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ABSTRACT

Interest in wind energy and in its application to the management of water supply has been
growing. Many opportunities exist, especially in developing countries, for wind power to be used
effectively and economically to pump water. This is particularly of interest in areas where other
forms of energy are difficult or expensive to obtain. As a result, wind pumping in many instances
represents the most effective and economic alternative.

This comprehensive handbook is meant to provide energy and water supply professionals
and economists as well as field officers with an easily accessible source of information on wind
pumping. It consolidates information acquired by institutions, professionals, and research centers
in an easily extractable form. The first chapter is specifically dedicated to the question "Is wind
pumping for you?". Chapter 2 then provides an overview of the characteristics of the technology.
Chapter 3 discusses the techniques for sizing of wind pumps, while chapter 4 discusses the sizing
of alternative small pumps. Chapter 5 provides guidelines for financial and economic assessment
of wind pumping. Finally, chapter 6 provides particulars on installation, maintenance, and other
logistical matters. Several annexes provide supporting details and examples.
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Foreword

Many rural areas of the world have an acute need for reliable inexpensive systems for
pumping water for domestic use, for livestock, and for small-scale irrigation. The wind
pump, used for centuries to lift water, but largely abandoned after the introduction of
engine-driven pumps (generally fuelled by diesel or kerosene) and electric pumps, is now
being reconsidered as one of several alternative technologies that can be used to assure
that rural water pumping needs are met.

The classic multibladed windmill that was a familiar sight in the Great Plains of the US
until the 1940s is still being manufactured today. However, engineers have recently
begun to make improvements to the design of these pumps, and adapt them for use in
developing countries.

Since the oil crisis in 1973 that led to a substantial increase in the price of oil-based
fuels, there has been great interest in renewable energy sources such as wind and solar.
In the last ten years, considerable effort has been spent on the development and
promotion of wind pumps. A few thousand "modern" wind pumps have been installed in
pilot projects in developing countries. Some important lessons have been learned from
these projects. First, it has been proven in a number of cases that, where the right
conditions exist, the use of wind pumps is economically feasible. Second, the feasibility
of manufacturing the pumps locally, without the use of expensive imported parts, has
been demonstrated. Third, the general conclusion from the studies is that sufficient
scope exists for further development of wind pumping. And it is expected that as more is
learned about making windmills, and more are made, the costs of wind pumping will fall.

The publication of this handbook came about as the result of an international workshop
on wind pumping held in October 1984 in Amersfoort, Netherlands'. Following up on
proposals made at the workshop, the World Bank and the United Nations Development
Programme (UNDP) initiated a Global Wind Pump Evaluation Programme (GWEP).
The primary objective of the GWEP is "to generate and disseminate the information
and analyses which water users, national policymakers and national and international
financing agencies need to assess the technical and economic merits of wind pumping".

In 1986, the World Bank and UNDP assigned to Consultancy Services Wind Energy
Developing Countries (CWD) the task of realizing the initial phase of the GWEP. This
initial project is supported by contributions from the Government of the Netherlands,
the European Community, the OPEC Fund for International Development, the British
Overseas Development Agency, the United States Agency for International
Development, and the UNDP Energy Account. Donor contributions were provided
through cost-sharing arrangements through the UNDP Energy Account. The World
Bank serves as the program's executing agency and provides overall coordination and
technical guidance.

t The workshop was sponsored by the World Bank, UNDP and the Netherlands Government and
was organized by Consultancy Services Wind Energy Developing Countries (CWD).
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Besides preparing this handbook, CWD was asked to prepare studies on:
a) the current position and prospects for wind pumping in a number of countries and
b) wind pump testing and monitoring procedures.

An annex has been added to the handbook entitled "Testing and monitoring of wind
pump systems in field conditions". This is Part Two of a report by Peter Oostendorp
and Dick Veldkamp entitled "Recommended practices for testing of water pumping
windmills".

The handbook is intended as an equivalent of the excellent "Solar Water Pumping
Handbook" by Kenna and Gillet, published in 1985 by Intermediate Technology
Publications2, and uses the same general layout. Where appropriate, the texts of the
Solar Handbook are quoted and referred to.

However, the authors of this handbook could not draw on the test results of a worldwide
monitoring program, as was the case when the Solar Water Pumping Handbook, which
more or less finalized the preceding UNDP/World Bank project "Testing and
Demonstration of Small Scale Solar Pumping Systems", was written. They have had to
rely on the experience gained by CWD in the field and that obtained from personal
contacts and extensive reading.

They anticipate that the handbook will need to be updated once the results of field
measurements and experience become available. Suggestions and criticisms from readers
are welcomed, and should be addressed to:

CWD, Consultancy Services Wind Energy Developing Countries
PO BOX 85

3800 AB AMERSFOORT
The Netherlands

2 Jeff Kenna and Bill Gillett, Solar Water Pumping, a Handbook, the World Bank, Washington,
US, and Sir William Halcrow and Partners, UK, pub.Intermediate Technology Publications, 1985.
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Conversion of units

Power

W kWh/day MJ/day m4 /day*

W 1 0.024 0.0864 8.816
1 kWh/day 41.67 1 3.6 367.3
1 MJ/day 11.57 0.2778 1 102.04
1 m4 /day* 0.1134 0.002722 0.0098 1

C Conversion based on 9.80 m/s 2 , an average value between latitudes from -50° to + 500.

Pumping rate

1/s m 3 /hr m3 /day

l/s 1 3.6 86.4
m 3 /hr 0.2778 1 24
m 3 /day 0.01157 0.4167 1

1 US gallon = 3.785 1 1 Imp. gallon = 4.546 1

Wind speed

m/s km/hr mph knots

1 m/s 1.000 3.600 2.237 1.944
1 km/hr 0.278 1.000 0.622 0.540
1 mph 0.447 1.609 1.000 0.869
1 knot 0.514 1.852 1.151 1.000
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INTRODUCTION

Purpose of the Handbook

This handbook has been prepared to give an insight into the merits of using wind energy
for small-scale water pumping and to enable a comparison between the use of wind
pumps and use of the small-scale technologies, specifically solar pumps, engine-driven
pumps, animal traction and hand pumps.

The handbook is intended as a reference source for a diverse group of people who are
involved in lifting and distributing water in rural areas. It is written for policymakers,
who must consider what use can be made of wind pumps in a certain area, as well as for
people involved directly in water supply and irrigation (farmers, engineers, etc.), who
must decide whether to use wind pumps in specific cases.

