would be in the range of as low as 
3Q% for a 0.4 kilowatt pump, to 607.. for a 4 kilowatt 
PumP- 
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Power Requirements 

The power required for driving a pumping unit can be 
computed with the following formula: 

N = P,g.Q(Hs + i.L) 
e 

Where: 

N = Power required for pumping (Watts) 

i 
= Pumping rage (l/set) 
= Specific weight of water (kg/dm3) 

e = Pumping efficiency (percent) 
Hs = Static head (m) 
i = Head loss under operating conditions. 

(m of head/m of pipe) 
L = Length of pipe (m) 

For g = 9.81 m/sec2; e= 1 g/cm3, and e for small- 
capacity pumps estimated at 50 percent, the above 
formula can be simplified to: 

N= 20 Q(Hs + i.L) Watts 

Example 

For a water supply, pumping is required at the rate oi 110,000 
litres per 12 hours. The static head is 26 m, and the length of 
the pipeline is 450 m. Determine the diameter of the pipeline 
and the power requirement for pumping. 

Q= 110,000/12 x 3,600 = 2.55 l/set. 

Table 18.2 indicates, that a 50 mm-diameter pipeline might be 
selected with a head loss of 43 m/km for the 2.55 l/set design 
flow rate. The power requirement would be: 

N = 20 x 2.55(26 + 0.043 x 450) = 2.310 Watts = 2.3 Kilowatt 

Pump Installtions 

Pumping stations may be of the wet-pit type (with 
submersible pumps or pumps driven by motors placed 
above the pump in the sump), or of the dry-pit type 
(pump installed in a pump room). The wet-pit type, has 
the pumps immerged in the water, and the dry-pit type 
has the pump in a dry room separated from the water 
by a wall. 

For ease of installation, horizontal pumps are some- 
times situated above ground level. In that case the 
pump must be of the self-priming type which is gene- 
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rally a not so reliable arrctngement for rural water 
supply installations. 

Examples of various types of pump installations are 
shown in Figs. 18.12 and 18.13. 

OUTLET 
- 

h”\\\\\.\.\. ,-.\l 

Figure 18.12. 
Pumping station with horizontal pumps (self-priming) 
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SUSPENSION 

CROSS SECTION 

OUTLET INLETn 

” ORAIN 

Figure 18.13. 
Pumping installation (dry pit) 

18.6 Pipe materials 

Pipelines frequently represent a considerable in- 
vestment, 
important. 

and selection of te right type of pipe 'is 
Pipes are available in various materials, 

sizes and pressure classes. The most common materials 
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are cast iron (C.I.), ductile iron, steel, asbestos 
cement (A.C. 1, polyvinylchloride (p.v.c, j and 
high-density polyethylene (P.E.). 

Apart from these, indigenous materials such as bamboo 
sometimes have limited application. 

The suitability of any type of pipe in a given situa- 
tion is influenced by its availability on the market, 
cost, available diameters and pressure classes, and 
susceptibility to corrosion or mechanical damage. 
Although specific conditions will vary from one 
country to another the following general observations 
apply in most cases. 

Ductile iron and steel are the strongest pipe ma- 
terials making them the best choice when very high 
operating pressures are to be expected. However, the 
costs of fittings, valves, etc. increase rapidly for 
higher pipe pressure classes and it is, therefore, 
often advisable to reduce the maximum internal pipe 
pressure through the provision of a pressure-reducing 
valve or break-pressure tank. A break-pressure tank 
is generally more reliable than a pressure-reducing 
valve. 

Asbestos cement may be less suitable for transmission 
mains because non-authorised tapping of such mains is 
possible. Moreover, this pipe material may be subject 
to scale-bursts when tapped without sufficient skill. 

Non-authorised tapping of rigid plastic (P.V.C.) 
mains is also difficult to prevent. Steel and ductile 
iron pipes are almost impossible to tap without 
special tools and equipment. 

Plastic (P.V.C.; P.E.) pipes are very corrosion 
resistant. P.V.C., however, suffers a certain loss in 
strength when exposed to sunlight for long periods of 
time, and care should be taken to cover P.V.C. pipes 
when these are stocked in the open. 

High-density polyethl-lene (P.E.) is a very suitable 
pipe material for small-diameter mains because it can 
be supplied in rolls (for pipe diameters of 160 mm 
and less). Thus the number of the necessary joints is 
greatly reduced. Particularly in cases where rigid 
pipe materials would necessitate a considerable 
number of special parts such as elbows and bends the 
flexible P.E. makes for an ideal pipe material. 
Polyethylene does not deteriorate when exposed to 
direct sunlight. 
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To sumaarise, for pipelines of small-diameter (less 
than 150 mm) P.E. and P.V.C. may generally be best. 
For medium-size pipelines (diameters up to 300 to 400 
mm) asbestos cement should be considered. Cast iron, 
ductile iron and steel are generally only used for 
large-diameter mains, and also in cases where very 
high pressures necessitate their use in smalldiameter 
pipes. 

Table 18.3 lists the comparative characteristics of 
pipe materials for pipelines. 

Table 18.3. 
Comparison of pipe materials 

Pipe Material P.V.C. A.C. C.I. and D.I. steel 
and P.E. unlined cement unlined cement 

lined lined 

1. Cost of pipe t + 

2. Availability of 
large diameters +- + + + + 

3. Mechanical strength c- + ++ ++ ++ ++ 

4. Resistance against 
bursting when 
illegally tapped + A+ +t ++ t+ 

5. Corrosion resistance ++ +- t- + t 

++: very well suited 
+ : well suited 
+-: suitable 
- : less suitable 

Apart from the sluice ("gate") valves and non-return 
valves fitted to the pump outlets in the case of a 
ww=d supply, various types of valves and appurte- 
nances are used in the transmission main proper. As 
the pipeline will normally follow the terrain, 
provision must be made for the release of trapped air 
at high points and for flushing out deposits at low 
points. Air release valves (see Fig. 18.14) should be 
provided at all high points on the pipeline and may 
also be required at intermediate positions along long 
lengths of even gradient. To avoid underpressure, air 
admission valves may also have to be used. These 
serve to draw air into the pipeline when the internal 
pressure falls below a certain level. At the lowest 
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points of the pipeline, drain or discharge valves 
must be installed to facilitate emptying or scouring 
the pipeline. 

In long pipelines, sluice valves should be installed 
to enable sections of the pipeline to be isolated for 
inspection or repair purposes. Especially when twin 
mains are used it is advantageous to connect them at 
intervals. In the event of leakage or pipe burst only 
one section of such an interconnected twin main needs 
to be taken out of operation whereas the other 
sections of that main and the entire other main can 
still be used. In this way the capacity of the twin 
main as such is hardly reduced. It should be men- 
tioned that this advantage is obtained at a cost 
because each connection between the twin mains re- 
quires at least five valves. 

Sluice valves perform their function either fully 
opened or completely closed. For pipe diameters of 
350 mm and less, a single valve may be used. For 
larger diameters a small-diameter by-pass with a 
second valve will be needed because otherwise the 
closing of the large-diameter valve might prove very 
difficult. In those cases where the flow of water has 
to be throttled by means of a valve, buttarfly valves 
should be used. This type of valve may aPso be used 
instead of the sluice valves mentioned above but 
their cost is usually somewhat higher. Fig. 18.15 
shows various types of valves. 
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A=VENTILATlON OPENiN 
B=NEEDLE 
C=FLOAT 
O=FLOAT 
E=STRAINEfl 

AIR RELEASE VALVE 

GATE VALVE 

AIR ADMISSION VALVE 

B = OISC 
C = DISC SEAL 
0 = BODY SEAT 
E = SHAFT 

BUTTERFLY VALVE 

Figure 18.14. 
Various types of ualues 
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water distribution 

19.1 Introduction 

The water distribution system (or 'reticulation' 
system) serves to convey the water drawn from the 
water source and treated when necessary, to the point 
where it is delivered to the users. For small com- 
munity water supplies, the distribution system and 
any provision for water storage (e.g. service re- 
servoir) should be kept simple. Even so, it may 
represent a substantial capital investment and the 
design must be done properly. 

Generally, the distribution system of a small com- 
munity water supply is designed to cater for the 
domestic and other residential water requirements. 
Stock watering and garden-plot irrigation water may 
also be provided. 

A community's water demand varies considerably in the 
course of a day. Water consumption is highest during 
the hours that water is used for personal hygiene and 
cleaning, and when food preparation and washing of 
clothes are done. During the night the water use will 
be lowest. 

Service reservoirs serve to accumulate and store 
water during the night so that it can be supplied 
during the daytime hours of high water demand. 

It is necessary to maintain a sufficient pressure in 
the distribution system in order to protect it 
against contamination by the ingress of polluted 
seepage water. For small community supplies, a 
minimum pressure of 6 m head of water should be 
adequate in most instances. 

19.2 Types of distribution systems 

There are basically two main types of distribution 
system: 

1. 
2. 

Branched system (Fig. 19.la) 
Looped network system (Fig. 19.lb) 
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B. 
LOOPED NETWORK 
OlSTRlBUTlON SYSTEM 

Figure 19.1. 
Types of distribution systems 

In general, branched systems are only used for small- 
capacity community supplies delivering the water 
mostly through public standpipes and having few house 
connections, if any. For larger distribution systems 
looped network grids are more common. 

Branched systems have the advantage that their design 
is straight-forward. The direction of ?-.?e water flow 
in all pipes and the flcq rate can be readily deter- 
mined. This is not so easy in the looped distribution 
network (or 'grid') where each secondary pipe can be 
fed from two sides. This greatly influences the 
hydraulic design of the distribution network. It is 
also of major importance in the event that one of the 
mains is out of operation (e.g. for cleaning, or for 
repair). A looped network usually has a ring of mains 
to which the secondary pipes are connected. In large 
(urban) distribution systems, the secondary pipes are 
usually all inter-connected which requires many 
valves and special parts (Fig. 19.2). 

Fcr small distribution systems, 
condary pipes 

over-crossing se- 
that are not inter-connected may be 

advantageous with a considerable cost saving (Fig. 
19.3). 
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150 MM OIA 

LOOP MAIN 

150 MM OIA 

150 MM DIA 

Figure 19.2. 
Fully-interconnected pipes. 
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Figure 19.3. 
Over-crossing single pipes 
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The number and type of the points (service con- 
nections) at which the water is delivered to the 
users, have considerable influence on the design of a 
water distribution system. 

The following types of service connections may be 
distinguished: 

House connection, 
Yard connection*, 
Public standpipe. 

A house connection is a water service pipe connected 
with-house plumbing to one or more taps, e.g. in 
the kitchen and bathroom. Usually, 31'8 in (9 mm) and 
l/2 in (12 mm) taps are used. A typical layout is 
shown in Fig. 19.4. 

CONNECTIUN OF SERVICE PIPE 
TO SECONDARY OISTRIBUTION PIPE 

Figure 19.4. 
House connection 

The service pipe is connected to the distribution 
main in the street by means of a T-piece (on small- 
diameter pipes), a special insert piece ("ferrule") 
or a saddle (on larger-size secondary pipes). A 
special insert piece is mostly used for cast iron and 
ductile iron pipes. 

is quite similar to a house con- 
the only difference being that the tap(s) 

in the yard outside the house(s). No 
in-house piping and fixtures are provided (Fig. 
19.5). 

Plastic pipes (polyvinylchloride or polyethylene), 
cast iron and galvanised steel pipes are used for 
both house connections and yard connections. 

