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ABSTRACT

Evaluations of the performance of conventional manual

pumps in rural communities in less developed countries show

that these pumps are not suitable for heavy rural use. The

presentation contained herein gives the results of labora-

tory tests conducted to determine if it is both technically

feasible as well as practical to develop an alternative

simple manually operated pneumatic pump for rural water

supply. The resulting unit, the Arizona Civil Engineering

(ACE) pump, was tested up to a maximum head of 42 ft. At

this head, the unit performed at 72% efficiency when the

outlet was empty and 96% when the outlet was primed. The

results of the tests show not only that the ACE pump is a

viable alternative to most current designs, but that its

simplicity of design makes it suitable for village-level

operation and maintenance.

ix



CHAPTER 1

INTRODUCTION

Rural water supply in less developed countries has

been gaining serious attention during the past 15 years or

so. The need to provide rural dwellers with adequate

supplies of safe drinking water has become so urgent that

the United Nations declared the period 1981 to 1990 as "The

International Drinking Water Supply and Sanitation Decade".

The goal of the decade is to provide adequate potable water

to the total rural population of the less developed

countries by the year 1990.

Need for Safe Drinking Water in Rural Communities 

Potable water supply is a basic necessity for all

peoples, rural dwellers being no exception. According to

Allen Morrison (1983) "eighty percent of all the sickness

in the world is attributable to inadequate water supply or

sanitation". Morrison put the number of persons in the less

developed countries lacking access to safe drinking water

supply at 1.5 billion, 1.2 billion of whom live in rural

areas.

The World Health Organization (WHO) conducted a

survey in 1970 to determine access of urban and rural

1
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people to safe water supply in the less developed

countries. The great discrepancy WHO found in meeting the

needs of rural and urban dwellers for safe water is summar-

ized in Table 1.1

Table 1.1

Population with Access to Safe Water a

Region Urban population Rural population

# x 10
3

% # x 10
3

Africa South of Sahara 19,843 67 15,876 11

Latin America and
the Caribbean 116,429 76 26,876 23

West Asia and
North-East Africa 53,173 86 30,058 20

Algeria,Morocco and
Turkey 17,832 73 18,400 44

South East Asia 81,059 53 31,095 5

East Asia and
Western Pacific 27,020 75 16,017 22

a.After World Wealth Organization (1975)

The sources of water supply for most rural people

are surface streams, shallow open wells, and ponds, all of

which are either polluted or the breeding grounds for

various disease vectors in most cases. The many diseases
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caused by theses vectors can be classified into four major

groups according to the means of transmission (Morrison,

1983):

1. Waterborne: Infection occurs when water

containing pathogens is taken into the body.

This group of diseases includes cholera,

dysentery, diarrhea, and typhoid.

2. Water-contact: Infection occurs by physical

contact with water containing certain patho-

gens. Resulting diseases include the various

forms of schistosomiasis.

3. Water-insect transmission: Infection occurs

from bites of certain insects which breed in or

near water, i.e mosquitos, tsetse and black

flies, etc. Resulting diseases include malaria,

river blindness, sleeping sickness, and

elephantiasis.

4. Water-hygiene: Infection results from the

neglect of personal hygiene because of

inadequate water supply. These include various

kinds of skin and eye diseases.

According to Morrison, about 10 to 20 million

children die each year from various forms of diarrhea, more

than 200 million people suffer from schistosomiasis, and one

million die from malaria each year.
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The possibility of an individual falling victim to

any of the diseases listed above depends, to a large

extent, on the source of water supply and its location.

Table 1.2 lists the relative health hazard associated with

various sources of supply.

While groundwater can serve as a safe source of

supply for rural dwellers, the wells must be protected in

order to avoid contamination. In most cases this means

sealing the well and employing some kind of a pump to

extract the water.

Table 1.2

Health Hazard of Various Water Supply Sources b

Location	 Source of supply	 Health hazard

Urban Peripheries	 Taps	 Low
Standpipe	 Medium
Wells	 High
Streams	 High

Rural Clustered	 Taps	 Low
Standpipe	 Low
Wells	 High
Streams	 High

Rural Scattered	 Streams, ponds	 High
Wells	 Low

b. After Falkenmark, 1983

Wells in rural areas are usually shallow and

open, and they are very likely to serve as host to various

foreign objects, i.e branches, dead animals, etc., which may
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cause pollution. The bucket and rope used at open wells may

themselves be a means of polluting the water since they are

usually kept on the ground beside the well.

Not only are there many more rural people than urban

people lacking access to safe drinking water, and thus more

vulnerable to the many-water related diseases, but in most

cases the means of treating such diseases is not readily

available to them. In the less developed countries most,

if not all, of the better equipped and staffed hospitals and

clinics are located in the urban centers.

Access to adequate safe drinking water is more than

just a matter of health. Availability of safe drinking

water also has both economic and social implications. Water

carrying in rural areas is usually the work of women and

children. In some areas, especially in desert countries,

water must be carried from a well, stream, or pond located

as far as fifteen miles away from the village. According to

Morrison the task of carrying water may require as much as

four to eight hours a day. This time could be spent on a

farm or at some other economic activity if the water supply

were located in the community. The amount of energy

expended for water carrying also could be diverted to some

other more productive use.

In the World Health Organization survey of 1970,

various countries were asked to indicate criteria on which



6

their development of water supply projects was based. The

responses showed that development and social reasons were

given more often than health reasons in some regions of the

developing countries, Table 1.3.