The methods of assessing the viability of wind pumping are more complex than for other
small-scale technologies. One of the problems is in determining how much wind energy is
available at a given location to run a pump and supply the quantity of water needed.
Wind potential varies considerably, not only from region to region, but even over very
short distances. Accurate wind data are needed to determine the available wind power.
Once wind power has been determined, other steps have to be taken involving other
calculations. The authors advise consulting a local expert if accurate wind data is not
readily available.

Though the handbook contains a large amount of technical information, the general
reader should still find it useful, at least in making a first decision on whether to
consider using a wind pump.

Organization

The handbook is divided into six sections. Chapter 1 is an introduction to wind
pumping. It looks at the wind as an energy resource, describes typical water pumping
applications, and discusses the viability of wind pumping under the various
circumstances the reader might encounter. Chapter 2 is devoted to wind pump
technology. It describes the various types of wind pumps, gives the components and
characteristics of the mechanical windmill and the piston pump, considers the important
question of how to match windmill and piston pump, and discusses water storage and
distribution. Chapter 3 describes the steps involved in sizing a wind pump for a
particular situation and location. It also gives technical specifications for system
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configuration and performance. Chapter 4 gives sizing procedures for solar pumps,
engine-driven pumps, animal-traction and hand pumps, so that the reader can later
compare the costs and benefits of using one of these pumps with the costs and benefits of
using a wind pump using the financial analysis described in Chapter 5. Chapter 6 will be
mainly of interest to managers of large-scale projects. It discusses procurement,
installation, operation and maintenance, monitoring and testing of wind pumps as well
as the need for training in wind pump use and maintenance.

Further technical details, sample procurement documents, etc., as well as a glossary of
terms used, are provided in the appendices. These are followed by a list of the references
used by the authors in writing this book. An annex entitled "Testing and Monitoring of
Wind Pump Systems in Field Conditions" edited by Peter Oostendorp is attached after
the references and can be read separately.
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The famous wind pumps of the Lassithi plain (25 kin2) on the Greek island of Crete.
In iheir heydayj around 1958 about 20,000 windmills were in operation.





Chapter 1
IS WIND PUMPING FOR YOU?

This chapter describes the information needed and the calculations that must be made in
order to decide whether wind pumping might be a viable option at a given site.
Section 1.1 gives a brief history of windmills, and suggests that more will be used in the
future as prices fall. Section 1.2 discusses water output and energy requirements.
Section 1.3 describes factors involved in evaluating a wind site, and gives a rule of
thumb for calculating the wind power needed to pump water. Section 1.4 describes
typical water pumping applications for rural areas, the types of pumping systems that
are appropriate for each, and gives typical costs of providing water for each application.
Section 1.5 gives simple rules that can be followed in making a preliminary assessment of
the viability of using wind pumps.

After reading Chapter 1, the reader can decide whether or not it is worthwhile, in the
light of his requirements, to go through the detailed analysis given in subsequent
chapters.

1.1. A brief history of the use of windmills

Water is a basic need for mankind, be it for domestic purposes, for livestock or for
irrigation. In many rural areas of the world, water has to be lifted from rivers and wells
using some kind of pumping system.

For several centuries in Europe, and during the 19th century in the United States, wind
energy was widely used to pump water. Historically, wind energy was first used to propel
boats through rivers and across oceans. The idea of the sail, which captures the wind,
was then adapted for use on land, and windmills were built to mill flour. In Europe, the
earliest record of horizontal axis windmills goes back to the 12th century in England.
The technology spread all over Europe in subsequent centuries.

In Holland, from the 15th century onwards, windmills were used to drain swamps and
lakes and reclaim new lands. Wind energy was used to lift water and pump it out of an
area. By reclaiming low-lying land for agriculture, windmills contributed greatly to
Holland's economic development. By the beginning of the 19th century there were about
10,000 large windmills with rotor blades ap to 28 meters in diameter in operation in that
country. In the rest of Europe there were several tens of thousands more, used for a
number of purposes.
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Use of windmills declined in Europe following the introduction of steam engines. But as
European mills begain to disappear, a different type of windmill entered into wide use on
the Great Plains of the U.S. The multibladed "American" wind pump was developed,
consisting of rotor blades to catch the wind, a transmission to transfer the energy to a
piston pump, and the pump itself, which raised the water. Millions were used to pump
water for domestic use and for livestock. They were essential to the rapid development
on the plains. Many of these windmills, referred to in the text as the "classic"
multibladed windmill, fell into disuse when they were replaced by oil-powered or electric
pumps.

Though the use of windmills in the industrialized countries has now greatly declined, it
has not stopped. The classic multibladed windmill is still being manufactured and
probably about a million are in use toaday, particularly in the U.S., Argentina, Australia
and South Africa. They provide water for households, for livestock, and sometimes for
irrigation.

Besides the multibladed windmill, other types have been developed but their application
has been restricted to the local situation for which they were made. The white-sailed
mills used for irrigation on the Lassithi plain on the Greek island of Crete are well
known. In Holland thousands of small four-bladed all-steel windmills (driving a
centrifugal pump) are still in use to drain the polders. In Thailand very simple mills of
wooden construction with triangular bamboo "blades" are used to pump sea water into
salt ponds.

Between 1920 and 1940 the classic multibladed windmill was introduced in quite large
numbers in many developing countries, including Morocco, Tunisia, Somalia,
Mozambique and Mali. However, most of them fell into disuse in the 1950s as
petroleum-based fuels became available in large quantities and at very low prices.

With the rise of oil prices in the early 1970s, the interest in wind pumps revived.
However, the introduction of the existing classic multibladed windmills in the developing
countries has been hampered due to the cost of importing them (or importing the
materials needed to make them) and to maintenance requirements.

Since 1974 a number of organisations have been working along new lines of design and
construction to develop wind pumps that lift water at lower costs than the traditional
multiblades. In addition much attention has been paid to the possibilities of local
manufacture by avoiding specialized parts in the design that require complicated
machinery for their manufacture.

These efforts are starting to bear fruit. Currently a few thousand of these new mills are
operating all over the world, in places like Kenya, Sri Lanka, Cape Verde, Pakistan,
Mozambique, Tanzania, Sudan, Botswana, Tunisia, Brazil, China). They are being used
experimentally in pilot projects, and also in dissemination programs.