* Also called: patio connection 
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Figure 19.5 
Yard-connection 

Public standpipes have long been in use for the dis- 
tribution of water, and, for reasons of costs and 
technical feasibility, they will have to continue 
serving this purpose in many countries, for a long 
time to come. Each standpipe should be situated at a 
suitable point within the community area in order to 
limit the distance the water users have to go to 
collect their water. The walking distance, for the 
farthest user of a standpipe should, whenever 
possible, be limited to 200 m; in sparsely populated 
rural areas 500 m may be acceptable. The required 
discharge capacity of a standpipe normally is about 
14-18 litres/minute at each outlet. A single-tap 
standpipe should preferably be used by not more than 
40-73 people; a multiple-tap standpipe may provide a 
reasonable service for up to 250-300 persons; in no 
case should the number of users dependent on one 
standpipe exceed 500. 

Public standpipes can operate at a low pressure. 
Distribution systems that serve only standpipes may, 
therefore, use low-pressure piping. Pipes for dis- 
tribution systems with house connections generally 
have to be of a higher pressure class. 

Wastage of water from standpipes, especially when 
users fail to turn off the taps, can be a serious 
problem. It is also not uncommon for the taps to be 
damaged by the users. Pilferage sometimes occurs. 
Poor drainage of spilled water may cause stagnant 
pools of dirty water with the associated health 
hazards. 

Water fetched at a public standpipe will have to be 
carried home in a container (bucket, jerrycan, 
vessel, pot, etc.). This means that the water which 
was safe at the moment of drawing, may no longer be 
so at the moment it is used in the house. Water 
consumption from standpipes generally is not higher 
than 20 to 30 litres per person per day. The %ater 
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use for other purposes than drinking and cooking is 
likely to be curtailed when the water has to be 
fetched from a standpipe. Yard and house connections 
will usually better encourage a more generous water 
use for personal hygiene and cleaning purposes. 

Public standpipes can have one or more taps. Single- 
tap and double-tap standpipes are the most common 
types in rural areas. They are made of brickwork, 
masonry, concrete, 
materials. 

or use wooden poles and similar 
Standpipes may have platforms at different 

levels, making it easy for adults and children to use 
them with containers of different sizes. Examples are 
shown in Fig. 19.6 and 19.7. Public taps drawing from 
a small reservoir ("cisternn) represent an alter- 
native method of water distribution (Fig. 19.8). 

BROKEN STONE OR 

‘CM 

Figure 19.6. 
Cross-section of simple standpipes 

In spite of their shortcomings, public standpipes are 
really the only 'practical option for water dis- 
tribution at minimum cost to a large number of people 
who cannot afford the much higher costs of house or 
yard connections. The housing, in fact, is frequently 
not suitably constructed to allow the installation of 
internal plumbing. Furthermore, it would often be 
impossible for a small community to obtain the sub- 
stantial capital for a water distribution system with 
house connections. Also, the costs of adequate dis- 
posal of the considerable amounts of waste water 
generated by a house-connected water supply service 
would place an additional heavy financial burden on 
the community. Consequently, public standpipes will 
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have to be provided and the principal concern should 
be to lessen their inherent shortcomings as much as 
possible. 

BRICKWORK 

CEME#T PLASTER 

EVEL 

\\\\\\.I. ” “’ “S“.\“\ 
WIRE MESd I 

Figure 19.7. 
Cross-section of multiple-tap standpipe 

VENTILATOR --A 

TAP Y~/I III-INLET PIPE 

L MAN-HOLE 

STOP VALVE 

Figure 19.8. 
Communal taps supplied from a small reservoir (‘Cistern’) 
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Staged Development of Distribution Systems - 

Experience shows that it is possible to develop a 
water distribution system in stages, upgrading it in 
steps when a community's standard of living improves 
and funds become available. Therefore, when designing 
a distribution system allowance should be made as 
much as possible, for its later upgrading. The design 
engineer has to take into account the higher per 
capita water demand which is associated with better 
water supply facilities. 

The cost of a water distribution system depends 
mainly on the total length of pipes installed, and 
much less on the diameters of these pipes. It is, 
therefore, generally advantageous to design a dis- 
tribution system, in any case its major components, 
directly for the ultimate capacity. This is even so 
when initially only part of the distribution system 
is installed for sq>plying water at a few standpipes. 
Thus, for a start, fairly wide-spaced standpipes are 
provided that probably can be supplied from one or a 
few mains. An elevated reservoir {or tank) will be 
very useful to obtain a reliable feeding of water to 
the distribution system, particularly if the water is 
taken from the water source by pumping. 

Figure 19.9. 
IRC Photc 

Communal standpost supplied from elevated tank (Kenya) 

In the next stage, additional standpipes are in- 
stalled in order to reduce the spacing, and thus the 
distance the water has to be carried by the users. 
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The hourly variation in the water demand during the 
day is frequently much greater. Generally, two peak 
periods can be observed, one in the morning and one 
late in the afternoon (Fig. 19.8). The peak hour 
demand can be expressed as the average hourly demand 
multiplied by the hourly peak factor (k ). For a 
particular distribution area this factor c3 epends on 
the size and character of the community served. The 
hourly peak factor tends to be high for small rural 
villages, it is usually less for larger communities 
and small towns. Where roof tanks or other water 
storage vessels are common, 
will be further reduced. 

the hourly peak factor 
Usually the factor k2 is 

chosen in the 1.5 - 2 range. 

This may require the laying of more distribution 
mains with secondary pipes serving the most densely 
populated clusters in the community. When this basic 
level of water service has spread throughout the 
community, the installation of yard taps and house 
COMeCtiOnS may follow. This will probably be con- 
current with the provision of yet more standpipes to 
improve the service to those users dependent on this 
type of supply. 

The staged development of a distribution system would 
thus go parallel with the actual growth of water use 
in a community. It takes into account that in the 
initial years many of the existing dwellings may not 
allow the installation of the plumbing and fixtures 
required for a house connection. 

19.3 Design considerations 

Water Demand; Peak Factors 

The daily water demand in a community area will vary 
during the year due to seasonal pattern of the 
climate, the work situation (e.g. harvest time) and 
other factors such as cultural or religious oc- 
casions. The typical figures for domestic water usage 
and other water requirements as given in Chapter 3, 
are averages. The maximum daily demand is usually es- 
timated by adding 10 to 30 percent to the average 
daily demand. Thus, the peak factor for the daily 
water demand (kl) is 1.1 to 1.3. 

A water distribution system typically is designed to 
cater for the maximum hourly demand. This peak hour 
demand may be computed as kl x k2 x average hourly 
demand. 
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WATER OEMANII 
.L DAY 

Figure 19.10. 
Variation of water demand during the day 

Example 

For a particular distribution area, the average daily water 
demand is estimated (using the design figures given in Chapter 
3) at 500,000 litres/day. 

Q average day 
Q peak day 

9 Average hour 
on peak day 

Q peak hour 

= 500,000 litres/day 
= 1.2 x 500,000 = 

600,000 litres/day 
= 600,000 : 24 = 

25,000 litres/hour 
= 1.8 x 25,000 = 

45,000 litres/hour 

Storage Reservoir 

If there would be no storage of water in the dis- 
tribution area, the source of supply and the water 
treatment plant would have to be able to follow all 
fluctuations of the water demand of the community 
served. This is generally not economical, and some- 
times not even technically feasible. 

The design capacities of the various components of a 
water supply system are usually chosen as indicated 
in Fig. 19.11. 
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SERVICE 
RESERVOIR 

lllSTRlBUTlON 
SYSTEM 

TRANSMISSION 
RAW WATER INTAKE MAIN 

i ?I1 

WATER TREATMENT 
PLANT 

Figure 19.11. 
Design capacities for water supply systems components 

In summary: 

System Component Design capacity 

. Water source; raw - peak day water 
water main; water demand 
treatment plant 

. Distribution system - peak hour water 
demand 

The service reservoir is provided to balance the 
(constant) supply rate from the water source/treat- 
ment plant with the fluctuating water demand in the 
distribution area. The storage volume should be large 
enough to accomodate the cumulative differences 
between water supply and demand. 

The required storage volume can be determined as 
follows. The estimated hourly water demand (example 
given in Fig. 19.10) is expressed as a percentage of 
the total demand over the peak day and plotted in a 
cumulative water demand curve (Fig. 19.12). The 
constant supply rate is then drawn in the same 
diagram, as a straight line*. 

The required volume of storage can now be read from 
the graph. For a constant-rate supply, 24 hours a 
day, the required storage is represented by A-A' plus 
B-B', about 28% of the total peak day demand. If the 

* In the example, the supply operates at a constant rate. If 
the supply rate is not constant, the cumulative quantity of 
water supplied will he represented hy a broken line. 
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supply capacity is so high that the daily demand can 
be met with 12 hours pumping a day, the required 
storage is found to be C-C' plus D-D', about 22% of 
the total peak day demand. 

80 - 

-I 70 70 

60 

-I 50 50 CONSTANT RATE 
CUMULATIVE 

40 -~ 

30 30 

20 20 

10 

24 

HOURS - 

Figure lG.12. 
Graphical determrrzation of required storage volume (service 
reservoir) 

A service reservoir with a storage volme of 20 to 40 
percent of the peak day water demand should generally 
be adequate yet a larger reservoir may be called for 
in situations where any interruption of the water 
supply would be particularly critical. 

The reservoir should be situated as close to the 
/ distribution area as oossible. It should be situated 

at a higher elevation*than the distribution area. If 
such a site is available only at some distance, the 
reservoir should be placed therp:. Fig, 19.13 shows 
two possible arrangements. 