Table 1.3

Comparison Between Health and Social Reasons
as Criteria for New Water Supply Projects c

Region	 Frequency of mention

Health reasons	Social reasons

Africa South of Sahara
	

4	 6

Latin America and
the Caribbean
	

3	 6

West Asia and
North-East Africa	 0	 0

Algeria and Morocco	 6	 4

South-East Asia	 5	 0

East Asia and
Western Pacific	 3	 2

c. After the World Health Organization ,1975

Available Means for Meeting Water Supply Needs

Potable water supply can be obtained by a variety of

means. The means selected is mainly a matter of economics

and the availability of trained manpower to operate and

manage the facility. The most widely used means is the
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conventional rapid sand filtration plant. Such a plant

employs various coagulants, mainly hydrated aluminum sulfate

(alum) and ferric chloride to remove turbidity and chlorine

as the disinfectant. If the influent is of good enough

quality, coagulation can be eliminated, and a slow sand

filtration plant could be employed.

Where the source of supply is groundwater, the

only required treatment in most cases may be disinfection.

With these systems consumers are supplied either by direct

house connection to a network of distribution lines or by

means of public standpipes. These conventional systems

involve high initial investment and high operation and

maintenance costs, as well as a high level of skill for

operation and maintenance; thus they are suitable only for

urban areas serving large numbers of people, not for rural

areas.

In most rural areas potable water can be obtained by

simply installing manual handpumps in well protected hand-

dug or drilled wells. The ground water supply is usually of

good quality and therefore requires no treatment. For such

a system, the consumers are served by a discharge outlet at

the source of supply.

According to studies conducted by the World Bank,

(Arlosoroff, 1983), this system is the "simplest and

cheapest" means for meeting the potable water needs of rural
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dwellers. However the United Nations Development Program

(UNDP) and World Health Organization (WHO) estimates put the

amount of funding required to meet the goal of the Water and

Sanitation Decade at $30 to $60 billion per year

(Morrison, 1983). A total of 5.7 million handpumps would

need to be installed by 1990.

Even though installation of handpumps in wells is a

promising solution to rural water supply needs, the relia-

bility of such systems is a problem yet to be solved.

Need for a Suitable Water-Lifting Device

The lack of a suitable manual village-level handpump

is one of the most basic obstacles to fulfilling the goal of

the Water and Sanitation decade. According to Sharp and

Graham (1982), "one of the most important problems in rural

water supply programs is the high failure rate of the

conventional manual pumps." Falkenmark (1980) describes the

situation this way: "The maintenance and repair of hand-

pumps is one of the major weak points of rural water supply

programs".

Conventional manual pumps are made either from steel

or cast iron, materials which are not readily available in

most developing countries. The intended use of these pumps

was correctly described by Morrison (1983) when he quoted

McJunkin who said "We've taken pumps from U.S farmyards,



9

satisfactory for single-family use and tried to adapt

them to Third World villages....". According to Sharp and

Graham, the high failure rate of these pumps is due to the

high "level of stress and abuse encountered from large user

groups" such as one finds in the rural communities. Most

handpumps in such communities are expected to be in contin-

uous use 12 to 16 hours a day.

In 1977, the British Overseas Development Adminis-

tration, (ODA) initiated laboratory testing of 12 brands of

deep-well pumps in use in developing countries to determine

the causes of failure. Results of the study are summarized

in Appendix A.

Not only are conventional manual pumps not designed

for heavy rural use, but the pumps and spare parts must be

imported from abroad. Importation of pumps and parts make

the units unduly expensive, and the resulting system is

unreliable because spare parts are not readily available.

Another important factor to be considered in

assessing the suitability of conventional manual pumps for

rural areas is the level of skills required to service

them. The level of technical skills to be found in a

typical village in the less developed countries was cor-

rectly described by Arlosoroff (1983) when he said,

"Handpumps are installed at considerable expense 	  This

expense is wasted when a cup-seal costing 50 cents wears out
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and no one in the village can fix it". Most manual pumps

installed in rural communities become inoperative within

about six months after installation either because of lack

of spare parts or because no one in the village is capable

of repairing them. The technology is simply inappropriate

for village water supply.

Objective of Investigation

Research sponsored by the United Nations, discussed

in Chapter 2, has produced several designs for village use

but none fully met their objectives for a reliable water-

lifting device which could be maintained by villagers. All

the pump designs required basic mechanical skills for

maintenance, and some required a lifting device when being

installed and taken out for maintenance.

While new designs are a definite improvement over

conventional pumps, one major goal yet to be achieved is

village-level technical simplicity. Based on experience

with village water supply in Liberia, it appears that any

design based on the piston/plunger-foot valve principle is

likely to be too technically "sophisticated" for the average

villager to repair.

The research conducted for this thesis was an

attempt to laboratory test a concept which could remedy some

of the problems associated with the use of conventional
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handpumps in rural communities. The objective of the

research was to produce a water-lifting device which is both

suitable for rural use and technically simple enough to be

manufactured in any developing country, using locally

available resources, and to be maintained by relatively

unskilled persons. The research involved building a model

using readily available materials and performing a series of

tests to determine the practicality of the concept. The

tests included determining volumetric efficiency of the

unit, which depends on the functioning of the valves, the

ease of use, installation-related problems, and performance

of the moving parts.