As new and more efficient windmill designs are developed, and as production costs are
lowered through the use of materials obtained locally, the costs of pumping water with
wind pumps should go down. It is expected that they will reduce by a factor of 2 to 4 in
the foreseeable future. The trend in this direction has already begun.
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1.2. Water output and energy requirements

It may seem that all that needs to be done when one decides to purchase and install a
water pumping system is to calculate how much water is needed and then find a
pumping system big enough to supply that amount of water, at a price one can afford.

In the case of a wind pump, there are other things to consider. The wind is highly
variable. The use cannot control when it will start and stop or how strongly it will blow.
A strong wind may provide enough water to overflow a storage tank, or to spill water on
the ground if there is no tank. A weak wind might not provide enough water for the
user's needs. Also, the user's needs may vary depending on what the water will mainly
be used for.

The technical output of a wind pump of a given size can be calculated, if the available
wind resources are known. The effective output depends on the needs of the user. For
instance, a farmer using water for irrigation will not need water during the harvest, even
though the wind may be strong enough for the windmill to pump water.

The relationship between technical and effective water output is shown in Figure 1.1.

wind technical effective

water output G__l water output

water

not used

Figure 1.1. Technical and effective water output.

The effective output of a wind pump will depend strongly on local conditions and the
kind of application the pump is used for. Figure 1.2 shows two typical layouts of a wind
pumping system. Besides the wind pump itself, the system includes a well or other water
source, suction and delivery lines, a storage tank, a distribution system, and, in the case
of irrigation, a field application system.

For wind pump systems, one must calculate fairly exactly the amount of water needed.
The investment cost for a wind pump system is roughly proportional to its rotor area.
The total energy production of a wind pump (amount of water pumped over a given
height) is directly proportional to the rotor area. Therefore, the amount of water needed
influences the size of rotor one must select, which iaiueuces the cost of the windmill.
The cost of water storage must be included in tha cost of the system, since the wind
pump, unlike engine-driven pumps, electric pumps, or even hand pumps, cannot be
counted on the provide water on demand.
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Figure 1.2.a. Schematic layout of a village water supply system showing the five major components.
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Figure 1.2.b. Schematic layout of a small scale irrigation system showing the six major components.



Once the effective output, the actual amount of water the user needs, has been
determined, one must then calculate the amount of energy needed to pump this volume
of water. The net amount of hydraulic (pumping) energy required to lift a volume of
water over a total head H is given by:

E = p gH Q (Joules) (1.la)

where:

E = required (hydraulic) energy in Joules
p = density of water (1000 kg/r 3)
g = gravitational acceleration (9.8 m/s2)
H = total head in meters
Q = volume of water in m3

Doubling the water volume doubles the energy requirement. Increasing the head by a
factor of two likewise doubles the energy requirement.

In this publication we will very often use the kilowatt hour (kWh)as the unit for energy.
We prefer to use it instead of the megajoule (MJ) for reasons of simplicity and ease of
calculations. If we specifically consider hydraulic energy, we will use the subscript h:
kWhh'.

Instead of the kWhh we can also introduce the hydraulic energy equivalent, being the
product of the volume of water Q times the head H (Q x H). From (1.la) it follows that:

1 kWhh is equivalent to 367 m4

This means:
Lifting 367 m3 over 1 m head, or 36.7 m3 over 10 m head or 3.67 m3 over 100 m head
are in terms of hydraulic energy all equivalent and equal to 1 kWhh.

In reality more energy than indicated above is needed to lift water. Figure 1.3a
illustrates the energy flows in a pumping system. The input energy for the pump system
undergoes several conversions before it is made available as useful hydraulic energy.
Each conversion has an associated loss of energy which means that the input energy
requirements for pumping are generally far greater than the useful hydraulic energy
output. For example, if the power source (prime mover) is a diesel engine, the input
energy will be in the form of diesel fuel: the energy content of 1 liter of diesel fuel is
approximately equivalent to 38 MJ (10.5 kWh). If the fuel is converted to mechanical
energy with an efficiency of 15% then 1 liter of fuel will produce 38 x 0.15 = 5.7 MJ
(1.6 kWh) of mechanical energy. A pump may then convert the mechanical energy to
hydraulic energy with an efficiency of say 60%, giving a useful hydraulic energy of
5.7 x 0.6 = 3.42 MJ (0.95 kWhh) for 1 liter of fuel. In a similar way losses occur when
solar radiation, musde power or wind energy is converted to hydraulic energy.

1 The Joule is the International System (S.I.) unit of energy. It is best expressed in millions, as
MegaJoules (MJ) because this is a more practical unit. The conversion rate to the more familiair
kWh is 3.6 MJ = 1 kWh. For conversion of units: see Appendix G.
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In addition to energy conversion losses, a proportion of the pumped water may be lost in
the process of delivering the water to its point of use. This will have a direct effect on
the energy required for pumping and since, as will be shown in later chapters, the input
energy requirements have a large influence on water costs, the efficiencies with which
energy is converted and with which water is distributed, are of major importance.

Power is the energy spent per unit of time. In other words power is the rate of energy
supply, so the formula for hydraulic power is simply obtained from the formula for
energy (1.la) by replacing volume Q with flow rate q, in cubic meters per second.

Ph = p gH q (Watts)

in which:

Ph is the hydraulic power in Watts
q is the flow rate or volume of water lifted per second in m3/s.

So:

Ph = 9.8 103 H q (Watts) (l.lb)

Ph = 9.8 H q if q is expressed in liters per second (1.lc)
Ph = 0.113 H q if q is expressed in m3 per day (l.ld)

Example:q = 1 1/s (10-3 m3/s), H = 10 m gives P = 98 W or as a rule of thumb
approx. 100 W. With this small power (98 W), and at the given height, an
amount of water can be pumped during a day equal to 86.4 m3/day. This is
approximately the daily water requirement for crop irrigation of one
hectare (2.5 acres). The corresponding hydraulic energy requirement is
8.47 megajoules (MJ) or 2.35 kilowatt hours (kWh).

Both energy and power are important characteristics to describe a pumping system.
Energy determines the total amount of water that is pumped against a given head, the
amount of fuel or human labour that has to be paid for. Power represents the rate at
which energy is used. The average power demand in a period is an indication of the size
of a water pumping device that is required to fulfil the demand in that period (a 3 kW
diesel or a 1 kW peak solar panel or a 5 m diameter wind pump), assuming that solar
and wind conditions are known.