In flat areas where no suitable hill sites or other 
high points for ground reservoirs are available, 
water towers or elevated tanks have to be used. In 
principle, such towers or tanks should have the same 
storage volume as a ground reservoir. In practice, 
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however, water towers and elevated tanks have 
relatively small volumes because they are much more 
costly to construct than a ground reservoir. 

~~~;TqFJ 
CUT OFF ENTIRE SUPiLY ‘JlSTRlBUTlilN 

TO DISTRIBUTION AREA AREA PIPE BURST IN ANY OF THESE 
LOCATIONS WILL CUT OFF PART 
OF THE SUPPLY ONLY 

A. IN-LINE RESERVOIR 6. RESERVOIR OPPOSITE WATER SOURCE 

Figure 19.13. 
Reseruoir siting 

Sometimes a combination of a ground reservoir and a 
pumping station is used (Fig. 19.14). This, however, 
generally is too complex an arrangement for a small 
community supply. 

DYNAMIC 
WATER PRESSURE 

r-WATER TOWER 

PUMPING 
STATION 

PUMPING 
STATION 

dR0~~0 RESERVOIR 

Figure 19.I4. 
Ground reservoir with pumping station 

Ground reservoirs of some size are normally of 
reinforced concrete; small ones can be made of mass 
concrete or brick masonry. Elevated reservoirs are of 
steel, reinforced concrete or brickwork on concrete 
columns. Steel tanks are mostly placed on a steel or 
wooden support framework. 
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n Examples of small service reservoirs are shown i 
Figs. 19.15 and 19.16. 

l- --------------------- 1 
SCREENED OVERFLOW i 

I 

I 

I 
I 
i 

f 

I 
I 
I 
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I 
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MANHOLE 

SLOPE FLOOR TO ORA@ . 

SEAL 

SECTION 

Figure 19.15. 
Construction details of small reservoir 
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,-SLATES NAiLElI TO RAFTER 

CROSS-SECTION 

Figure 19.16. 
Small service reservoir 

An elevated service reservoir (steel tank on brick 
masonry support) is shown in Fig. 19.17, and Fig. 
19.18 features a reinforced brickwork tank supported 
by masonry walls. 
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Figure 19.17. 
Elevated service reservoir 
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VENTILATOR --, 
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Figure 19.18. 
Elevated service reservoir 
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1 19.4 Distribution system design 

After establishing the general layout of a dis- 
tribution system and its main components, the dis- 
tribution area should be divided into a number of 
sectors according to topography, land use classi- 
fication and density of population. Boundaries may be 
drawn along rivers, roads, high points or other 
features which distinguish each sector. The dis- 
tribution mains and secondary pipes can then be 
plotted in the plan. 

Once all the sectors are fixed, the population number 
for each sector can be estimated or computed from any 
data available. The water demand by sector is then 
computed using per capita water usage figures for 
domestic water consumption and selected values for 
the other, non-domestic water requirements. 

Although in practice water will be drawn off at many 
points along the length of the pipes, it is common 
engineering practice to assume that all draw-offs are 
concentrated in the nodal points of the distribution 
network. The hydraulic calculation is much simplified 
by this assumption and the errors so introduced are 
negligible. 

Having determined the draw-offs in the nodal points, 
a flow distribution over the various pipes can be 
assumed and the required pipe diameters estimated. 
One way to make the first assumption for the required 
pipe diameters is to make imaginary sections over the 
entire distribution network. The total water demand 
at the downstream end of the section being known, the 
selected design velocity of flow gives a first es- 
timate of the total cross-sectional area of the pipes 
that are cut by the imaginary section (Fig. 19.19). 
The individual pipes can then be so sized that to- 
gether they would provide the required cross- 
sectional area. 

For the preliminary design of simple distribution 
systems, a quite simple method may be employed using 
the water consumption rate per linear metre of dis- 
tribution pipe. This rate is, of course, greatly 
influenced by the type of water supply provided: 
public standpipes, yard taps, house connections, or 
combinations of these. 
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f 

q4 

IMAGINARY SECTION 
THROUGH NETWORK 

91 

Figure 19.19. 
Imaginary section design method 

The following example illustrates this simplified 
design method (Fig. 19.20). 

80m 

Number of persons served 
Total length of pipes 
Average daily water use 
Daily water demand peak 

factor (kl) 
Hourly water demand peak 

factor (k2) 

357 

1750 
600 q 

50 litres/day/person 

1.2 

1.5 

Figure 19.20. 
Simple water distribution system (schematic) 

Design Data: 
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Calculation 

Average flow of water carried by distribution system: 

Q = 1750 x 50 = av 87.500 litres/day = 1.0 litres/sec. 

Peak flow carried by system: 

B eak = 1.2 x 1.5 x 1.0 = 1.8 litres/sec. 

Water use rate per linear metre of distribution system: 

9 
=1.8 

unit = 0.003 litre/sec. per ml 

600 

Multiplying the cumulative length of pipe, for each individual 
section, with the unit flow rate gives the tentative design 
flow from which the pipe diameter can be computed for a 
selected velocity of flow. The maximum flow carried by plastic 
pipes is for a design velocity or 0.75 m/set tabulated in Table 
19.1. 

Table 19.1. e 
Maximum carrying capacity of plastic pipes (for V = 0.75 m/see.) 

Diameter Max. Flow Hydraulic Gradient 

mm inches * l/set. m/In1 

30 14 0.6 0.023 

40 II 0.9 0.020 

50 2 1.5 0.015 

60 21 2.1 0.011 

80 3 3.4 0.009 

100 4 6.0 0.007 

150 6 13.3 0.004 

* approximate 

The tentative design calculations are most readily 
carried out in a tabulated form (Table 19.2). 
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Table 19.2. 
Tentatiue determination of pipe sizes in distribution system 

Sections Length 
b-d 

Cumulative Design Pipe 
length Flow Diameter 

(ml (litre/sec) hml> 

A-C 80 50 0.24 30 
B-C 80 80 0.24 30 
C-F 100 260 0.78 40 
D-E 100 100 0.30 30 
E-F 80 180 0.54 30 
F-G 160 600 1.86 60 

Design velocity: 0.75 m/set. 

19.5 Pipe materials 

The pipes commonly used in small water distribution 
systems are of cast iron (C.I.), asbestos cement 
(A.C.), rigid polyvinylchloride (P.V.C.) and flexible 
polyethylene (P-E.) plastic. Galvanized steel (G.S.) 
is sometimes selected because of its resilience, for 
situations where subsidence of the pipes is expected. 
Factors influencing the choice of pipe material are: 
the cost and availability of different types of pipe, 
the design pressure in the distribution system, the 
corrosiveness of the water and of the soil in which 
the pipes are to be laid, and conditions such as 
traffic overload, proximity to sewer lines, and 
crowded residential areas. 

Cast iron pipes have been, and continue to be used in 
spite of their high initial cost because they have a 
long service life and reguire hardly any maintenance. 
Cast iron is corrosion resistant even for water that 
is somewhat corrosive. For more protection a coating 
may be applied. 
rosion resistant, 

Asbestos cement pipes are very cor- 
light and easy to handle. They are 

widely used in sizes up to 300 mm, mainly for se- 
condary pipes and for low-pressure mains. 
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In soils containing sulphate, asbestos cement pipes 
are liable to corrosion. Polyvinylchloride pipes have 
the advantage of easy jointing and their corrosion 
resistance is good. They can be manufactured in 
several quality classes to meet the selected design 
pressure. Galvanised steel is chosen sometimes for 
situations where high working pressures occur in the 
distribution system but in small schemes these are 
usually not needed. 

Table 19.3 is provided for ready reference on the 
available diameters and pressure classes for various 
types of pipes. 

Table 19.3. 
Pipe material selection date 

Material 
I 

Class Test 
pressure 
m of 
water 

Working 
pressure 
m of 
water 

Available 
size (D) 
range, mm 

Cast Iron A 120 60 50 - 900 
(C.I.) 

A 180 90 50 - 900 
B 240 120 50 - 900 

Asbestos cement 5 50 25 80 - 300 
(A.C.) 

10 100 50 80 - 300 
15 150 75 8C! - 300 

Polyvinyl 
Chloride 
(P.V.C.) 

2.5 kg/cm2 50 25 90 - 31s 
4.0 80 40 50 - 31.5 
6.0 120 60 40 - 315 

10.0 200 100 16 - 125 
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annex i 

sanitary survey 

Definition 

A sanitary survey is an on-sire inspection and evaluation by 
a qualified person of 311 the conditions, devices, and 
practices in the water supply system which pose, or may pose, 
a danger to the health and w311-being of the water consumer. 
Sanitary surveys may involve all or a part of the water 
supply system, depending upon their purpose. The importance 
of a sanitary survey of sources of water cannot be over- 
emphasised. 

No bacteriological or chemical examination, however careful, 
can take the place of a complete knowledge of the conditions 
at the sources of supply and throughout the distribution 
system. Every supply should be regularly inspected from 
source to outlet by experts, ancI sampling - particularly for 
purposes of bacteriological examination - should be repeated 
under varying climatic conditions, especially after heavy 
rainfall and after major repair or construction work. It 
should be emphasised that, when sanitary inspection shows 
that a water, as distributed, is liable to pollution, it 
should be condemned irrespective of the results of chemical 
or bacteriological examination. Contamination is often 
intermittent and may not be revealed by the chemical or 
bacteriological examination or a single sample, which can 
pro:Gde information only on the conditions prevailing at the 
moment of sampling; a satisfactory result cannot guarantee 
that the conditions found will persist in the future. 

With a new supply, the sanitary survey should be carried out 
in conjunction with the collection of initial engineering 
data on the suitability of 3 particular source and its 
capacity to meet existing and future demands. The sanitary 
survey should include the detection of 311 potential sources 
of pollution of the supply and an assessment of their present 
and future importance. In the case of an existing supply, a 
sanitary survey should be carried out as often as required 
for the control of pollution hazards and the maintenance of 
the quality of the water. 

It is considered that the responsibility of the surveillance 
authority goes beyond that of merely pronouncing that water 
as delivered satisfies, or fails to satisfy, a certain 
quality standard. Surveillance should include the giving of 
advice on how defects can be removed and quality improved; 
this, in turn, implies a knowledge of the water supply 
system, including the treatment processes, and close liaison 
with the laboratory workers and water supply operators 
concerned. 
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When to carry out a sanitary survey 

Sanitary surveys should be undertaken: 

(I) When developing new sources of water and in suf.Licient 
detail to determine, first, the suitability of the 
source and, second, the degree of treatment required 
before the raw water can be considered suitable for 
human consumption. No new public water supply should be 
approved without a sanitary survey by, or approved by, 
an agency with surveillance responsibility. 

(2) When laboratory analyses of a sample taken from the 
water system indicate a hazard to health, a survey 
should be begun immediately to identify source(s) of 
contamination. First attention should be given to the 
most common causes of contamination, e.g. failure of 
chlorination. 

(3) When an outbreak of a waterborne disease occurs in or 
near the area served by the water supply. 

(4) When interpreting bacteriological, chemical, and phy- 
sical analyses of water samples. 

(5) When any significant change is noted that may affect the 
water system, e.g. construction of a new industry on the 
watershed. 

The above sanitary surveys are undertaken once only or at 
irregular intervals. 

(6) Sanitary surveys should also be undertaken on a regular 
basis. Their frequency and timing will depend on system 
size and available staff and resources. Treatment plant 
operators should make their own regular sanitary surveys 
and note them in the plant logbook. The ideal for the 
surveillance agency would be to visit each plant at 
least annually. 

Wster from iarge systems arrrcts more peopie; yet, smaller 
systems often have proportionately more hazards. 
Nevertheless, the larger systems should be inspected more 
frequently because of their larger population at risk and 
greater cost-effectiveness of surveillance. The smaller 
systems should also be surveyed, but with realistic fre- 
quency. Rural areas offer a special problem with regard to 
sanitary suweys, principally the physical and economic 
impossibility of surveying innumerable small water suppliers. 
Efforts by surveillance agencies must focus primarily on 
encouragement and stimulation of individuals and community 
groups to make their own improvements; to provide information 
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on proven techniques ; and to provide technical assistance in 
site selection, design, and construction. Demonstration of 
proper practice rather than mere condemnation of the improper 
is to be sought. 

Qualifications of surveyors 

The professional judgement and competence of the survey 
officer ultimately determine the reliability cf the data and 
information collected. Routine external surveillance is 
general Ily provided by sanitarians and public health 
inspectors who are not fully trained in the engineering 
disciplines related to water supply facilities. Observation 
of numerous programs indicates that successful surveillance 
programs can be operated using, under close and qualified 
supervision, secondary school graduates with one-to-two 
years ’ technical instruction and on-the-job training 