CHAPTER 2

SEARCH FOR A MANUAL VILLAGE-LEVEL PUMP

Simple water lifting devices for rural water supply

such as the old bamboo pump of Western Java, Indonesia, and

the chain and washer pump used in China and Europe, have

been in use for quite some time. However, their adoption

for community use on a large scale and/or as a major

government program began not more than ten years ago.

The renewed interest in simple pumps as a means of

solving the rural water supply problem is partly a result of

the realization both by governments of developing countries

and by bilateral donor agencies that technologies trans-

ferred to any developing country must be appropriate for

that country: Appropriate technology, defined by the

"Appropriate Technology" magazine (1980), is that tech-

nology "which makes the best use of available resources,

such as labor (skilled and unskilled), capital and natural

assets, taking into account operation and maintenance as

well". The search for a manual village-level pump therefore

involves the modification of existing conventional designs

and improvement of older traditional designs as well as

development of new innovative designs, all with the aim of

12
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making them suitable for rural use and maintenance by local

people.

Modification of the Conventional Handpump

Modification of the conventional manual pump for

village use mainly involves a change of materials, i.e

making the units out of new, cheaper, and lighter materials

rather than cast iron or steel. The major disadvantage of

using cast iron or steel for the rural water pump is that

these material are not readily available in most developing

countries. Moreover, in most cases the resulting unit is

so heavy that installation and maintenance require the use

of lifting equipment. For example the Moyno pump manufac-

tured by Robbins and Myers in the United States of America

weighs 140 pounds excluding the riser (Reynolds, 1984)

The one material most attractive as a substitute for

cast iron and steel is plastic, especially polyvinyl

chloride (PVC), a material that is widespread in most

developing countries. In addition to being cheaper and

lighter than either cast iron or steel, PVC has proven to be

easy to work with. While the basic technology remains the

same (foot valve and piston/plunger assembly), the various

components of the pump are being made from PVC with miscel-

laneous parts of wood, leather, and brass. The resulting

unit is cheaper not only because of the cost of the
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materials but also because, being manufactured in the

developing countries, the cost of labor is low. For

example, a PVC unit manufactured in Sri Lanka cost only $35.

Several PVC manual pumps have been developed and

field tested. One such unit, the Waterloo pump, was

designed by the International Development Research Center

(IDRC) of Canada and field tested in Ethiopia, Malawi,

Malaysia, the Philippines, Sri Lanka, and Thailand. The

main features of the design are as shown in Figure 2.1.

Both lift and suction-type pumps were developed, and the

principle of operation follows that of the conventional

handpump.

The Zimbabwe pump, designed in Zimbabwe, is another

example of a PVC unit which follows the basic conventional

design philosophy (Morgan 1981,). The main features of the

unit are shown in Figure 2.2. The unit operated at a

maximum depth of about 20 ft.

This design has one major advantage over the

Waterloo design, namely that the piston rod also serves as

the outlet pipe. This configuration has a cost implication,

eliminating the need for a riser. The advantage is lost

however, because the rigidly-fixed cylinder must be

dismounted for maintenance and repair purposes, and rein-

stalled each time. This situation requires climbing down

into the well each time. An additional advantage is



	PVC piston

PVC foot valve

Fig. 2.1. Waterloo Design
(after Sharp and Graham, 1982)
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Fig. 2.2 Zimbabwe Pump
(after Morgan, 1982)
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elimination of the lever, a very vulnerable component of

most manual pumps.

Improvement of Older Traditional Pumps 

An old traditional bamboo pump used in Indonesia

attracted the attention of the government of that country,

and after careful examination, an improved version of the

pump was made and field tested in 1977. The unit is made

from bamboo, wood, and leather and operates as a force

pump (Figure 2.3). Valve 1 opens and allows water into the

bamboo cylinder on an upward stroke while valve 2 remains

closed. Valve 1 closes, and water in the cylinder is forced

through valve 2 on the downward stroke.

Results of the field test showed,among other things,

that the unit produced "bad-smelling water" if the bamboo

is not pre-treated by soaking it in water for one to two

months and that the unit is not suitable for large user

groups. It was also learned that the most vulnerable

component of the unit is the leather piston and that only

special types of bamboo can be used. The unit is capable of

operating at a maximum depth of about 26 feet.

The chain and washer pump (Pater Noster Pump) is

another example of a traditional unit which is being

improved (Watt, 1976). The unit, which was used in Europe in

the 16th century to drain coal mines, consists of several



Leather piston

Valve No.

18

Valve No. 2

Fig. 2.3 Bamboo Pump
(after Annon., 1979)
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washers connected by a chain made of wood or rope. The

chain-washer assembly is driven by the turn of a wheel. As

the wheel is turned, the chain and washer assembly goes

through a riser, lifting the water trapped between the

washers, Figure 2.4.

Improvement of the chain and washer pump involved

designing a more appropriate gear and bearing for the wheel

and replacing the original leather and horsehair washers

with wooden or steel disks. These new washers are fitted

with rubber seals so as to reduce leakage between the

washers and the wall of the riser.