The head, as we have seen, has a proportional effect on the power requirements and
likewise on the cost of water. It is the sum of the total static head and the head loss due
to friction losses in the piping (Figure 1.3.b). The static head is simply the physical
height over which the water has to be lifted, including the so-called drawdown of the
water level in the well due to pumping. The head loss related to the pressure losses in
suction and delivery lines depends on the flow rate through the pipes. It can be limited
by an appropriate sizing of the piping system that is to say, the diameter of the pipes
should be made larger to adjust for the head loss.

Note: The hydraulic energy equivalent which was introduced in this paragraph, is used
to indicate the net hydraulic energy output. In that sense lifting 367 m3 over 1 m
head is equivalent to lifting 3.67 m3 over 100 m. However, in practice the real
energy input requirements are not the same. The type of pump needed for a low
lift/high volume application is completely different from that for high lift/low
volume pumping. These pumps do not have the same efficiency.
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Figure 1.5. Examples of monthly and hourly variations of wind speed, Khartoum (reference 7a).
The average course of the wind speed during the day is called the diurnal wind course
or diurnal wind pattern.
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1.3. Evaluating a wind site

An ideal site for a wind pump is an open, exposed area, where the wind blows freely.
Sheltered locations (in woods or valleys) aTe generally unsuitable.

The problem in calculating how much wind is available at a site is that existing wind
speed data are often unrealiable. But the correct evaluation of wind resources is essential
to determine the economic viability of using wind energy for water pumping. The cost of
water from a wind pump is very sensitive to monthly average wind speed.

The amount of wind available at a site is influenced by overall wind patterns, by the
general topography of land surrounding the site, and by whether a site is open or has
obstacles such as trees or buildings.

Compared to solar energy, wind energy is very unevenly distributed in space and time.
In tropical areas, daily solar irradiation differs by a factor of three: 24 MJ per day for
very sunny spots against 8 MJ per day for poor locations. On a day-to-day basis at a
site, the differences axe at most a factor of 4.

Variations in wind power are of another order of magnitued. Very windy regions (e.g.
trade winds) have a potential 100 times higher than very low wind regions. On a
day-to-day basis at one site the wind potential can vary by a factor of 10 to 100 (or
more if storms are included).

Because wind patterns are so varied and complex, the task of evaluating wind potential
is also complex (see Appendix A).

Global wind patterns are really the movements of air masses generated by the uneven
distribution of solar irradiation over the earth's surface. In the regions surrounding the
equator, there is a net gain of energy. At the North and South poles there is a net loss.
To obtain equilibrium, heat is transported from the equatorial regions to the polar
region by the large-scale circulation of the atmosphere and partly by ocean currents. The
global wind patterns are further strongly affected by the rotation of the earth.

A world wind map (Figure 1.4)2 gives annual average wind speeds and wind potential for
all areas of the world. However, one cannot rely on such a map for calculating the wind
energy available at a given site. The presence or absence of mountains and valleys, the
transition from land to water, the type of terrain (forest, desert, etc.) will have a strong
influence on local wind patterns.

Seasonal and daily temperature variations can greatly affect the wind patterns at a site.
For example, along parts of Lake Victoria in East Africa, the wind regime is greatly
influenced by the transition from land to lake. During the night and morning, the wind
blows weakly from the land towards the lake. Owing to the heating of the land during
the day time, the wind direction sways around midday and quite strong winds build up,
blowing inwards from the lake over the land in the afternoon.

2Figure 1.4, Worldwide Wind Energy Resource Distribution Estimates, following

p. 274.
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Figure 1.6. Chart to estimate the output of a water pumping windmill with a given diameter D and
a given water lifting head, operating in a wind regime with an average annual (or
monthly) wind speed V. This chart is based upon the rule of thumb: Ph = 0.1 V3
A (reference 3). The chart can also be used to determine the rotor diameter for a specific
water requirement at a site where V is known.
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Calculating the power in the wind

The power in the wind blowing with a wind speed (velocity) V through an area A,
perpendicular to V, is

Pwind = i p V3 A (Watts) (1.2a)

where:

Pwind is the power in the wind in Watts
p is the density of air (approx. 1.2 kg/m3 at sea level)
V is the wind speed in m/s
A is the area under consideration perpendicular to the wind velocity in M2 .

If the wind speed doubles, the power is eightfold. From 2 to 3 m/s the power is more
than threefold. From 4 to 5 m/s it almost doubles. On a stormy day the hourly wind
speeds can change from 1 to 10 m/s, meaning that the power in the wind changes by a
factor 103 = 1000! A change of this magnitude does not occur daily, but it reflects the
large variations in wind power to be expected at different places and times.

Normally the wind power potential is given as the specific wind power, the power per
unit of area. So

Pwind = j p V3 (W/m2) (1.2b)

in which Pwind is expressed in Watts per M2 .

Examples of hourly, daily and monthly variations are shown in Figure 1.5 (see also
Figure A.4, Appendix A).

The values given in Figure 1.5 are representative for open terrain at 10 m height, which
is an international meteorological standard. If a windmill, installed in the region for
which the wind data are representative is shaded by trees in the prevailing wind
direction, or if the surroundings are covered by bushes or other obstacles, the power in
the wind will be reduced.

Rule of thumb: wind power for pumping water

Notwithstanding the difficulties, associated with the variability of the wind, of
evaluating a wind site, it is possible to estimate the average power effectively available
for lifting water on the basis of the average wind speed at a site. Suppose the average
wind speed over a month or year is V, then the useful average hydraulic power output P
in that same period can be estimated by

Ph = 0.1 V3 A (Watts) (1.4a)

in which A is the swept area of the wind rotor. This can be expressed in another way

Ph = 0.1 V3 (W/m2) (1.4b)

Ph denoting the specific average hydraulic power output per m2 rotor area.
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Water supply in Kenya (photo courtesy of Peter Fraenkel, IT PowDer).



- 13 -

Again the sensitivity to the value of the (average) wind speed is noticeable. As an
example, Table 1.1 shows the hydraulic power and energy output of a 5 meter diameter
wind pump.