experience. Technical assistance should be available to these 
inspectors, if needed. Larger or more complex systems should 
be surveyed by senior staff. 

The lack of adequate numbers of qualified personnel should 
not he taken as an excuse for inaction but zs a challenge to 
establish appropriate training programs. Technical assistance 
and fellowships are available through several..international 
organizations and -ther agencies. 

Most routine sanitary surveys must be made by plant 
operators. This may necessitate additional operator training. 
The principal operator should accompany the survey officer 
during his inspection, not only to remedy any defects 
uncovered but the survey should also be considered as a 
training session. In addition to explaining the “why” of 
various survey activities and of treatment processes, the 
operator should be shown, where applicable, proper methods 
for selection of sampling points, for taking of samples for 
bacterial and chemical analysis, and measurement of residual 
chlorine. 

An absolute minimum requirement for any system, regardless of 
size, is that some one individual must be designated as 
responsible for operation of the system; this individual or 
his designee must be locatable (“on call”) at any time during 
which a system using surface sources and disinfection is in 
operation; and, for systems employing chlorination, the 
principal operator must have on hand devices or equipment for 
measurement or residual chlorine and be competent in their 
use, including the indicated adjustments in chlorine dosing 
rates. 
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Reliability of the water system during both normal and 
emergency operation, proper maintenance, and design features 
build in continuity of operation. Examples include provision 
of two or more wells for systems with groundwater source, 
standby power source or provision of elevated storage, and 
valving of the distribution system to allow partial shutdowns 
for repairs. 

Report forms and records 

A considerable aid to both surveillance agency personnel and 
to water supply operators has been the preparation of printed 
guidelines, checklists, and forms for undertaking sanitary 
surveys. These are often mimeographed on inexpensive paper in 
the national language. Several of the publications listed in 
the references offer excellent guidance in this respect. In 
addition to their educational value and their utility as 
checklists, these forms become part of the permanent record 
and, as such, as useful for enforcement and follow-up 
actions. 

The report must spell out clearly and unequivocally the 
recommendations made, the actions which must be taken, and 
deadlines for action. Any confusion between "suggested" or 
"desirable" and mandatory action must be avoided. 

Sampling and monitoring 

Purpose 

Samples are taken from drinking water systems to determine if 
the water supplied is safe for human consumption. In as much 
as it is impossible to analyze all of the water, the small 
portion or sample must be representative of the larger 
quantity being used. If the sample is carelessly taken or 
taken from locations not truly representative of the system, 
then the purpose of sampling is thwarted. Such sampling may 
even be dangerous through its creation of 3 false sense of 
security. 

One sample from a water system is of limited value. Long 
records of multiple samples are desirable. 

Sampling Frequency and Number 

Sampling frequency for public water supplies has tradition- 
ally been based on a minimum monthly number keyed to the 
population served by a given water supply, thus requiring 
fewer bacteriological samples from smaller supplies. However, 
the frequency of sampling should also take into account the 
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past frequency of unsatisfactory samples; the quality of raw 
water treateri, the number of raw water sources, adequacy and 
capacity of treatment, the risks of contamination at the 
sources ; and, in the distribution system, the complexity and 
size of the distribution system, the dangers of epidemics 
arising, for example, at international ports or pilgrimage 
centres, and the application of chlorination. 

Superficially, chlorination might imply that 1e::s sampling is 
needed. However, field studies in developing countries indi 
cate that chlorination of water supplies is often not prac 
ticed in smaller water supplies with naturally protected 
sources; for example, deep wells. Rather, chlorination is 
practiced in water supply systems with actual or potential 
contamination of source or distribution where failure of the 
chlorination system could result in a serious hazard to the 
health of the population served. Thus, constant checks on 
chlorine residual concentration and bacterial quality are 
needed to ensure that immediate remedial action can be taken, 
should suspect water enter the distribution system. 

Because of the many variables outlined above and the wide 
range in resources available for surveillance, no universally 
applicable sampling frequency is possible. In principle, 
bacteriological examination of chlorinated water should be 
done daily. This is feasible in the largest suppli.es; but, in 
the smaller supplies serving a population of 10,000 or less, 
daily bacteriological sampling may be impracticable, and 
reliance may have to be placed on bacteriological analyses at 
weekly or monthly intervals. In the smallest supplies, total 
reliance may have to be placed on sanitary surveys and, where 
chlorination is practiced, frequent determination of chlorine 
residual concentration. 

Guideline recommendations for sample numbers and frequency 
have been published by WHO in the International Standards for 
Drinking Water. The actual number and frequency of sampling 
must be decided by the surveillance agency and must take 
local conditions into account. The criteria or standards 
adopted for local use must be clearly spelled out, distri- 
buted in writing to appropriate surveillance and waterworks 
staff, and above all must be attainable for the type and size 
water supplies specified. Field studies in developing coun- 
tries indicate widespread use “on paper” of sampling numbers 
and frequencies adopted in the United States, the United 
Kingdom, and elsewhere; in actuality, with the exception of a 
few capital cities, there is little adherence to the standard. 

Location of Sampling Points 

The samples should not be taken from the same point on each 
occasion but should be rotated through other areas of zones 
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of the distribtion system. A common habit which may yield 
misleading results is the collection of samples from the same 
points month after month, typically, the laboratory tap at 
the municipal building, the police station, or the residence 
of a waterworks employee. 

A majority of the bacteriological and chlorine residual 
samples should be taken in known problem areas;for example, 
from areas with poor results in the past, low pressure zones, 
areas with high leakage, densely populated areas with inade- 
quate sewerage, open or unprotected service reservoirs, 
dead-ends on pipelines, and areas on the periphery of the 
system most distant from the treatment works. 

Dany urban areas use water from several sources, often three 
or four, and sometimes 20 or more. Location of sampling 
points in the distribution system should ensure that water 
irom each source is periodically sampled. Greater frequency 
should be given to the sources serving larger populations, 
surface water sources, sources serving older distribution 
systems, and sources with known water quality problems in the 
past. 

A common method of water distribution in many large cities is 
by use of tank trucks or "tankers". In some cities, over half 
the population may receive their drinking water by this 
means. The watering stations where the tank trucks are filled 
should be periodically sampled; and the water, as distributed 
from the trucks, should also be randomly sampled without 
warning to the driver-purveyor. 

Sample Collection 

Sample collectors must be instructed in sampling procedures 
including: 

1. Location of point of sampling as described above. Sub- 
professionals should be specifically instructed as to 
sampling sites. 

2. The use and purpose of dechlorinating compounds such as 
sodium thiosulphate added to the sample bottle. 

3. Measurement of OT, OTA, or DPD residual chlorine. These 
tests must be performed immediately upon taking of the 
sample. 

4. Proper procedures for collection of samples to ensurs 
that they are representative and that, for bacteriolo- 
gical samples, the sterility of the sample bottle is 
maintained. Where samples are repeatedly contaminated by 
the collectors, a complacent attitude may develop with 
regard to samples showing positive for coliforms. 
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well drilling methods 

Introduction 

The most modern and expensive well drilling rig and 
tools is not necessarily the best equipment with which 
to drill a well, although the manufacturers sales 
brochure may say otherwise. Well drilling belongs to 
that small group of engineering activities which is so 
influenced by local factors and perhaps unknown under- 
ground conditions that there is rarely a location which 
invites the application of a precise method of drilling 
and well construction. 

To the inexperienced observer an old cable-tool rig 
pounding away all day with crude looking tools and 
unsophisticated machinery may appear to be a retrograde 
approach but it may well have been this very character- 
istic of simplicity which dictated the choice of method. 

There is no ideal all-purpose drilling rig or system of 
drilling. If one examines the statistics of the Northern 
American drilling scene where three quarters of a 
million water wells were put down by some nine thousand 
contractors in one year (1978), the strong trend towarcls 
rotary drilling is immediately obvious. It will also be 
appreciated that communications in the U.S.A. and Canada 
are generally excellent allowing the rapid movement of 
spare parts and skilled service engineers; in these 
countries hydrogeological data are in many instances 
readily available; and high labour costs and keen 
competition demand a rapid rate of drilling. 

In developing countries with limited finance, well 
drilling in remote areas with largely unskilled labour 
and a minimum of support, must consider carefully the 
degree of sophistication which can be tolerated. Yet 
another set of conditions prevail in Western Europe 
where the emphasis is on relatively few wells of large 
diameter installed with high-output pumps delivering 
water through a wide supply network over distribution 
areas of considerable size. 

Before moving on to describe the various methods of well 
drilling it must be mentioned that there is some varia- 
tion between the names given to certain tools in English 
speaking countries. Where possible, the most common 
terms are used and occasionally an alternative will be 
quoted in brackets. Some drilling contractors call 
themselves ‘well borers’, others ‘drillers’. The terms 
‘casing’, ‘tubing’ or ‘lining’ a well should be self 
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explanatory, but some confusion sometimes arises over 
the words 'well' and 'borehole'. Generally speaking they 
refer to the same thing, although the purists may insist 
that a well is hand-sunk and a boreholz is machine- 
drilled. 

Cable-tool (percussion) driller 

Cable tool percussion drilling is a very old method; it 
was already used more than 1,000 years ago in China. The 
method basically has not changed, but the tools have 
been vastly improved. It is practicable for drilling 
both small and large holes, to depths as great as 
300-500 q . Cable-tool percussion drilling uses 
relatively inexpensive equipment. Its greatest dis- 
advantage is that it is a very slow method. This forms a 
limitation of its use in developing countries, where 
often a large number of wells need to be drilled as 
quickly as possible. 

SPUOOING BEAM 

ltt STEEL WIRE ROPE 

SWIVEL 

Figure 1 
Cable tool or percussion drilling rig 
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In cable tool percussion drilling, a heavy drill bit is 
lifted and dropped to crush the rock, and thus work its 
way down into the formation. A string of tools is 
suspended on a steel wire rope which is passed over a 
rubber-cushioned crown sheave at the top of the drill 
rig and down under a spudding sheave at the end of a 
beam. It then passes up and over a heel sheave to coil 
in storage on a braked drum known as the bull reel or 
main Tee1 (Fig. 1). 

A connecting rod transmits motion from a variable stroke 
crank to the free end of the beam which itself imparts a 
reciprocating action to the rope and suspended tools. 

The string of tools consists of a drill bit (chisel) 
surmounted by a drill stem (sinker bar), perhaps dril- 
ling jars, then a swivel rope socket containing a 
mandrel into which is secured the wire rope (Fig. 2). 

WIRE ROPE 
-4 

RECOVERY GROOVFS RECOVERY GROOVFS 

SPHERICAL FRICTION SPHERICAL FRICTION 

COUPLINS THREAO 

4 
STOP 

STEEL WIRE ROPE 

ROPE SOCKET 

II JARS 

SPANNER FLATS 

& RECOVERY GROOVES 

KEYS1 

SAN0 PUMP 

WINGOW FOR 
EMPTYING 

-PISTON 

HINGE0 OOOR 

Pigure 2 
Percussion tools 

Bits are forged from high-carbon steel and are required 
to penetrate, crush, mix and ream. Bits for hard forma- 
tions have a blunt angle of penetration, a large cross- 
sectional area (to give strength), and have small 
‘flutes’ or waterways in the sides; bits for a soft clay 
stratum have a sharp edge, generous clearance angles, 
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and large waterways coupled with a small area to al low 
rapid reciprocation through a viscous slurry. 

Originally nearly all cable-tool rigs were equipped with 
a blower to provide air to a forge for bit sharpening 
and reforming, but most outfits are now equipped with 
portable electric welding plants with which a moderately 
hard build-up can be applied to the working face. 

The drill stem is located above the bit to provide 