New Designs 

The Vergnet Hydraulic Pump, developed by Prat and

Benamour at the Comite Interafricain d'Etudes Hydrauliques

(CIEH) of Ouagadougou, Upper Volta, is an example of the

innovation going on in rural water supply (Watt, 1977). The

unit is designed in such a way that it has only one major

moving part-the foot pedal. The unit is operated by

applying pressure to the foot pedal which then forces water

into a flexible rubber tube located in the body of the pump

(Figure 2.5). This causes the tube to expand, plishing the

water in the cylinder through the discharge valve into the

discharge pipe. This expansion also causes the inlet valve

to close. The tube returns to its original size when the



Fig. 2.4. Chain and Washer Pump
(after Watt, 1976)
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Discharge pipe

	 Foot pedal

Rubber tube

	Inlet valveLTi
71711M7VTIMies

Fig. 2.5 Vergnet Hydraulic Pump
(after Watt, 1977)
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applied pressure is released; the inlet valve opens, filling

the cylinder with water, and the outlet valve closes.

One important advantage of this design is that the

only major moving part is not very far below ground.

Maintenance should be easy since repairing such a part

will not require one to lift the whole unit to the surface.

The windpump developed by the Christian Service

Committee staff of the churches of Malawi is another example

of innovative design (Christian Service Committee, 1979).

The unit is designed so that the plunger is driven by ropes

connected to a windmill. The plunger is lifted (upward

stroke) by the force of wind and goes down by its own

weight.

The major disadvantage of this design is that at

high wind speed the plunger is not heavy enough to make a

full stroke. Moreover, the design of the windmill is such

that it must be properly oriented in the right direction in

order to function. This means that orientation of the

windmill must be adjusted as the wind changés direction.

The trial design operated at a depth of about 13 feet.

Other innovative designs include the bellows pump

(Anon., 1975) designed by the International Rice Research

Institute of the Philippines and the Rower pump (Klassen,

1980) developed by the Mennonite Central Committee of

Bangladesh.
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The United Nations, in an effort to solve the

problems associated with the use of the conventional manual

pump for rural water supply began sponsoring research

projects aimed at developing a so-called Village Level

Operation and Maintenance (VLOM) pump. Falkenmark (1980)

described such a pump as one which has the following

characteristics:

1. Made of few moving parts

2. Suitable to the local climate and environment

3. Capable of withstanding corrosion

4. Capable of operating at enough depth

5. Requiring no more than one major maintenance
/overhaul per year

6. Capable of being maintained and repaired by
relatively unskilled villagers

7. Capable of being installed and removed without
the use of sophisticated lifting equipment

8. Capable of being manufactured in the Third World
Some of the pumps already discussed and other trial

designs of a VLOM pump have been laboratory tested at the

Consumers' Association Testing and Research Laboratories of

Great Britain under the sponsorship of the World Bank. The

designs were tested for suitability, endurance, efficiency

and ease of installation. Pertinent data for each pump

tested and the results of tests are summarized in Appendix A.



CHAPTER 3

THE PNEUMATIC WATER PUMP

In this study the pneumatic pump concept was

laboratory tested by developing a simple pump using readily

available local materials. The investigation mainly

involved designing a suitable apparatus (cylinder, valves,

etc.) and evaluating the performance of the design as the

discharge head is increased.

Design Principles 

When an external force is applied to an incom-

pressible fluid which is confined in a given container, the

force can only be released by causing the container to

expand. The amount of expansion depends on both the

applied force and the elastic properties of the container.

For very rigid containers little expansion occurs (depending

on the magnitude of the applied force), and the liquid will

be pressurized. However, if the container were provided

with some sort of a "pressure release" outlet pipe, the

applied force would cause the liquid to rise in the pipe.

The head to which the liquid would rise is directly propor-

tional to the applied force and inversely proportional to

the specific weight of the liquid:

24



2 5

H = P/w Where P = Pressure force, lb/ft 2

w = Specific weight of fluid, lb/ft 3

H = Height of rise, ft

The amount of liquid that could be discharged through the

relief outlet is a function of both the size of the

"pressure release" outlet and the rate at which the external

force is being applied.

For the conventional lift or force pump, external

force is applied by the up and down movement of a piston

located in the body of the pump. The pneumatic pump uses

pressurized air in order to lift a column of water, and the

source of air supply can be any simple tire pump or a

suitable bellows. The amount of energy expended in using

this pump depends on the size of the air pump and the total

dynamic lift. The pressure required to lift a column of

water to a head of H feet is:

P = wH

The corresponding force is:

F = PA Where A = cross-sectional area of the
air pump cylinder, ft 2

F = Force, lb

and the amount of work required is

W = FD Where W = work, ft-lb

D = distance through which the
force is moved, ft
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Given a source of air supply of volume Va , the

number of strokes, (N s ), required to develop a given

pressure is determined by expression 3-1 if air is assumed

to behave as an ideal gas under isothermal conditions:

PiVi = P2V2

Where P1 = absolute pressure at 2 the source
of air supply, lb/ft

(3-1)

P2 = absolute pressure in the cylinder, lb/ft 2

V1 = total volume of air supplied by the source, ft 3

V2 = volume of cylinder occupied by air, ft 3

Assuming the source of supply is at atmospheric pressure,P a

VI = P 2V2/Pa = (Pa + wH)V2/Pa

= V2 + wHV2/Pa

w = 62.4 lb/ft 3

V1 = V2 + 0.03HV2

But V1 = NsVa	therefore:

Ns = ( V2 + 0.03HV2)/Va 	3-2

Employing a large volume air pump would require

fewer strokes to develop a given pressure than a small

volume pump but would require a force proportional to the

cross-sectional area of the pump's piston. The reverse

occurs when a small volume air pump is used.