Combining (1.1c) and (1.4a) relates the average hydraulic power requirements to the
useful average power output of a wind pump; from this the required rotor diameter can
be determined if the average wind speed is known. Figure 1.6 shows the results. As will
be shown later the factor 0.1 in formula (1.4) is a very rough estimate. In reality, as will
be shown, this factor varies from 0.05 to 0.15 depending on the type of wind pump and
application at hand.

Note also that the values given in Table 1.1 and Figure 1.6 are potential values as
indicated in Section 1.2: the user normally cannot make full use of all the water that the
wind pump delivers.

Average wind speed
in a month or year (V in m/s)

2 3 4 5 7

Average hydraulic power output Ph in Watts 15.7 53.0 126 245 673

Average daily hydraulic energy output in kWhh/day 0.38 1.3 3.0 5.9 16.2

Average daily water output for a total lifting
head of 10 m in m 3/day 13.8 46.7 111 216 593

Table 1.1. Hydraulic power and energy output of a 5 meter diameter wind pump for different
average wind speeds. Rotor area 19.6 m2 (j 1r 52).
At V = 5 m/s: P = 0.1 x 125 x 19.6 = 245 Watts.
Note the strong influence of the average wind speed. Going from 4 to 5 m/s doubles the
output, from 2 to 3 m/s more than triples it!
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1.4. Typical water pumping applications

Wind pumps are used to pump water for a variety of applications.

- Domestic water suply
- Water supply for livestock
- Irrigation
- Drainage
- Salt ponds
- Fish farms

Depending on the type of application, different kinds of systems are used. The choice of
the type of pump is quite varied (piston pump, centrifugal pump, screw pump, air lift
pump) as will be explained in more detail in Chapter 2.

The size of mechanical wind pumps runs from 1 to 8 m diameter. Depending on the
pumping height and average wind speeds, the average power output ranges from a few
watts to about 1 kW. For higher power demands wind electric pumping systems
(WEPS) can be applied, incorporating a wind generator (available in larger diameter)
driving an electric motor-pump combination through an electrical transmission. They
are already in incidental use in developing countries (e.g. Cape Verde) for average power
outputs of up to 10 kilowatts. There is no reason why such systems could not be
technically and economically feasible for power outputs of tens of kilowatts and up. It
could be anticipated that at such power levels the pumping system is integrated with a
small electric grid, supplying electricity for other purposes than water pumping alone.

For mechanical wind pumps the average daily output ranges from 30 to 10.000 m4 per
day, or roughly from 0.1 to 30 kWhh per day. It is probable that wind-electric pumping
systems eventually will partly overlap this range, say from 10 to a few hundred kWhh
per day. This corresponds to rotor diameters from about 5 - 30 m diameter.

Rural water supply

Water demand for livestock and domestic purposes is more or less constant throughout
the year. Typical water demands for a village of 500 inhabitants are of the order of 20
m3 per day. At a head of 20 m the daily hydraulic energy requirements are 400 m4 or
just over 1 kWhh per day, equivalent to an average power requirement of 40 W. In many
cases water depths are much greater, up to 100 meters.

Reasonable costs of pumping water run up to US $ 1.- per m3 , especially in very arid
zones; in exceptional cases costs can be even higher. In rural water supply systems
storage tanks are normally included, even for engine-driven pumps (because of the risk
of breakdowns or lack of fuel), but not for hand pumps.
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Irrigation

Demands for water for irrigation are seasonal. Average demand in a peak month can be
2-5 times higher than the average demand over a year. In general unit water costs for
irrigation should be well below $ 0.10/m3. This implies that pumping water by any
pumping device from great depths, say more than 30 m, is normally not economically
viable or small-scale irrigation. If wind pumps are used for irrigation, normally a
storage tank must be included in the system.

1.5. Viability of wind pumping

Assuming that different options for pumping water are available (solar pumps,
engine-driven pumps, hand pumps etc.), the choice of a particular system centers on the
question:

"Which system provides water reliably at the lowest cost?"

For the purpose of this handbook the question would run:

"Does a wind pump provide water at a cost competitive to the cost of water
provided by alternative methods?"

It is impossible to answer these questions in general terms, as an analysis of the financial
viability involves so many parameters that differ from place to place: interest rates,
import duties, fuel costs, labor costs, material costs, subsidies. Besides the costs, the
availability of certain assets can be of paramount importance: e.g. foreign currency, fuel,
spare parts. All these aspects cannot be treated in depth in this handbook.

Table 1.2 gives the reader a rough indication of the comparative cost effectiveness of
different pumping methods. It may help to eliminate certain options at a first glance and
show which options merit further study. It is based on the economic assessment of wind
pumps given in Chapter 4 and Appendix C.

To be able to use Table 1.2 the following data should be available:

1. Average daily hydraulic energy requirements for each month of the year,
expressed in m4 per day. To find these values multiply the average daily water
demand (in m3/day) with the total head (in m). For the latter take the total
static lifting head and add 20%.

2. Average monthly wind speeds V over the year as shown in Figure 1.5.

3. The critical month - that month in which the ratio of the daily hydraulic energy
demand to the available wind potential of that month is largest. To determine the
critical or "design" month, for each month divide the daily hydraulic energy
demand by the cube of the average wind speed of the same month (V3). The
highest value determines the critical month. For rural water supply with a
constant water demand the critical month is obviously that with the lowest
average wind speed.



AVERAGE DAILY HYDRAULIC POWER DEMAND IN CRITICAL MONTH

Average wind speed V
in critical month 20 - 500 m4 /day 500 - 2000 m

4 /day 2000 - 100000 m' /day

in m/s ----

Rural water supply Irrigation Rural water supply Irrigation Rural water supply Irrigation

> 5 Wind best option Wind best option Wind best option Wind best option Wind best option Winon best option

3.5 - 5 j Wind best option Wind probably best Wind best option Wind probably best Wind very good Wi'1a verv good

option but check with option but check with option but check with opt,on but cneck with!

kerosene and diesel kerosene and diesel diesel i 'sel

2.5 - 3.5 Consider all options Consider all options Consider wind, Consider wind, Consider wind Consoder W1 nd

i wind, solar, kerosene, wind, solar, kerosene, diesel, kerosene diesel, kerosene and diesel and diesel

diesel diesel

2.0 - 2.5 | Consider solar, diesel, Consider solar, diesel, Consider diesel, Consider diesel, Diesel best option, Diesel best option,

|kerosene, kerosene, kerosene, kerosene, wind doubtful :w,n doubtsui

check wind wind doubtful check wind wind doubtful

< 2,0 Consider solar, Consider solar, Consider kerosene, Consider kerosene, Diesel best option D,esel best opt:on

kerosene, diesel kerosene, diesel diesel diesel

1) Always consider hand pumps below 100 m4

2) Electric pumping is nearly always the best option if:
- a regular supply of electricity is guaranteed by the utility
- the distance between the pumping location and a normal grid connection is small

Table 1.2. Preliminary aaessment of using wind pumps 1.