weight plus directional stability. Also, by its pumping 
action, it moves the cuttings upwards, away from the 
bit. 

Dril1L.g jars must be fitted above the stem when there 
exists the risk of pieces of rock falling in and trap- 
ping the tools in the hole; they are for the purpose of 
jarring tools which are stuck out of the hole. Jars in 
no way aid the drilling function; rather they add to the 
list of mechanical weakness points and for this reason 
are often omitted by the driller when prudence should 
have prompted their inclusion. They are in effect sli- 
ding links giving some 150 mm of free vertical movement, 
designed so as to be of a diameter only a little larger 
than the stem. They are usually operated by exerting a 
powerful continuous pull on the cable and tools that are 
stuck. At the same time a coaxial weight (called a jar 
bumper) is run down the drilling cable. A blow on the 
top of the rope socket momentarily closes the jars which 
snap back smartly to give a positive upward blow. 

The topmost item in the tool string is the swivel rope 
socket. This has the dual function of attaching the wire 
rope (drilling line) to the tools and imparting a con- 
tinuous rotation. Inside the socket is a mandrel into 
which the drilling line is secured. The top shoulder of 
the mandrel consists of a smooth, hardened surface which 
is located inside the rope sacker: and it carries the 
full weight of the tool string. 

Depending on several factors, such as viscosity of 
cuttings, tautness of line, weight of tools, etc., the 
drilling ?ine eventually resists t.his unwinding process 
and returns to its natural ‘lay’, and it does this by 
momentarily breaking the friction between mandrel and 
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The drilling line is of non-performed, left-hand lay, 
steel wire rope. When drilling begins, the weight of 
tool unwinds the rope with a clockwise rotation and 
transmits this torque through the socket/mandrel face to 
the tools, countering any tendency for the right-handed 
tool joints to unscrew. The tools thus slowly begin 
rotating , moving the bit to a new position on each 
stroke and ensuring a circular well. 
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socket. This occurs during each stroke or as infrequent- 
ly as 60 or more strokes at greater depths. The slowly 
rotating mass of tools is, of course, unaffected by this 
sudden line reversal, which is felt by the driller with 
his hand on the line. 

There is now a column of tools weighing between 300 and 
4,000 kg reciprocating at 40-80 times per minute at a 
stroke of between 1.2 and 0.4 m, and slowly rotating. At 
this stage the driller makes two vital adjustments to 
his rig controls; firstly, the blows per minute are set 
so that the tool string is just-and only-just-able to 
keep up with the motion imparted to it by the recipro- 
cating spudding beam without causing a violent snatch in 
the drilling line, and secondly the drilling line is 
paid off the bull reel until the bit just reaches out 
and gives a sharp, clean blow to the bottom of the well. 
The reaching-out and rapid withdrawal are assisted by 
the rubber-cushioned crown sheave and, especially at 
depth, the natural spring in the drilling line. 

The above two settings are absolutely criticai qnd leave 
little margin for error. Too slow a rate and the bit 
will make little progress, too fast a rate and the rig 
will be seriously damaged; too slack a line invrt.es 
verticality problems and poor progress; too tight a line 
produces a vertical hole but little footage and the 
swivel may not function, thus halting rotation of the 
tool. 

Water is fed to the well in small quantities until such 
time as a natural supply is reached. The purpose of the 
water is to produce slurry out of the cuttings and to 
suspend this material above and away from the bit face. 
Lesser functions are to cool and lubricate the tool 
string. 

With the tools correctly striking the bottom of the 
hole, the depth of the well will increase and this will 
alter the two critical settings just discussed. 

The driller the2 adjusts the secondary or ‘fine’ control 
on the brake of the bull reel until the reel begins to 
creep round and SO pay off a fraction of drilling line 
at every stroke. 

The drilling rig is now in operation and, assuming no 
change of stratum, wi:l continue until the driller 
feels, literally, that the thickening slurry is retard- 
ing the tools. He will then either slow the rig blows to 
keep in step with them for a while, or he will clean the 
hole out, an inevitable operation sooner or later. 
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A bailer (or shell) is used for this purpose (Fig. 2). 
The tools are withdrawn and the bailer is run into the 
well on a separate line called the sand line. The bailer 
consists of a steel tube with a hinged door or clack on 
the bottom. The slurry fills the bailer and is hoisted 
to the surface and tipped into the slurry pit (Fig. l), 
the operation being repeated until the hole is clean. 

When drilling hard rock the driller may leave a little 
slurry in the hole so that the rock chips are in suspen- 
sion. Ke may even introduce a little clay for this 
purpose. 

A sand pump (Fig. 2) is similar to a bailer but incorpo- 
rates a piston within the tube and the pision rod is 
attached to the sand line. When lowered in the extended 
position, the tube comes to rest on the bottom of the 
hole. Further lowering allows the piston to travel to 
the bottom of its stroke with its disc valve open. Rapid 
withdrawal draws the piston with closed valve up the 
tube which sucks slurry through the bottom door. At the 
top of the stroke the piston reaches its retainer and 
lifts the complete sand pump to the surface. 

When drilling begins, a short guide tube or conductor 
pipe is always drilled or hand-sunk into the ground. 
This tube is essential to stabilize the ground around 
the working area and it has to be placed in a truly 
vertical alignment in order to start and maintain a 
vertical hole. 

In chalk or firm sandstone with little overburden, it 
may only be necessary to drill for, and place, some 15 m 
of permanent tubes as a seal against surface-water 
contamination. The remainder of the well would be 
drilled oprn-hole and present no problems. 

The opposite is the case in unconsolidated material, 
especially if interbedded with hard strata. Under these 
circumstances it is sometimes necessary to start at 
450 mm diameter and insert several tiers of intermediate 
temporary tubes to produce a finished lined borehole of 
150 mm diameter. In any case, if the drilling engineer 
is anticipating problems, such as boulders, he may opt 
to start at an extra large diameter, if only to be able 
to gain some freedom with regard to verticality when 
inserting the permanent tubes. This may of course in- 
troduce an undesirable element in that a larger annular 
space would require more cement grout, but this is 
usually compensated by the fact that the greater dia- 
meter provides more scope for ‘swallowing’ boulders and 
placing emergency tubing. 
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Two or three decades ago, it was common practice to 
drive tubes down to their required depth if they became 
tight, and indeed the standard schedule of percussion 
drilling tools includes this facility. The tubes were 
provided with 'drive-heads' and 'driveshoes'. Heavy 
jacks were standard tools but as most of the tubes were 
socketed, there were many cases where recovery was 
impossible and wells were completed incorporating 
several columns of unnecessary tubes. 

The use of flush-jointed temporary tubes and the reali- 
zation of the need to keep tubes on the move by 
'surging' resulted in the application of persuasion 
instead of force to the tubes, and their recovery is now 
the rule rather than the exception. In fact, the 
practice of driving tubes should be avoided where 
possible and only used as a last resort. 

Hydraulic rotary drilling 

Direct Circulation - Rotary Drilling 

In this system the drilling is carried out by an 
abraising and crushing roller bit grinding down or 
breaking up the formation, while the cuttings and the 
loosened ground are removed from the hole by a con- 
tinuous circulation of flushing fluid. Rotary drilling 
is particularly suitable in loose ground formations and 
soft rock. Large-diameter holes can be drilled to con- 
siderable depths. The greatest draw back is the re- 
quirement for substantial amounts of water which can be 
a serious problem especially in water-scarce areas. 

annex 2 

The fluid, usually clay-based, is mixed in a mud pit or 
tank and delivered by a pump at high pressure through a 
flexible hose to the top of a rotating column of tools 
called the drill string. It then flows through the tools 
to the bottom of the well and returns to the surface and 
back into the mud pit (Fig. 3). 

At the bottom of the drill string is the drill bit which 
is either of the roller cutter type or, less commonly, 
the plain drag bit type. A roller rock bit carries three 
or four hard steel toothed cutters which are free to run 
on bearings. The body of the bit has passage ways to 
conduct the flow of fluid which cools and lubricates the 
rollers, cleans the teeth and carries away cuttings. 

The bit is applied to the bottom of the hole and rotates 
at speeds of 3-30 rpm - depending on diameter and 
strata-and weight is applied within a range of 250-2.750 
kg per 25 sxn of diameter. 
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Figure 3 
Normal direct circulation rotary drill 

In hard rock the line contact of the teeth causes the 
iormation to fail du;l to overloading; in softer rock the 
rollers are skewed slightly to add a twisting action, 
and for soft rock, the teeth are formed to impart a 
tearing action. 

Drag bits carry no rollers. The;’ have three or four 
hard-faced blades and cut soft strata in a manner 
similar to a wood auger. They drill rapidly in very soft 
conditions but tend to stress the drill pipe and over- 
tighten the tool joint if used through hard bands where 
chatter can occur. 

The verticality and straightness constraints mentioned 
for percussion-drilled holes, apply equally to rotary 
wells, but rotary drilling suffers from a disadvantage 
in that a continuous weight must be placed on the bit 
and gravity consequently has less effect on the tool 
column. However, a kink-free hole can generally be 
achieved due to the stabilizing influence of the drill 
collars. 
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Drill collars (Fig. 3) are extra heavy pipes which are 
fitted above the bit to provide the necessary weight, 
and to assist straight drilling. In addition, as they 
are of large diameter relative to the well, a smaller 
annulus results, causing an increased fluid velocity 
which rapidly carries away the cuttings from the bit 
vicinity. Ideally, most of the tool string length should 
be in tension from the crown wheels of the drilling rig 
but this is not always possible and weight is sometimes 
added by means of a hydraulic or chain mechanism known 
as a 'pull-down'. 

The main length of the drill string consists of drill 
pipes (Fig. 3) which are added as depth increases; they 
extend from the top of the drill collar to the surface. 
They are usually in lengths of about 3-10 m and the 
diameter is selected to suit the drilling conditions, 
e.g. the clear diameter through the pipe and joints must 
be such as to cause the minimum head loss on the descen- 
ding fluid and the drill pipe must be large enough to 
promote a reasonable risirs fluid velocity for a given 
mud-pump size. 

The uppermost length of pipe is of special construction 
and is called the kelly. Its purpose is to transmit 
rotary drive from the rotary table and it is therefore 
of a square, hexagonal, or round section with grooves or 
flutes to fit into a corresponding aperture in the 
rotary table. This permits free vertical movement and 
thus allows the kelly either to feed off down the hole 
as drilling proceeds, or to be withdrawn. 

The swivel is located at the top of the kelly. It con- 
tains a bearing assembly which carries the complete 
weight of the tool string. It also has an entry for the 
drilling fluid passing up from the mud-pump through the 
kelly hose and a suitable gland to control the passage 
of the fluid from the static swivel to the rotating 
kelly. 

As drilling proceeds, and cuttings are brought to the 
surface, the kelly will travel down through the rotary 
table until the swivel unit reaches the table. Feed off 
is then stopped, rotation may be slowed, and the circu- 
lating fluid allowed to continue for a short time to 
carry the most recent cuttings up and away from the bit 
and rill collars. The pump is then stopped, the kelly 
withdrawn and unscrewed from the drill pipe, while the 
latter is suspended in the rotary table slips. Another 
drill pipe is added and lowered with the drill-pipe 
column until it is at table level, when the kelly is 
again attached and the circulation re-started. Rotation 
is engaged and finally the bit is applied once more to 
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the bottom of the hole. The above procedure is repeated 
until such time as final depth is reached or the tools 
withdrawn to change bits. 

Reverse Circulation - Rotary Drilling - 

This method differs from the more common 'direct circu- 
lation' system in that the drilling fluid is circulated 
in the reverse direction. Basically the equipment is 
similar in general arrangement but considerably Larger 
e.g. the water way through the tools, drill pipe, 
swivel, and kelly is rarely less than 150 mm in diameter 
(Fig.4). The minimum practical drilling diameter is in 
the order of 400 mm while sizes in excess of 1.8 m are 
not unknown. 
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Conventional tricone bits within the above diameter 
range would be impractical and it is, therefore, usual 
to fit a composite roller rock bit. This consists of a 
sturdy bed plate, to the underside of which are fitted a 
number of toothed rollers so arranged that the full face 
of the well is tracked. The bed plate incorporates short 