At very high pressure, air deviates from ideal gas

behavior, and also isothermal conditions may no longer hold

true. Under such conditions these factors must be included
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in the calculations, and the more generalized form of the

gas equation must be used.

Description of Apparatus

The apparatus developed and used in this investi-

gation included a 0.007 cu ft pump capable of developing 100

psi pressure; three steel pipes of 1/8-in, 3/4-in, and 8-in

diameter, respectively; leather; and nuts and bolts. The

8-in diameter pipe was used as the "container", and the

3/4-in and 1/8-in diameter pipes were used as the outlet and

pressure pipes, respectively. The leather was used to make

the two valves and gaskets and was treated with a single

coating of leather rejuvinator in order to make it pliable.

The unit was designed so that the 8-in diameter by

12-in high container was totally submerged in a barrel of

water. The head on the container forced the inlet valve to

open, allowing water to fill the container. Pressure was

then gradually applied using the foot pump via the 1/8-in

pressure pipe. The inlet valve closed, and the outlet valve

opened, allowing water to rise in the outlet pipe.

The outlet valve is intended to enable the user to

store some quantity of water in the outlet pipe while the

container is being re-filled. This condition may be

necessary if several pumping cycles are required to meet

the user's demand. As will be shown later, this
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configuration also enables the user to save a lot of pumping

energy. Cylinder

Cylinder

The cylinder was made by closing the 8-in diameter

by 12-in high steel pipe with two 11-in diameter by I/4-in

thick steel plates. The bottom plate was welded to the

pipe, while the top plate was held in place by means of

four threaded rods, Figure 3-1. A 2-in diameter inlet

opening was made in the bottom plate, and two openings

of 3/4-in and 1/8-in diameter were made in the top plate for

the outlet and pressure pipes, respectively. An 11-in long

piece of 3/4-in diameter pipe was welded to the underside of

the top plate and the 1/8-in pressure pipe was welded on the

top side of the plate.

The valve housing for the outlet valve was made from

a 4-in diameter by 2-in high steel pipe which was bolted to

the top plate over the outlet. The outlet pipe was then

welded onto the roof of the valve housing, Figure 3.2. This

arrangement made it possible to service the outlet valve.

Sealing between the top plate and cylinder and between the

valve housing and the top plate was accomplished by using

leather gaskets glued to the top plate to avoid expansion

when they are wet, Figures 3.2.
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Fig. 3.1 ACE Pump
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Fig. 3.2 ACE Pump Assembly
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The leather gasket between the cylinder and the

upper plate had to be modified once. The original leather

gasket was cut so that it fitted neatly over the cylinder

and was held in place by the compressive force between the

cylinder and the upper plate. The gasket performed

perfectly during the first day of testing, but after the

unit was disassembled the gasket could not be fitted to the

cylinder again because it had expanded. A second leather

gasket was made and fastened to the underside of the upper

plate using rubber cement.

Valves

The two valves were simple flap valves made from

leather and steel. The leather provided the seal while the

steel provided the force required to keep the leather in

place, especially at low heads.

The inlet valve was made by attaching with screws a

piece of leather about 2-1/4-in diameter by 1/8-in thick

onto a 3-in diameter piece of metal. The hinge for the

valve was made from a second piece of leather about 1/8 in

thick and 2 inches wide. One end of this piece of leather

was bolted onto the end of the metal piece and the other

end, supported by a much thicker piece of leather was bolted

onto the bottom plate, Figures 3.3 and 3.4. The support at

the base of the hinge made it possible for the whole valve
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Fig. 3.3 Outlet Flap Valve
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Fig. 3.4 Inlet Valve in Closed Position
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assembly to rest squarely over the inlet when the valve is

closed.

The outlet valve was constructed in a similar manner

except that an extra piece of steel was added to the

assembly in order to give the desired weight.

The original set of flap valves was designed so

that sealing could be achieved by a leather piece that

tightly fitted the opening with the valve in the closed

position. The first set of tests revealed that a tight fit

condition could not be achieved even after the unit was left

in water for three nights. It was also discovered that the

valves would never fall squarely over the opening. The

design was modified to employ a leather seal 1/2-in larger

than the diameter of the openings and a leather hinge 1/2-in

wider than the original. These modifications worked per-

fectly well during the two-week testing period.

Air pump

The air pump used was an inexpensive high-pressure

Taiwanese-made foot pump equipped with a pressure gage and

weighing 2.5 lbs, Figure 3.5.

After six hours of use the pump required greasing,

and after about nine hours of use the connection between the

piston rod and its support became loose. This connection

was easily fixed by tightening the loosened nut.
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Fig. 3.5 Air Pump



The air pump performed very well. However because

of the size of the pump (about 0.007 cu ft) it required a

lot more energy to pump the cylinder dry at high heads than

at low heads, as discussed in the next section.

Testing Setup

The 8-in container cylinder was submerged in a

barrel of water, and the discharge head on the cylinder was

then increased in three increments for testing by adding

lengths of 3/4-in and 1/8-in pipe, Figure 3.6. At low

heads of 4 to 18 ft, the assembly was suspended in the

barrel by means of steel wire. At heads above 18 ft the

cylinder was supported at the bottom by a concrete block,

and the location of the cylinder was adjusted so that

functioning of the inlet valve was not affected.