This table only gives a very quick, rough first indication. For example, the advice to consider various options does not necessarily mean that the

options are equivaient. only that none of the options can be disregarded beforehand.

Wind pumps are indicated in a general way without making a distinction between classical and modern wind pumps. When performing a detailed

analysis each type of wind pump will prove to have different ranges of applicability, also depending on local conditionis (loans, import duties, etc.)
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The division into three classes: 20-500, 500-2000 and 2000-100.000 m4/day is related to
the size of engine-driven pumps. The smallest diesel pump available on the market
(about 2.5 kW) determines the transition at 2000 m4/day. Below that value the diesel
pump is too large for the job and becomes less attractive, partly owing to the relative
increase of its annual capital costs, partly owing to its lower efficiencies at partial
loading. Similarly the transition at 500 m4/day is explained by the smallest kerosene
pump available on the market of about 0.5 kW.

Below 20 m4 /day hand pumps are probably always the best solution. Very large
requirements above 100.000 m4 /day are excluded in the table, since standalone wind
pumps are not a very realistic alternative for this range.

The reason for making a distinction between "rural water supply" and "irrigation" is the
following:

The water requirements over the year for a rural water supply are more or less constant,
implying that the wind pump is used all the year around. In contrast, the demand of
water for irrigation is seasonal, so the wind pump will stand idle during part of the year.
Considering the high capital investment involved, this puts the wind pump for irrigation
at a high disadvantage vis-a-vis diesel.

Table 1.2 should be used with caution, as the following observations make clear:

1. The critical month may coincide with a period of rain. If rain water can be
collected for rural water supply, then there may be less need to pump water in
that month and another month may become "critical".

2. If fuel is not regularly and sufficiently available at far away places, owing to costs
of transport or accessibility, then solar and wind are at an extra advantage; they
may in fact be the only effective possibilities.

3. A regular diurnal wind pattern - the course of the wind speed during the day -
with strong winds during a few hours per day favors the use of a wind pump even
at low average wind speeds (Figure 1.5).

4. Wind pumping is favored if there are other viable locations in the same region.

5. If by using a wind pump, the pumping requirements can effectively be met in all
months of a year except for one critical month, it is worthwhile considering a
supplementary pumping device for that particular month (e.g. a hand pump),
before rejecting wind pumping altogether.

6. The costs of water storage have a pronounced effect on the resulting water costs.
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Conclusions

Some general conclusions about the viability of wind pumping can be summarized as
follows:

la. Because the average power in the wind is proportional to the average wind speed
cubed, a small error in estimating the wind speed leads to a relatively large error in
estimating wind energy potential. Therefore, correct calculation of wind speed is
essential.

lb. Available wind resources must be correctly assessed. If necessary, consult an expert.

2a. The economics of using wind pumps for rural water supply is less critical than for
irrigation. The seasonal requirement of water for irrigation puts the capital cost of
the wind pump at a disadvantage compared with the diesel-powered pump.

2b. Wind energy seems the best option for water pumping in all cases if the average
wind speed in the critical month is 5 mls or above.

2c. Modern wind pumps, especially if manufactured locally, will generally pump water
at lower costs than imported classical multibladed windmills. This distinction should
be considered in assessing the potential of wind energy for water pumping. It should
be noted that the long experience with classical wind pumps presently guarantees a
higher reliability than for modern wind pumps, although maintenance itself could be
more difficult owing to the need to import spare parts. After making a preliminary
assessment of the viability of wind pumping, it is advisable in most cases to make a
more detailed analysis, taking into consideration local production or import of either
modern or classical wind pumps. This is especially true for the cases mentioned
below under 2d through 2f.

2d. Below 2 m/s in the critical month wind energy for water pumping is generally not
economically feasible.

2e. At average wind speeds in the critical month above 3.5 m/s, wind pumps are
generally a very good option.

2f. At average wind speeds in the critical month between 2 and 3.5 m/s it is impossible
to make general statements on the economic viability of using wind energy for water
pumping. Check all options as indicated in Table 1.2.

2g. Wind pumps are particularly attractive at low hydraulic power requirements. At
very low requirements (< 20 m4), however, it is better to use hand pumps.
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Wind; pump irrigation in Sri Lanka.
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Chapter 2
WIND PUMP TECHNOLOGY

This chapter describes the various components of a wind pumping installation - the
windmill, the transmission, the pump, the storage tank, and the distribution system.
The type of windmill referred to during most of the discussion is the classical horizontal
axis windmill with a mechanical transmission driving a piston pump. This is the only
type of windmill in widespread use for which a reasonable amount of validated
experience is available. However, for the sake of completeness, the chapter begins with a
brief description of the five different types of wind pumps currently being used around
the world.

Section 2.1 describes the five types of wind pumps in use today. The remaining sections
focus exclusively on the piston pump windmill. Section 2.2 describes the components and
characteristics of the windmill. Section 2.3 covers the piston pump and its
characteristics. Section 2.4 gives details on how to match windmill and pump.
Section 2.5 gives technical data on wind pump performance. Section 2.6 describes storage
and water distribution. Section 2.7 discusses briefly the relative advantages of the
classical windmill and the "modern" windmills of innovative design.

It is important to consider the wind pump installation as a whole, because the total cost
of the installation gives the truest picture of what it costs to use wind power to assure a
given supply of water. A key consideration is the rotor area of the windmill. The
investment cost for a wind pump system is roughly proportional to the rotor area. The
total energy production of a wind pump (or amount of water pumped over a certain
height) is directly proportional to the rotor area. This means that the design of a
windmill installation requires more accurate information on total water consumption
than is normally needed for an installation using an engine-driven pump. The amount of
water one needs influences the size of rotor one must select, which influences the cost of
the windmill. Another important consideration is storage. While storage is not always
needed when engine-driven pumps are used (an engine-driven pump can be started up
whenever water is needed), a windmill would be practically useless without a storage
tank. A windmill only pumps when wind is available. So, a storage tank must be built
large enough to store surplus water during periods of strong wind for later use when
there is less wind or no wind at all. Figure 2.1. shows an example of the layout of a wind
pumping system.