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passages which rise to a common bore at the coupling 
flange. Material dislodged by the drilling action is 
drawn up through the bit centre and rapidly carried to 
the surface. 

A full diameter flanged tube is bolted above the bit. It 
contains a central tube of the same bore as the drill 
pipe. Apertures in the end of the outer tube allow the 
downward-flowing clean water to pass unrestricted. This 
assembly is called a stabilizer and restrains lateral 
wandering of the tools. 

A composite bit requires weight to provide penetration 
and this is achieved, as in otbler methods, by incorpora- 
ting drill collars in the drill string. These may be of 
a considerably smaller diameter than the well. Under 
some conditions the sequence of stabilizers and drill 
collars may be rearranged. The bits as described above 
are suitable for unconsolidated strata, soft clay, and 
soft rock. Stiff clay would call for the use of a drag 
bit. 

Drill pipe for reverse circulation work must have cou- 
plings which present an unrestricted inner bore and are 
therefore normally of the flanged type. They are also 
relatively short in order to empioy a corresponding 
short kelly to avoid high suction lifts above ground. 

Suction pumps, attached to the kelly hose outlet, used 
to be of the centrifugal ‘paddle’ type which drew out 
the full flow of water containing all the cuttings. As a 
flow of 4.5 m3/min through a 150 mm system generated a 
velocity of nearly 213 m/min and debris with a diameter 
of 140 mm or more was pumped, the pump had a short life. 
It is now usual to combine the centrifugal pump with a 
venturi unit producing a suction in a circuit separate 
from the pump. A few rigs use compressed air only as the 
vacuum induction circuit above ground. 

Water and cuttings are discharged into a large temporary 
lagoon the size of which is determined by the ‘rule of a 
thumb' that the volume should not be less than three 
times the volume of the drilled hole. A 750 mm well 
drilled to 60 m would require a lagoon 12 m long, 8 m 
wide, and 1 q deep, the spoil of which takes up addi- 
tional area. This is but one of several factors to 
consider when selecting the system of drilling and these 
will be discussed in the next section. 

The lagoon is often divided or 'baffled' to encourage 
settlement of the cuttings in one area well away from 
the chanuel returning the clean water to the borehole. 
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Mud is seldom used because OIK of the advantages of 
reverse-circulation drilling is that relatively clean 
water is imposed upon the aquifer and therefore there is 
no invasion of the formation. In Europe, for water 
supply wells of large capacity, rotary drilling with 
reverse circulation has virtually replaced all other 
methods. 

n the event of clays being drilled in the upper section 
of the hole, the lagoon should be cleaned out and re- 
filled with fresh water before proceeding into the 
aqui fer. 

The main advantage of this method is the very rapid rate 
of drilling at large diameters, especially in unconsoli- 
dated sands and gravels. Wells are sometimes drilled and 
lined within 24 hours as no cleaning is necessary 
(development is a different phase). Indeed, speed is 
essential in unconsolidated strata as the driller may be 
relying upon only 1 or 2 m head surcharge in the hole. 
The drilling should be rapid in order to prevent 
collapse of the hole and possible loss of tools. 

It will be apparent that a head of clean water imposed 
upon an unconsilidated stratum will involve some water 
losses. In view of this, one of the prerequisites of 
reverse-circulation drilling is the ready and close 
availability of a substantial supply of water for 
make-up purposes. This is often quoted as 45 m3/hour and 
in practice can amount to between 9 and 70 m3/hour. 

While the average reverse-circulation system utilises 
suction as the motive power behind the circuit, there 
are circumstances, such as pipe friction at greater 
depths, or a low water table, when suction is insuffi- 
cient. For this reason most drilling rigs have provision 
for introducing an air-lift into the system. This is 
accomplished by incorporating air pipes in the drill 
pipe lengths, either concentrically or paired on the 
outside, with a mixer jet arranged to discharge inside 
the drill pipe at a suitable level. 

Under ideal conditions penetration rates of 0.6 m/min 
have been recorded and average rates of 12 m/hour are 
quite common. It should be noted that the flanged-and- 
bolted drill pipe connections most commonly used require 
time-consuming handling and there appears to be room for 
technical improvement here. 

Rotational speeds are within the 8-50 rpm range and 
drilling depths average 120 m; occasionally 300 m are 
obtained. 
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Various drilling methods 

Hvdraulic Tube Racking 

Where there is a requirement for relatively shallow 
wells with large diameters in loose gravels, sand, 
boulders, or similar ground formations, one may consider 
the application of a hydraulic tube racking device in 
conjunction with a rig or crane. 

In this method a short guide tube is hand-sunk into the 
ground and the first of a column of permanent tubes 
lowered within it. The bottom edge of the column is 
serrated and the tubes drilled, perforated, or slotted 
as required. 

A hydraulically-clamped spider, supported on two verti- 
cal cylinders, is located on to the tube a short dis- 
tance above ground level. Long horizontal rams are 
attached on two diametrically opposite 'ears' on the 
spider and are used to impart a very slow but powerful 
oscillating torque to the tube column. At the same time, 
the two vertical cylinders control downward feed and 
apply thrust if required. 

Under this force the tubes travel down and mud gathers 
inside them; this is removed by a grab until the top of 
the first tube is close to the spider table. Then the 
next tube is placed upon it and the joint welded. The 
essential principle underlying this system is the 
maintenance of a 'fluidity' of formation around the 
contact ared of the tubes and it is quite common, 
therefore, to weld the next tube joint without halting 
the oscillation. 

Tubes of 450 mm - 1.2 m can be worked down to 30 m or so 
under the right conditions, the advantage of this system 
being that there is no need for temporary tubes (in 
percussion drilling) and large lagoons (in rotary 
drilling). There also is no contamination of the aquifer 
by drilling fluids. 

Auger Drilling 

Large diameter auger drilling first appeared over 75 
years ago. Horses were used to power auger drills. The 
deepest wells recorded were in the 100-110 q range. The 
augers were taken down until a caving formation was 
reached, after which an iron or steel 'shoe' topped by 
masonry was used to cut a clearance for further masonry 
added at ground level. 
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Auger drilling is worth considering in cases where a 
number of holes have to be drilled through a firm clay 
overburden overlying a stratum more amenable to the 
usual techniques. In such a case, an auger might produce 
a hole in 15 minutes, which might take a normal rig as 
much as one and a half days. 

Essentially an auger bucket is rotated into the ground 
on the end of a long kelly and withdrawn frequently for 
emptying. Apart from the exceptional cases mentioned 
above, depths were restricted iu;the past by the need LO 
have a kelly of transportable length, but when tele- 
scopic kellys were introduced this made holes of 25-33 m 
depth possible. Another refinement is the use of solid 
drill rods with an inclined plane along them. These 
‘continuous flight’ augers carry the spoil to the 
surface during rotation and it is unnecessary to remove 
the auger bucket. 

Equipment is available covering diameters from 200 mm - 
3 m. The larger sizes are favoured in parts of the USA 
where a combination of soft cohesive ground and weak 
aquifers make it possible to construct a cheap well of a 
generous size. 

Although auger drilling as discussed in this section is 
mostly of the machine-powered type, it must be 
remembered that auger drilling to shallow depths and of 
diameters less than 20 mm have been successfully carried 
out using man power only. This assumes a suitabie ground 
and a high water table. Many hundreds of this type of 
well have been constructed. 

SCOW Drilling 

A scow tool is a tool used in cable-drilling which 
combines the cutting edge of a chisel with the handling 
capacity of a bailer. It consits of a heavy, thick- 
walled tube at the bottom edge of which is a hardened 
female bevel; it may also carry a bevelled cross-bar. 

Inside the tube, a few centimetres from the bottom, 
there is a pair of hinged doors opening upwards. At the 
top of the tube, which is open, there is a swivel con- 
nection for attachment to the drilling line. 

In operation, the scow is run into the hole and the 
normal reciprocating action applied. Water for drilling 
is added if not present naturally. Material is dislodged 
by the cutting edges, and swept into the body of the 
scow by the ‘pumping action’ set up by the non-return 
feature of the doors. A size of tooi is selected that 
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~ will almost fill the diameter of the temporary tubes in 
use, thrreby helping to ‘swallow’ boulders and enhance 
the pump ef feet . The scow is removed for emptying 
periodically. 

Scows are used in loose, troublesome strata, especially 
where coarse gravel and boulders occur, and have the 
advantage of dislodging and lifting the material rather 
than expending time and power on crushing, as would be 
the case with a normal bit. 

A secondary factor is the shock effect of the watnr- 
hammer caused by the rapidly slamming doors. This 
results in a pulsating vibration throughout the tube 
column and positively advances them down into unconso- 
lidated ground. A disadvantage is that the drilling rig 
and cable must be in good condition to withstand the 
heavy loading created by scow drilling. 

Direct Air Circulation 

Air was applied to drilling by the quarrying and mining 
industries to resolve the problems of water haulage and 
f rcezing conditions. It was successful and, under fa- 
vourable conditions, showed additional advantages such 
as longer bit life, faster penetration, rapid present- 
ation of cuttings at the surface, etc. Other features 
will be discussed in the section on drilling fluids. 

The engineering equipment is basically similar to that 
used for mud drilling but some differences in detail are 
found, for example, in the drilling bit design; the 
passages are modified to provide air to the bearings. 
The water swivel packing must be capable of dry 
rotation. Obviously considerable compressor capacity 
must also be available. Some oil-well drilling rigs use 
gas rather than compressed air as the cuttings vehicle. 

Reverse Air Circulation 

One of the problems to be faced when drilling with air, 
especially as the diameter increases, is the need to 
produce a rising air velocity of not less than 925 m/min 
(Fig. 5). 

To obtain tiiis figure in, say, a 375 mm hole using 
standard 112 mm drill pipe would require air at a rate 
of some 100 m3/min, which is impracticable. 

I 387 



r 

annex 2 

wilw = 

SWlYELASSE%B!Y ,' 

Figure 5 
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In an attempt to overcome the problem, some drilling has 
taken place using twin concentric drill pipes. The air 
is fed through the annular space between the outer and 
inner pipes and released around the special bit. A 
shroud or skirt prevents undue escape of air into the 
annulus outside the rotating drilling tools and thus 
forces most of the air across the bit and up through its 
passages, whence it travels at high speed through the 
inner drill pipe to the surface, carrying the cuttings 
with it. 

An interesting variation has been the application of 
this double-tube layout to small-diameter coring work. 
Water is pumped down the drill pipe annulus, carried 
across the coring crown and conducted up the inner drill 
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pipe. There is no core barrel as such; instead a special 
core-breaking device allows the rising water to propel 
short sticks of core to the surface together with the 
fine particles of cuttings. 

This arrangement obviates the need to remove a conven- 
tional core barrel for emptyinp and enables uninterrup- 
ted drilling to take place. Here again, it can only be 
applied under favourable drilling conditions. 

'Down-the-hole' Hammer Drilling 

The introduction of the hammer drill marked a sig- 
nificant step forward in the development of drilling 
tools suitable for hard ground. The 'down-the-hole' 
drilling method is most valuable for drilling in hard 
rocks. The principal advantage of this method is its 
speed. It usually takes only l-2 days to drill down to 
100 m in granite or gneiss. Furthermore, the drill 
equipment is very light, compared to cable-tool and 
rotcry drilling rigs. No water is required for flushing, 
which makes this method especially suited for water- 
scarce areas. 

hn air-actuated single piston hammer, working on the 
same principle as the familiar road drill, is fitted 
beneath a string of drill pipe. A tungsten carbide-set 
is attached to the hammer (Fig. 6). 

The complete assembly is rotated at 20-50 rpm and 
lowered towards hard rock. The rotation is primarily to 
change the position of the bit on the bottom of the hole 
and any 'drilling' benefit is of secondary importance. 

The piston, before the tool touches the bottom of the 
hole, is 'idling' in it cylinder and nearly all the air 
is exhausted through the bit, and, where fitted, addi- 
tion&l parts in the tool body. This is because the anvil 
carrying the bit is in suspension and free to hang 
extended OUL of the tool bottom where it cannot be 
struck by the piston. This feature is built in to pro- 
vide extra cieaning facilities when running in to the 
hole or to expel excessive accumulations of cuttings. 

khen the tool lands on the bottom of the hole the sus- 
pended bit/anvil assembly is pushed up into the tool 