During - the initial tests there was a problem of

leakage along the bolts connecting the outlet valve housing

and upper plate and along the galvanized air release

valve. The problem of leakage along the bolts was solved by

using leather washers which performed well but became so

weak after having been in water for a day that they were

easily damaged. New leather washers had to be made each

time an old one was broken. Leakage at the air release

valve, which began after opening and closing the valve about

three times, was stopped by removing the valve stand and



Fig. 3.6 Pump Setup
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inserting a plug. The air was thereafter released by

disconnecting the air pump from the pressure pipe.

Installation of the pump unit was a little diffi-

cult, mainly because of the weight of the pipes. At a

discharge head up to about 10 ft the unit could be installed

by a single individual since the cylinder could be installed

separately. Between 10 and 32 ft of head required at least

two persons, and at least three persons were needed at 42

ft. Installation, however required no mechanical skills

besides the use of pipe wrenches. The number of persons

required would be more if the installation involved

supporting the weight of the cylinder as well.

Testing Program

The testing program was designed so that the pump

apparatus could be tested at a maximum discharge head of 42

ft, the height of the building near which the unit was

tested. The lengths of discharge and pressure pipes were

cut so that tests could be conducted from the first and

second floors (heights of 18 and 32 ft) as well as from the

roof of the building (42 ft).

During the tests it was observed that when the

cylinder was almost emptyed there was accelerating flow,

starting gradually and reaching maximum when the last

quantity of water was forced out. This phenomenon sent



water splashing everywhere if a container was not held very

close to the outlet. The occurrence of this phenomenon can

be explained when one considers the conditions under which

water is pumped out.

As pressure is built up in the pressure pipe and

cylinder, water begins to rise in the outlet pipe. At a

certain air pressure, which depends on the discharge head,

the outlet pipe is primed, and as more air is forced into

the cylinder, water begins to flow out of the outlet pipe.

The volume of water discharged is replaced by an equal

volume from the cylinder, and the level of water in the

cylinder drops. This keeps the air pressure in the cylinder

and the column of water being supported at equilibrium.

However, eventually the water level in the cylinder drops

below the inlet of the outlet pipe. At this point, as more

air is pumped into the cylinder, water continues to flow out

of the outlet but now the quantity being discharged is not

being replaced. The column of water being supported then

diminishes, and equilibrium no longer holds, i.e the air

pressure force is greater than the weight of the water

column and therefore an upward acceleration occurs.

At each head tested the water pump container was

pressurized using the foot pump, and the number of strokes

required before outflow began to occur was noted. An empty

barrel was then held close to the outlet and the water
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pumped out was collected and measured. This procedure was

repeated three times and the average recorded. At each of

the three discharge heads tested, the amount of air pressure

required to raise the water to that head, and the corre-

sponding force, time, and number of strokes were also

recorded. The inlet and outlet valves were tested sepa-

rately in order to determine how water-tight they were.

Outlet Valve Tests

The outlet valve was tested by two means: at low

heads the valve was tested by priming the outlet pipe,

releasing the pressure and allowing it to remain idle

over night. The level of water was then checked the next

morning and compared with the level of the previous day.

The second procedure used was based on the relationship

between air pressure and the volume occupied by air.

If the volume occupied by air is constant and the

rate of air supply is also constant at X cu ft per stroke,

then the number of strokes required to develop a given

pressure should also be a constant. Based on this, the

outlet was primed and pressure released. Then the system

was left idle for a period of time. At the end of the idle

period, pressure was reapplied and the number of strokes

required to effect an outflow was noted.



Inlet Valve Test

The inlet valve was tested by submerging the

cylinder in a barrel of water and then lifting it out into

the dry. If the valve is working properly, it should open

when the cylinder is submerged and close when the cylinder

is lifted out of the water.

To test the valve the cylinder was submerged without

the top plate in a barrel of water, and the valve was

observed as the unit was being submerged. When the cylinder

was full, the unit was lifted out of the water and held

suspended so that the valve could be observed for leakage.

Pump Efficiency

The volumetric efficiency of the pump unit as a

whole was determined by comparing the volume of water pumped

out to the effective volume of the cylinder. The over-all

efficiency was calculated as the ratio of the useful work

done in raising a column of water to the work done on the

pump unit.

Test Results 

The amount of time and number of strokes required to

pump the cylinder dry are shown in Table 3.1 (the amount of

time will vary from person to person, depending on the rate

of air supply). Also shown are the required pressure,the

maximum force, and the volume of water pumped out.



TABLE 3.1

Performance Test Results

aH(fti	 P(psi)	 Q(gal)	 Time(min) Ns-	 --max(1b)

18	 10	 2.36	 1.75	 86	 14.0

32	 16	 2.30	 2.50	 125	 21.8

42	 20	 2.30	 3.50	 140	 27.2

a. Ns = Number of strokes required per cycle
beginning with an empty outlet.

Results of a test conducted to determine if some

pumping energy could be saved by keeping the outlet pipe

primed are shown Table 3-2. These data indicate that at a

discharge head of 42 ft only 7 strokes were required

to effect flow if the outlet was primed, as compared to 62

strokes if the outlet was empty.

The over-all efficiency of the unit was calculated

using the following expression:

E = (QwH/Wt)100	 (3-2)

where Wt = Total amount of work done, ft-lb

E = Efficiency, percent

The volumetric efficiency was calculated from the

relationship:

Ev = (Vp/V0 )100

where Vp = Volume of water pumped, gal
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Vc = Effective volume of cylinder, gal

Ev = efficiency, percent

The over-all and volumetric efficiencies of the unit

at the three discharge heads are shown in Table 3.3. At the

42-ft head the volumetric efficiency was 88 percent. The

over-all efficiency was 72 percent at the same head with the

outlet pipe empty and 96 percent with the outlet pipe

primed.