The matching of windmill and pump is of the utmost importance for a satisfactory
performance. Choosing a large pump leads to a high pumping rate when the windmill is
running, but on the other hand the windmill will often be standing still if the wind is not
sufficient to start the large pump. Choosing a small pump means starting will be easier
and the windmill will run more hours, but the pumping rate during those hours will be
lower. The optimal choice of the size of the pump depends on the wind regime: for strong
winds one may use a larger pump than for weak winds. Wind pump sizing is discussed in
detail in Chapter 3.
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Figure 2.1. Schematic layout of wind pumping system for water supply for domestic use and livestock.
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Various types of mechanical wind pumps (Almere tesifield, Netherlands).
From left to right: Oasis, Fiasa, Southern Cross.

W*

Bosman wind pump driving a centrifugal pump. Thousands are in use in the Netherlands
to pump water from the drainage canals of the polder over heights of 1 m or less.

Figure 2.2. Photographs of mechanical wind pumps.
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2.1. Types of wind pumps

A variety of wind machines are being used for water pumping. A convenient
classification can be made on the basis of type of transmission between the wind rotor
and the pumping device (Figure 2.3).

o Windmills driving piston pumps. The wind rotor is coupled mechanically
(directly, or through a gear box) to the piston pump. This is by far the most
common type and will be discussed in more detail in the following section.

o Windmills with rotating transmission. The wind rotor transmits its energy
through a (mechanical) rotating transmission to a rotating pump, for example a
centrifugal pump or a screw pump. Both are used especially for low head/high
volume applications.

o Windmills with pneumatic transmission. A few manufacturers fabricate windmills
driving air compressors. The compressed air is used for pumping water by means
of an air lift pump (basically two concentric pipes), or a positive displacement
pump (basically a cylinder with a few valves). This type of transmission allows
the windmill to be installed at some distance from the well. Another advantage is
the absence of pump rods, and - in case of an air lift pump - of any moving part
inside the well.

o Wind electric pumping systems. Wind electric generators are sometimes used to
drive electric pumps directly (without being coupled to an electric grid). Again,
this transmission provides the freedom to install the wind machine at a windy site
at some distance from the well. Electric submersible pumps may be used to pump
water from narrow boreholes, with flow rates far in excess of those attainable with
piston pumps.

o Windmills with hydraulic transmission. Several experiments have been performed
on remote pumping by means of a hydraulic transmission. Mostly water is used as
the operating fluid.

The types of windmills described above are all horizontal axis windmills. At the moment
these are the only types of practical interest for water pumping. In the past quite some
research effort has been put into vertical axis machines for pumping, especially Savonius
rotors. However, this has not led to practical applications for two main reasons: high
cost per unit of water pumped (heavy machines combined with low efficiency), and poor
reliability (it is difficult or impossible to incorporate a safety system in such a design).
Vertical axis Darrieus wind rotors are hardly suitable for a water pumping system, as
they need an external power source for starting. Therefore, vertical axis machines will
not be mentioned further in this handbook.
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2.2. Prime mover: mechanical windmill

As indicated before, the remainder of this chapter will concentrate on the most common
type of wind pump: a windmill driving a piston pump through a mechanical
transmission. Where appropriate, however, reference will be made to the other types.
Figure 2.2 shows some photographs of such mechanical wind pumps (including one with
a rotating transmission and a centrifugal pump).

In this section we will discuss the components and subsequently the characteristics of
mechanical wind pumps. The piston pump, which actually lifts the water, is described in
Section 2.3.

2.2.1 Windmill components

A windmill consists typically of the following components (see Figure 2.4):

- The rotor, which captures the wind's energy and converts it into mechanical
energy.

- A transmission, which conveys the energy from the rotor to the pump, sometimes
involving intermediate energy conversions.
T he safety system, which protects the windmill during gusts and storms.

Rotor

The rotor is the essential part of this prime mover: it converts the power of the wind
into useful mechanical shaft power.

Usually the blades consist of curved steel plates. Sometimes sails are used. Classical
"American" windmills have 15, 18, 24 or even 36 blades, mostly supported by a
structure of spokes and rims. These rotors deliver maximum power when the speed of the
blade tips approximately equals the wind speed. Recent designs have less blades: 4, 6, 8,
or 12, mostly supported by spokes only. These rotors operate at higher tip speeds: For
any given wind speed, maximum power is delivered when the speed of the blade tips
equals 1.5 to 2 times the wind speed.

The rotor is fixed to a steel shaft by means of one or two hub plates. The shaft is
supported by sleeve bearings (receiving oil from the gear oil bath), or by roller bearings
(lubricated by grease or by oil), or by hardwood sleeve bearings (lubricated with oil).
Rotors of water pumping windmills range from 1.5 to 8 m diameter.

In a 4 m/s wind, a rotor of 1.5 m diameter may produce up to 24 W of mechanical
power, and an 8 m diameter windmill up to 680 W. In a 5 m/s wind, these values nearly
double (46 and 1320 W respectively).
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Transmission

The transmission of a windmill conveys the mechanical energy delivered by the rotor to
the pump (rod).

Many of the classical "American" windmills, especially the smaller models are
"back-geared", i.e. they incorporate a gear box. The gears reduce the r.p.m. of the
pump, normally by a factor of about 3. The gears are normally double to avoid uneven
loading of the crank mechanism (see below) and usually run in an oil bath for
lubrication. The oil needs to be changed about once a year.

An essential part of a windmill transmission is some kind of eccentric that transforms
the rotating movement of the rotor into a reciprocating movement of the pump rod.
Several types exist:

- Two drive rods connected eccentrically to the two slow gears, and connected
through a guide to the pump rod (see Figure 2.4).

- A simple crank on the main shaft, connected directly to the pump rod.
- A crank on the main shaft, connected through a guide to the pump rod.
- A crank on the main shaft, connected through a lever system to the pump rod

(see Figure 2.4).

The pump rod transmits the power to the pump. Often a swivel joint is incorporated,
preventing the pump rod from rotating when the windmill's head assembly is yawing due
to a change of wind direction. Normally the pump rod is guided at several points in the
tower. The swivel joint and the guides require regular lubrication by greasing, for
example once a month. The efficiency of the transmission is somewhere between 70%
and 90%.