body where it meets the oscillating piston which ca'1 now 
strike with a frequency of between 500 2nd 1,000 blows 
per ainute. At the same time the air, previously being 
exhausted, is directed to drive the piston and is only 
released through ports in tne bit when most of its 
energy has been expended. The expended air now cools the 
bit, clears the cuttings and propels them up the annular 
space to a collecting box at the ground surface. 
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Figure 6 
‘Down-the-hole’ hammer drill 

Hammer drills of SO-375 mm diameter are already widely 
used and tools to drill up to 750 mm have recently been 
developed. Lifting the dust and cuttings to the surface 
is a technical problem with large annular spaces, but it 
may be overcome in par: by positioning an open-topped 
collector tube immediately above the tool. The collector 
tube is raised and emptied periodically. Alternatively, 
a shroud and reverse air method might be considered. 

The down-the-hole hammer system has vastly improved 
penetration rates through hard rock. As early as 1960, a 
model available at that time was capable of drilling 3 m 
in one hour in very hard basalt compared with 1 m per 
10 hour shift by the cable tool method, for a nominal 
diameter of 150 mm- 
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As with all special ised dri 1 I ing techniques, there are 
disadvantages and problems. The hammer will not operate 
in unconsolidated ground or clays, and water may make it 
impossible for the hammer to work. A seepage of water 
will cause the cuttings to congeal and stick to the 
walls, although this can be relieved by the injection of 
detergent into the air supply. A heavy flow of water, 
however, will be ejected as in ‘air-lift’ pumping, until 
a depth below water is reached where all the air power 
is expended on pumping. Then the hammer is stifled. 

Higher working pressure tools were introduced to over- 
come, in part, the latter problem. Double-tube drill 
pipe and reverse-air circulation can also help, but very 
few water drilling companies possess this type of drill 
pipe. 

Drilling fluids 

The rirst recorded drilling fluid was water which was 
directed through hollow rods on percussion drilling rigs 
in an attempt to remove cuttings without having to 
withdraw the tools - a very time consuming opr‘ation. 

Clay was sometimes added to increase viscosity in order 
to aid the lifting of rock chippings and gravel. 

One of the basic principles of rotary drilling is the 
use of a circulating fluid and for some 50 years this 
has been a clay- or bentonite-based mud. 

Clay or Bentonite 

A natural clay or bentonite mud is the most common 
drilling fluid in use today for oil and water wells. Its 
functions are listed as follows: 

1. 

2. 

3. 

4. 

5. 

Remove cuttings from the face of the borehole and 
transport them to the surface. 

Lubricate and cool the bit and tool string. 

Promote suspension of cuttings in the borehole 
whilst adding further drill pipe. 

Allow settlement of fire cuttings to the bottom of 
the mud pits. 

The buildup of a ‘wall-cake’ to consolidate the 
formation and to reduce the loss of fluid into the 
formation. 
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6. Control sub-surface pressures (artesian flow). 

7. Provide some buoyance to long strings of tools or 
casing in deep boreholes. 

Looking at the above list in a little more detail, the 
cleaning of the bore face is essential to ensure maximum 
bit life and optimum drilling efficiency. Having done 
this, the mud should rise to the surface at a sufficient 
velocity depending upon pump capacity and speed, well 
size, and drill pipe size. The cuttings however, will 
not rise at this velocity because they tend to sink 
under g-cavity. The 'slip velocity' must never be greater 
than the annul.:r mud velocity in order to ensure the 
transport of the cuttings to the suriace. If the well 
has partially collapsed in any sect.ion, it will be of 
larger diameter at that point anJ so the mud velocity 
will be correspondingly lower, illlrstrating one of many 
requirements for careful controi of the system. 

In addition to velocity, other factors that influence 
the removal of cuttings are the density of the cuttings, 
the size of the cuttings, the viscosity of the fluid, 
and the density of the fluid. The viscosity determines 
the lifting power of the mud and depends on the proper- 
ties and dispersal of the suspended solids in it, while 
density affects the carrying capacity of the mud through 
buoyancy, and this is expressed in weight per unit 
volhe of mud. 

There is a close relationship between the factors that 
determine the behaviour of the mud, and careful con- 
sideration has to be taken when making any changes. To 
overcome cuttingsslip one may increase the viscosity, 
but in so doing the pumping pressures may be raised to 
an unacceptable level. An increase in density may have 
beneficial effects down the hole but when the mud 
reaches the mud pit it may fail to drop the fine solids, 
and the recirculation of these would cause excessive 
wear of the pumping plant, especially if it is an 
abrasive material. 

Wall-cake buildup is an essential function of the dril- 
ling mud. When drilling in a formation with a pore size 
which prevents the ingress of mud particles, the water 
portion of the fluid filters into the formation, and 
leaves behind a 'filter cake' of mud solids. This filter 
cake remains on the well wall and will control the loss 
of further water into the formation. 

The hydrostatic head exerted by the mud column acts upon 
the wall cake and enables drilling to continue through 
loose sands and gravels without the need for a temporary 
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We have seen iu the previous section that an essential 
mud property is that of forming a wall-cake and it will 
be clear that under some circumstances not only will the 
water phase of the mud invade the formation but the clay 
content as well. 

It can be extremely difficult, if not impossible, to 
remove 211 the mud from the formation; in fact such mud 
frequently remains in situ between the screen and the 
formation for many years, even in a regularly pumped 
well, and many wells hr,ve been labelled as dry only 
because the aquifer has been 'mudded off'. This is 
particularly so where there are several weak aquifers of 
which the sum total yield might have provided a useful 
yield. Special dispersant chemic,ls are not always 
capable of removing clay particles, even if forming part 
of the well-development programme. 
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casing. Too thin a cake and the walls may be broken down 
by the rotating tools, and heavy water losses can then 
occur. A very thick cake will make drill string removal 
difficult and can even cause collapse of the hole due to 
the swabbing effect of the bit. 

Another important property found in natural and commer- 
cial clays is that of gelling. The gel is governed by 
the thixotropic character of the mud. When actively in 
circulation, the mud has 6 given fluidity which is 
substantially reduced when it comes to rest. This 
feature is used to full advantage when shutting off the 
flow to add further drill pipe and it is vital to retain 
debris in suspension; if the solids fall onto the shoul- 
ders of the drill collar; and bit, the latter may become 
stuck in the hole. Considerable additional pump pressure 
would be required to disturb the thixotropy when cir- 
culation begins again. A very heavy mud may even 
overload the system, and prevent the settling of fine 
mud particles in the mud pit. 

There are very many additives commercially available for 
the treatment and control of drilling mud. They range 
from ground walnut shells and shredded leather to com- 
plex chemical compounds. Drilling mud is a science in 
itself and the high pressures, temperatures, and great 
depths associated with oil-well drilling have generated 
technology to cope with them. Water-well drilling on the 
other hand, can be and often is, carried out using no 
more mud control than the experience of the driller on 
the rig using sight and 'feel' as his only instruments. 

Organic Polymers 
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To overcome this problem, organic polymers were intro- 
duced. Using water as a base fluid, polymer powder is 
mixed to form a drilling mud performing the basic essen- 
tial functions of conventional bcntonite but with one 
vital difference. It has a life cf about three days, 
after which it breaks down to a water-like consistency 
and is easily drawn out of the formation. In addition, 
it has only a weak thixotropic property and releases 
solids much more readily. 

Obviously, many wells will take much longer than three 
days to drill and compounds such as fornalin are used to 
prolong the life of the mud. Some polymer muds can be 
stabilized indefinitely. To break down the mud at a 
specific time, an additive such as chlorine (in heavy 
dosage) can be used. This treatment should not be car- 
fused with the light dosage given to combat soil bac- 
teria. 

An early problem experienced was the failure of the mud 
under conditions of varying pH. It is now recognised 
that the maintenance of a high pH within a fairly close 
limit will ensure mud stability. Most manufacturers 
provide their own brand name additives to control the 
mud fluid according to specific drilling requirements. 

At this point it should be noted that although water 
engineers throughout the world are increasingly accept- 
ing the usage of organic polymer muds there have been 
recorded instances of bacterial problems which may or 
may not have been associated with its use. It is with 
this question in mind that manufacturing chemists are 
experimenting with inorganic synthethised polymers for 
water well drilling muds. These may soon be available. 

Air 

The use of air as a drilling fluid has already been 
discussed in a previous section when it was noted that 
in appropriate circumstances considerable benefits were 
obtained. Firm hard rock is an ideal drilling stratum in 
which to apply this method and fissured zones can be 
penetrated without the fear of lost circulation associ- 
ated with muds. There is also no risk of sealing off an 
aquifer and normally no drilling water is required. 

A disadvantage is that air cannot support a caving 
formation. Problems also arise when small inflows of 
water are encountered which tend to aggregate the cut- 
tings and it is sometimes necessary to inject additional 
water into the air suppry in order to produce a man‘.. 
geable slurry. 
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The rapid return of cuttings ensures representative 
sampling and it is sometimes even possible to evaluate 
the output potential of an aquifer w!lile actually dril- 
l ing if the airlift principal comes into operation. 
However, drilling efficiency fails off with increase in 
depth below water. 

Foam 

A foaming agent has been developed to cope with a situ 
ation where (a) mud cannot be circulated due to losses 
or water supply problems and (b) insufficient annular 
air velocity is available to clean the hole adequately. 
Under certain conditions a complete well may be drilled 
using foam. Other circumstances may call for only 
partial application. 

The introduction of additives into the air stream is not 
new and detergent was used by air Grillers some 20 years 
ago to overcome the aggregation of cuttings in a 
‘weeping’ borehole. 

A decade later the technique of injecting a bentonite- 
foam slurry was developed which provided a measure of 
support to the formation but still relied on fairly high 
velocity and compressor capacity. It was found that 
greater quamtitics of foi-nation water could be lifted, 
probably because the slurry caked the wall and provided 
a smoother well. 

Recent development work has resulted in a stable foam 
which requires quite moderate air quantities, a 
‘starting guide’ Leing 0.3 m3/min per 25 mm of bit 
diameter. No mud pit of lagoon is required, as the fluid 
is mixed in a tank and injected by a pump into the air 
supply sys tern. It travels down the drill pipe under 
pressure and passes through the drill bit lubricating 
and cooling it. Expansion and foaming activity then 
takrs place and sufficient support is developed to carry 
the cuttings up the annular space at a low velocity, say 
12-15 q /rein, for air alone. The foam is similar to 
aerosol shaging cream in consistency and often appears 
at the surface with a surging pulse, a characteristic 
believed by some to assist, in cleaning the well. 

The foam breaks down in 30-45 minutes, releasing its 
cuttings in the process. It is conducted away from the 
well head by a collector ring and horizontal pipe. 

A typical fluid consists of 100 1 of water per litre of 
foam and 0.2-0.35 kg of stabilizer; it is injected at a 
rate of 5-7 l/min. Holes of 150-650 mm dia.meter may be 
drilled using foam and a special fluid is available for 



use with down-the-hole hammers when provision must be 
made for better lubrication. 

Finally, although guide lines for the use of foam exist, 
it is a system which is still improved through ex- 
perience. Therefore it is the task of the drilling 
engineer to adjust the settings to give optimum results 
under prevailing conditions. 
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experimental studies for water treatment 
plant design 

Sedimentation 

For design purposes, a settling tank can be subdivided 
into four sections, i.e. inlet, settling zone, outlet 
and sltidge deposit zone (Fig. 1). 

OCTLET ZONE 

Figure 1 
Schematic subdivision of settling tunk 

The actual work of the tank is done in the settling 
zone. The inlet zone serves to distribute the raw water 
evenly over the full cross-sectional area of the tank. 
The outlet zone collects the clarified water uniformly 
over the full depth and width of the tank. The sludge 
zone acco,dGdates the suspended particles removed from 
the settled water. 

The sedimentation process may be a discrete or a floccu- 
lent one. With discrete settling no aggregation of 
finely divided suspended matter into larger floes takes 
place. This means that during the entire settling pro- 