Table 3.2

Comparison Between an Empty and Primed Outlet

Head (ft)	 Number of strokes before discharge occurred

Empty outlet	 Primed outlet

18	 21	 6

32	 44	 7

42	 62	 7
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Table 3.3

Pump Efficiencies

Eti%)

H(ft) Q(ft3) Ev(%) Empty outlet Primed outlet

18 0.316 91 89 99

32 0.307 88 72 88

42 0.307 88 72 96



CHAPTER 4

EVALUATION AND DISCUSSION

The design of the pneumatic pump developed and tested

in this program has been designated the Arizona Civil

Engineering (ACE) pump. The trial design of the pneumatic

pump performed as predicted, and test results show that the

concept could be useful for meeting the water supply needs

of rural villages in less developed countries.

Advantages 

The concept of a pneumatic pump has many advantages over

the conventional manual pump used for rural water supply.

Major advantages are:

1. The major moving component of the ACE design-the

pump-is located above ground. It is light weight,

and it is cheap (the foot pump used in this

research cost $4.75). Moreover, an air pump can be

easily located in many villages or an appropriate

bellows, constructed of local materials, could be

designed for the purpose.

2. Manufacture and maintenance of the unit require

little or no skills. For the trial design tested

(using a foot air pump), the only special skill

45
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required was welding, a skill widely available in

the less developed countries. Maintenance would

largely involve servicing the air pump. The unit

is, therefore, capable of being manufactured in any

developing country and maintained by unskilled

persons.

3. The unit is capable of developing head, i.e

discharging into an elevated tank. For a small

community, pumping water into an overhead tank

located near the well and routing a supply line to

the village or to a field that needs to be irrigated

may be preferable to having the unit discharge at

the source of supply. As an alternative, instead of

pumping to an overhead tank, the discharge pipe

could be routed a few yards from the source of

supply to a point of use. In either case, locating

the discharge point some distance from the well

would protect the well from infiltration of water

that is spilled near the outlet which could be a

source of polluting the well.

The air pump also can be located off to the side

of the well, and therefore the well can be fenced

off and isolated from other sources of pollution.

4. Several pumps could be installed in a single dug
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well so that several people could obtain water at

the same time.

5. The metal outlet and pressure pipes could be

replaced with high pressure flexible plastic tubes

(depending on the expected pressure), and the

cylinder could be manufactured from PVC or some

other light weight material. Such modifications

would reduce the weight of the unit and would reduce

number of people required, for installation. Where

required the unit could be sunk by attaching some

weight to the cylinder.

6. The cost of manufacturing and maintaining an

ACE-type pump would be far less than what is

required for manual pumps currently used. It is

estimated that if the trial design were to be

manufactured by a commercial shop in the United

States it would cost $55.

Limitations

There are two major limitations to the use of a

pneumatic pump such as the ACE pump.

1. The maximum quantity of water that can be pumped

continuously at any one time is limited by the

effective volume of the cylinder. A user with a

container having a volume greater than that of the
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cylinder therefore must fill the container in more

than one cycle. Since the energy of the compressed

air cannot be stored while the cylinder is being

refilled, more energy will be required of the user

to obtain the desired quantity of water. This

disadvantage could however be minimized if the

cylinder were sized so that one cycle of pumping

would fill the largest water container commonly

carried in the community or the largest container

carried by eighty or ninety percent of the people in

the community.

2. The concept is limited practically to large diameter

wells because of the size of the cylinder. A

relatively small diameter cylinder in a drilled

well would require several pumping cycles before an

appreciable volume of water could be pumped while a

larger cylinder would require fewer cycles.

However, where the water in the well is deep enough

a small diameter but long cylinder could be used.

Modification and Alternative 
Design for Future Study

The materials and apparatus used for the trial design

of the ACE pump were dictated by what was readily avail-

able. Since the objective of the research was to verify the

concept of using manually compressed air as a means of
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pumping water from a well, not much attention was paid to

the materials used.

Modification

Based on problems encountered in laboratory testing of

the trial design, the following modifications are suggested:

1. The outlet valve housing should be connected to the

upper plate by a channel section, Figure 4.1. This

modification would eliminate the problem of leaks

associated with the use of bolts. Leaks in this

system, which is under pressure, are not as

important as those in a vacuum pump.

2. The air release valve near the source of air supply

should be designed so that the outlet pipe is

always primed in order to minimize the work

required to effect discharge at the outlet. This

would involve an automatic valve which opens when

the water in the cylinder is at some pre-determined

level.

Alternative Design

The most vulnerable but most crucial part of the ACE

design is the air pump. Rural dwellers, in most cases,

treat pumps as they would treat a stream. Just as a stream

takes care of itself and all that is required of them is to

take their water supply, so also they expect a pump to take
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care of itself. Any water supply scheme which requires

rural people to spend a considerable amount of time either

thinking about or working on the system to make it perform

is likely to drive them to the nearest stream or pond where

such sources of water are available. Therefore any

manually operated pump for rural water supply should be

designed so that the resulting system will be very reliable

and will require only nominal maintenance.