cess the size, shape and density of the particles remain 
unchanged, giving a constant settling velocity. With 
flocculent settling on the other hand, particles over 
taking one another will coalesce and will henceforth F.) 
down at the higher rate of the aggregate. This process 
will repeat itself several times, increasing the settling 
velocities as the particles grow. 

For the discrete settling process, the following analy- 
sis is made. 
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The path followed by a discrete particle in tbe settling 
zone depends on two velocities: the horizontal displace- 
ment velocity of the water and the settling velocity of 
the particle. Under ideal conditions, the horizontal 
velocity of the water and all particles contained in it, 
will be constant: v = v . The distribution of the 
settling velocities, can bz determined through an expe- 
riment. 

For such an experiment, a cylinder is used, preferably 
made of transparent plastic. Usually, the cylinder 
diameter is about 20 cm and the height 2 metres" (Fig- 
21. The settling test usually takes about one day, and 
requires only simple equipment. 

h 

Figure 2 
Experimentai cyhder for settling velocity analysis 

The container is filled with a test sample of the water. 
After stirring gently for even distribution of the 
particles over the full depth, the test is started when 
the water has come at rest. At regular time intervals, 
water samples are drawn at the sampling taps. They are 
analysed for turbidity, suspended solids content or any 
other factor characteristic for the settling process. If 
the particles sett!e discretely and at a constant 
settling velocity, then a sample taken at a time t at a 
depth h below water surface cannot contain particles 
with a settling velocity higher than h/t (Fig. 3) 

-2 Two or more taps for water sampling should be 
available. 
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Figure 3 
Particies travel path in the settling zone 

For example, in such a settling experiment, measurements 
taken at samples drawn at a depth h = 1.25 m, are: 

time t=p 1 ; 2, 1) 4 2 hours 

suspended solids conient c = 86 83 53 49 37 16 6 mg/l 

From this, the cumulative frequency distribution of 
settling velocities can be calculated: 

130 c/c = 100 96 73 57 42 19 7 % 

s = h/t = m 5 2.5 1.67 1.25 0.83 0.63 m/\.our 

When plotted in a diagram, these data produce a 
cumulative frequency distribution of settling velocities 
curve (Fig. 4). 

To make sure that discrete settling takes place, samples 
should also be taken at another depth, say 0.5 m and 
analysed in the same way. When plotted in the diagram 
they should fall on the same curve. 

The settling velocity s varies from one particle to 
another. All particles with a settling velocity larger 
than s are completely removed, while particles with a 
lower settling velocity are partly removed, in the ratio 
of s/so which is the same as h/H. 
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Figure 4 
Cumulative frequency distribution of settling velocities 

A graphical method to determine the overall removal 
ration is illustrated in Fig. 5 using the curve of Fig. 
4. 

i 

Figure 5 
Cumulative frequency distribution of settling velocities 

For a random value of so the removal ratio r equals 

P, P 

r=(l-p)+ 
r” 

0 J +Odp = (I - po> + 1 sdp 
0 s 

0 0 

In the right-hand formula, the integral represents the 
shaded area of Fig. 5 to the right, the total removal 
ratio r can now easily be found graphically by drawing a 
horizontal line in such a way that the two shaded 
triangles have equal areas. Repeating this procedure for 
various values of s 

0 
gives the graph of Fig. 6 in which 
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for any desired removal ratio r the required value of so 
can be read. 

Figure 6 
Removal ratio(r function of the surface loading(s) for 
particles having the cumulative frequency distribution of 
settling velocities show in figure 4). 

Earlier it was shown (Fig. 31, that: 

S H 
0 Q Q 

-- =- 
v 

or with v = - , s = - 
0 L 0 BH 0 BL 

saying that the removal ratio depends on the so-called 
surface loading, that is the ratio between the amount of 
water to be treated and the surface area of the tank, 
while the depth of the tank would have no influence. 

The analysis method presented here, therefore, assumes 
that the settling process is not hindered by turbulences 
in the water flow through the settling tank, nor by 
eddies or cross-currents caused by the wind. The set- 
tling efficiency is usually higt and a fairly long and 
narrow tank having a length to width ratio of about 
4 to 6. 

Slow sand f&ration 

The results of filtration in terms of effluent quality 
and length of filter run, are mainly influenced by four 
design factors: the thickness of the filter bed; the 
grain-size distribution of the filter material; the rate 
of filtration, and the depth of the supernatdnt water. 
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With slow sand filtration this interaction is quite 
simple as with a thickness of t.he filter be:i larger than 
0.6 m, the improvement in water quality only depends 
upon the grain-size distribution of the filter material. 

The effect of the grain-size distribution on effluent 
quality, in particular on the presence of coliforms and 
E.coli, can be determined with a pilot plant, operating 
experimental filters filled with various types of locsl- 
Ly available sand, having effective sizes between 0.15 
and 0.35 mm. These filters are easy to build, for in- 
stance from a section of concrete or asbestos cement 
pipe, 3 m long and having a diameter of 0.5-l m. This is 
shown in Fig. 7. 

On the basis of the first series of experiments, the 
sand to be applied is chosen so fine that an effluent of 
acceptable quality will be obtained. The second series 
of experiments then uses this size of sand. For differ- 
ent filtration rates the length of filter run is deter- 
mined. For average conditions a filter run of 2 months 
is appropriate, a>ile minimum values in periods of high 
turbidity of the raw water should not be less than 2 
weeks. 

-,J 
RAW WATER 

PUMP FILTERED WA1 

FlLTER’BOTTOM 

i’&re 7 
Experimental slow sand filter 

The length of filter run also depends on the maximum 
allowable head loss, which in its turn increases as the 
depth of supernatant water goes up. With slow sand 
filtration in particular, negative heads (water 
pressures below atmospheric] must be avoided under all 
CircumsLdces as these might cause the liberation of 
dissolved gases. 
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Air bubbles will then ar-cunralate in the filter bed, 
i:\rrtTasing the resistance against downw.xmx~ o?ter move- 
ment wh:le rising air bub!)les of larger s?sv*. wilt make 
hOlt?S in tne filter bed through which w.~-+L’ passes with 
insufficient treatment. According to Fig. 2’. ?I!is limits 
the maximum allowable head loss to the denial i>f super- 
natant water augmented with the resistance rjf y..he clean 
filter bed. 

w - BEPTHaFSUFEAWATANTWATER 

W = AESISTANCEOFCLEANFILTERBEB 

I- MAKALLDWABLE 
RESISTANCE +I 

Figure 8 
Pressure distribution in a slow sand filter bed 

Rapid filtration 

For the design of a rapid filtration plant, four design 
factors have to be selected: the thickness of the fil- 
ter bed, the grain size distribution of the filter mate- 
rial, the depth of supernatant water and the rate of 
filtration. These factors are all inter-related, so that 
both the improvement in water quality and the length of 
filter run are influenced. However, the influence on the 
cost of construction is rather different. The grain size 
distribution has practically no influence on construc- 
tion costs. A smaller grain size will improve effluent 
quality, but it will also result in a more rapid 
clogging of the filter bed, with a reduction of the 
length of filterrun. For grain sizes smaller than 
0.8 mm, an additional air scour may be required to keep 
the filter bed in clean condition. A greater thickness 
of the filter bed will improve effluent quality, but the 
influence on filter resistance and cost of construction 
is small. The depth of supernatant water should be large 
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enough I, preL-::L negative heads. A larger depth of bed 
allows i b. -eater hrad loss and a longer filter run. The 
influence on the cost of construction is limited. The 
most ic.portan, factor is the filtration rate. A higher 
rate of filtration might result in a lower effluent 
quality, and a red!rrtion of the length of filter run. It 
will albays greatlb reduce the cost of construction as 
the required filter be<: area is less for a higher filtra- 
tion rate. 

SAMPLING POINTS 

;;xf,Llnfi iiEPlH BELOW 
t TOP FILTER BE0 

.? 0.05 M 
n 0.10 M 

0.15 M 

ii 
0.20 M 
0.30 M 

E 
E ?A 

F OiO M 
G 
II 

1.20 M 

) FILTERED WATER 

Figure 9 
Experimental filter 

The design of a rapid filtration plant may be based on 
the results obtained in a pilot plant, using an ex- 
perimental filter (Fig. 9). 

The grain size of the filter material is first chosen 
after which the influence of all other factors - filtra- 
tion rate, filter bed thickness and depth of supernatant 
water - can be investigated. In case no acceptable 
combination can be found, the experiments should be 
repeated with another grain size, finer or coarser as 
indicated by the results obtained. The reliability of 
these results, however, suffers from the abstraction of 
water at the various sampling points, disturbing the 
main flow through the filter column. For small plants 
this may be compensated for by a somewhat lower rate of 
filtration or more economically by a slight increase in 
filter bed thickness. 
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On the basis of the preliminary results, three filters 
are fcr instance filled with sand of 0.8 mm grain size, 
to depths of 1.0, 1.2 and 1.5 q and operated at a rate 
of 10 m/hour, giving the results presented in Fig. 10. 

2m - : r - d=0R#I 
e; a ylOUR 

1 
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,,Om THICKNESS 
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C.-as. - / --- 

----- 
0 L I -, 

0 10.s’~ 1; Tq ” 12 OAYS 

FILTER 
;:fbS’ANCE 

0 - LENCTHOFFlLTERRUN 

0 lo.5 !I Il.5 12 OAYS 

Figure 10 
Graph presenting experimental results 

When now the desired effluent quality is chosen, for 
instance a suspended matter content of the filtrate not 
exceeding 0.5 mg/l, the length of filter run T can be 
read from the upper graph drawn in Fig. 10 as a Punction 
of the filter bed thickness. 

THICKNESS 
OF FILTER 
BED 

Figure 11 
Graph showing relationship of filter bed thickness and 
length of filterrun (based on experimental results presented 
in figure 12) 
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As second choice the desired length of filter run must 
be fixed, for instance at 1.1 day from which in Fig. 11 
the required filter bed thickness can be taken at 
1.17 m, or rouded off 1.20 m. 

As additional factor of safety, the length of filter run 
T with regard to filter bed resistance is chosen 10% 
Galler, at 1.0 day, for which in the lower graph of 
Fig. 10 the resistance is found at 1.5 m. As resistance 
of the clean bed, at t = o, this graph gives a value of 
0.50 m, asking for a depth of supernatant water of 1.0 m 
to prevent negative heads with certainty. With rapid 
filters, impurities do penetrate some distance into the 
filter bed, giving an ultimate allowable pressure 
distribution as indicated with the dotted line in Fig. 
12. 

This would allow a decrease in the depth of supernatant 
water to about 0.85 q . The resulting saving in the cost 
of construction, however, is small and again as an added 
factor of safety the original value of 1.0 m will be 
used. Indeed, many designs use a much smaller depth, 
0.4 m for instance, to save on the cost of construction. 

Negative heads are then likely to occur, and as the 
solubility of gases is proportional to the pressure they 
tend to come out of solution, forming gas bubbles which 
accumulate in the filter bed, increasing the resistance 
against downward water movement and prematurely ending 
filter runs. This will not occur, however, when the raw 
water contains larger amotu+.5 of organic matter or 
ammonia. During filtration the zygen content of the 
water will now drop strongly, reducing the total gas 
pressure to values of 0.8 or 0.9 atmosphere. 

annex 3 

Figure 12 
Pressure distribution in bed or rapid filter. 
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annex 3 

When the experimental results of Fig. 10 have been 
obtained with an average quality of the raw water, the 
length of filter run will be longer when raw water 
turbidities are lower. This will give no operational 
difficulties, but in order to avoid deep penetration of 
impurities into the filter bed, the filters should be 
backwashed at least every 3 days. With the raw water 
having a larger than average suspended load, filter runs 
will be shorter. 
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ire pub1 ications 

IRC publishes a Technical Paper Series which provides expertise on selected topics in water 
supply and sanitation. These documents usually are produced as a joint effort of expert 
consultants, specialist contributors and IRC staff. 

IRC Technical Papers are designed for selective use by various levels of staff engaged in water 
supply and sanitation: not only professional engineers and decision-makers, but also planning 
staff, public health officers and technicians. 

IRC also pualishes a Bulletin Series comprising reports of international expert meetings and 
seminars organized by IRC, bibliographies, and reference lists. The IRC Newsletter is issued 
monthly. 
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HANDPUMPS FOR USE IN DRINKING WATER SUPPLIES IN DEVELOPING COUNTRIES 
Prepared by F. E. McJunkin 
(TP 10) 230 pages 1977 

SLOW SAND FILTRATION FOR COMMUNITY WATER SUPPLY IN DEVELOPING 
COUNTRIES - A DESIGN AND CONSTRUCTION MANUAL 
Prepared by J. V. van Dijk and J. H. C. M. Oomen 
(TPll) 173 pages 

PUBLIC STANDPOST WATER SUPPLIES, A DESIGN MANUAL 
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