The air pump used in this research is not likely to be

suitable for a large user group for reasons discussed

earlier. It is designed for occasional use and routine

greasing was required. While greasing a pump is a simple

task, very few villagers will ever see the need to carry it

out. Also, while it is true that simple air pumps can be

purchased at very little cost and can be easily located in

most villages, they are not likely to last long when used

continuously by a large group. It would be possible for

each person getting water to have his/her own air pump and

then each pump would be used less frequently. If the ACE

pump is used for rural water supply, however, a more rugged

air pump is recommended. A more suitable source of air

supply may be one using the bellows concept. The trad-

itional Liberian blacksmith's bellows warrants additional

study for such use.



The Liberian bellows is made from leather and wood. A

semi-hemispheric hollow is cut into a piece of wood, and a

leather piece is connected to the perimeter of the hollow-

covering and enclosing the hollow, Figure 4.2. The hollow

is connected to the atmosphere by an air passage cut through

the wood.

The bellows operates by moving the leather piece

up and down; an upward movement draws air into the hollow

via the air passage and a downward movement forces air out

through the same passage to the atmosphere. The unit is

designed not as a pressure-developing device, but only as a

means of increasing the velocity of air.

Adapting the bellows for use as a pneumatic pump would

require studies to develop a design to enable the bellows

to develop pressure. This would involve designing a system

of one-way valves and determining suitable local materials

for the bellows.
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Fig. 4.2. Traditional Liberian Bellows
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CHAPTER 5

CONCLUSIONS

The concept of using a manually-operated pneumatic

pump for rural water supply has been tested and has proven

to be a simple and practical means suitable for meeting the

need for safe water supply for a rural village. Although

the trial design has certain limitations related to the size

of the cylinder and size of well, these could be minimized

by correct sizing. Such a system is relatively light weight

and inexpensive. The pump, which is the only component

requiring routine maintenance, can be located above ground

and therefore, would be readily accessible for the minimal

servicing needed.

Manufacturing a pneumatic pump similar to the one

tested involves relatively simple skills, except for the

valves, and could be done in any developing country. The

cylinder, once manufactured, probable would never need major

servicing, and the servicing required for the other compo-

nents , such as the valves and the air pump, can be easily

carried out by an unskilled villager.

Further effort to refine and field test the ACE pump

concept appears to be clearly warranted in view of the
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potential benefits related to provision of safe drinking

water to millions of rural people in the third world.



APPENDIX A

SUMMARY OF RESULTS OF RURAL HANDPUMPS
TESTING PROGRAMS a

TABLE A-1

World Bank Handpumps Laboratory
Testing Results

Pump Head Pumping rate Avg.	 vol.	 of Efficiency
(m) (cycle/min) water pumped (%)

(1/cycle)

A. Korat 45 40 0.35 76
45 36 0.35 61**

B. Dragon 45 37 0.53 63
No.	 2 45 40 0.53 70**

C. Moyno 45 39* 0.15 31
45 40* 0.18 58**

D. Nepta 45 40 0.39 78
45 42 0.43 54**

E. Kenya 45 40 0.76 63
45 40 0.76 56**

F. New *6 7 30 1.20 67
7 30 1.01 53**

G. Nira 25 40 0.65 75
25 40 0.65 72**

H. Ethiopa 7 38 0.62 35
Type BP50 7 40 0.34 17**

J. Vew 45 30* 0.62 63
45 27* 0.42 56**

K. Jetmatic 45 41 0.28 72

56



TABLE A-1	 (cont.-)

57

Pump	 Head Pumping rate Avg vol.	 of	 Efficiency
(m) (cycle/min) water pumped (96)

(1/cycle)

45 41 0.29 91**

L. Bandung 7 29 0.96 70
7 30 1.13 62**

M.	 Sumber 45 39 0.80 73
Banyu 45 38 0.81 79**

N.	 Abi/ 7 38 0.27 14
Vergnet 25 40 0.26 32

45 42 0.25 43

0.	 Petro 7 39 0.25 22
25 40 0.25 50
45 37 0.26 57

P. Funymaq 7 38 0.70 35
25 37 0.69 55
45 37 0.68 64

R. Rower 7 15 1.80 64+
7 14 1.70 59++
7 15 1.29 43**

S. Volanta 7 34* 0.58 43
cylinder 7 39* 0.54 32**
#1 25 35* 0.33 59

25 38* 0.28 46**
45 37* 0.25 60
45 40* 0.13 46**

S. Volanta 7 37* 0.61 35
Cylinder #2 45 36* 0.25 58

S2. Volanta 7 37* 0.53 24**
cylinder 25 37* 0.34 54
#2 25 37* 0.29 41**

45 40* 0.14 52**

a.	 after Reynolds et al. (1984)

* Rev/min	 ** After endurance	 + W/ surge	 ++ W/out surge
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TABLE A-2

Laboratory Testing Results b
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Pump Endurance Performance Ease of Wear
(Hours) Maintenance

and repair *

Vergnet 1317 Acceptable,
low efficiency

4

Petropump 670 Adequate but
low efficiency

3 Likely to
be small

Dempster 930 Good 2

Mono No failure Poor 2

Climax 1323 Good 1 Likely to
be small

Godwin No failure Adequate 1

ABI No failure Good 2 Problems
unlikely

GSW No Failure Fairly good 2

Monarch 2772 Good 2

Kangaroo 251 Very poor 2

India No failure Fairly good 2 Problems
unlikely

Consallen No failure Quite good 3 Problems
unlikely

b. after Reynolds et al. (1984)

* Rating: 1 poor	 5 very good
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