Safety system

No wind machine can be expected to survive very long without an automatic safety
system to protect it against gusts and storms. It would be impractical, even if it were
possible, to design a wind machine strong enough to remain in full operation during
storms, with an exception perhaps for very small wind machines of 1 m diameter or so.
Hand-operated safety systems alone are not sufficiently reliable. Storms may occur very
suddenly, unexpected storms may occur at night, and one moment of negligence may
reduce an important investment to scrap.

The safety system of mechanical windmills is combined with the orientation system. At
low wind speeds the rotor is oriented into the wind; with increasing wind speeds the
rotor is gradually turned out of the wind so as to limit the speed of the pump and the
forces acting on the structure.

The functioning of these safety systems is based on the equilibrium of aerodynamic
forces (acting on one or two vanes and the rotor), and some other force (mostly a spring
or weight) that serves to counteract the aerodynamic forces.

Normally the automatic safety system can also be operated manually to stop the
windmill.
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A mechanical brake is sometimes incorporated in the rotor hub. It is normally operated
both by the automatic safety system and by the manual furling mechanism. These
brakes are not capable of stopping a windmill in a storm. They merely hold the windmill
when it is being serviced or when there is no need of water.

Two important characteristics of a safety system axe:

o The rated wind speed, Vr, at which the windmill reaches its maximum rotational
speed, and hence pumping rate. For higher wind speeds the rotational speed is
limited and gradually reduced by the automatic safety system. Vr is normally 6 to
8 m/s.

o The cut-out wind speed Vout. At this wind speed the rotor is completely turned
out of the wind and stops running. Usual values are 15 to 20 m/s.

Tower

The three components discussed above (rotor, transmission, and safety system) together
form the head assembly of the windmill. It is supported by a tower, which raises the
assembly over any obstructions into a fair, unobstructed wind. In addition the tower
serves as a rig when installing the pipes of deep well pumps.

Windmill towers are normally of lattice construction, factory welded as complete
sections, or bolted together at the installation site. Normally they have four legs,
sometimes three. Tower heights range from 6 m for small windmills to 18 m for large
windmills. The most common height is around 10 m.

2.2.2. Windmill characteristics

As for any prime mover the most important characteristics of a windmill rotor are the
torque-speed and power-speed diagrams. These curves depend on the wind speed. In
order to summarize a whole set of curves into one curve, the following three coefficients
are defined (see symbols below):

A =_. R Tip speed ratio, the ratio between the speed of the blade tip, and
-v the wind speed.

The design tip speed ratio Ad iS that value of A for which the power
coefficient reaches a maximum (see below). The design tip speed
ratio for classical "American" windmills is approximately 1
(slow-running). For more modern wind pumps it is somewhat
higher: 1.5 to 2.0.

p Power coefficient, the ratio of the mechanical power delivered by
Cp i p A V3 the windmill and the reference wind power (i.e. the power in the

wind passing through the rotor disk, if the rotor were not present).
The maximum power coefficient, reached at Ad, normally ranges
from 0.3 to 0.4.
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Q Q Torque coefficient, ratio of the torque delivered by the wind rotor,
p A V2 R and a reference wind torque. Since power is equal to rotational

speed times torque (P = Q.Q), a similar relation is found for the
corresponding coefficients: Cp = A CQ.

For water pumping windmills the startin torque coefficient C 
(A=O) is of special interest (see Section 2.4). The following rule of
thumb is often applied: CQ (A=O) = O.4/Ad2.

Symbols: A rotor area M2)
C coefficient -)
P power W)
Q torque Nm)
R rotor radius m)
V wind speed m/s)
p air density kg/m3) approximately 1.2
Q rotational speed rad/s)

(Q = 2.7r.n with n being the number of revolutions per second
of the rotor).

Subscript: d design
Q torque
P power

Figure 2.5 shows some typical examples of dimensionless torque-speed and power-speed
diagrams. The rotors of recent design are lighter in construction than classical rotors of
the same size. Under identical wind conditions the recent rotors run faster (higher rpm)
than classical rotors. Power output is more or less the same, but the starting torque of
recent design rotors is lower.

torque power
coefficient cassical rotor co fficient claicl rotor

C rotor of recnt design Cp rotor of recant d sip
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Figure 2.5. Dimensionless torquepeed and powerspeed characteristics of wind rotors of
mechanical wind pumps.
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Testing of a multi-bladed rotor in an open jet wind tunnel in the Netherlands.
Note the rim construction of the rotor.

Testing a fMll scale 2-m diameter wind pump of CWD in the 12z16 m
wind tunnel of the Chinese Aerodynamic Research and Development
Center (CARDC), Mianyang. Note the spar construction of the rotor
and the small hinged side vane as part of the safety and control system.



- 32 -

pump rod 
pump rod

delivery pipe
screw cap

j .cylinder
piston with

valve and
leather cup

piston valve
closed

piston
valve

foot valve
open foot valve foot valve

sutonpp closed

Principle of operation

Components of a screw cap pump

pump rod

well casing sealing

pump rod

drop pipe

pump rod

water level piston valve

cylinder

A~~~T
ATKl

bottom of wel l ---

draw plunger
Deep well pump arrangement Suction pump

Figure 2.6. Piston pumps used in combination with windlmills.
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2.3. The piston pump

2.3.1. Description

The majority of water pumping windmills are equipped with single-acting piston pumps.
The upper part of Figure 2.6 shows the principle of operation: When the piston moves
down, the foot valve closes and water passes through the open piston valve. On the
upward stroke the valve in the piston closes, the foot valve opens, and water is pumped.

A variety of materials is used for the cylinder: brass, stainless steel or PVC pipe but also
a bronze bush inside a cast iron cylinder.

The sealing between piston and cylinder wall is normally realized by means of a leather
cup. In high-pressure pumps (for large pumping heads) one finds two, or sometimes
three cups above each other. The leather cups are subject to wear and must be replaced
after six months to two years, depending on the quality of the water.

The piston body and valves are mostly made of brass (cast and/or machined). Valves are
normally lined with some type of rubber for better sealing. If the delivery head is higher
than the point where the pump rod leaves the delivery pipe, a pump rod sealing is
required.

Sometimes air chambers are applied on the delivery and/or suction side of the pump,
especially in case of long lines. The air chambers smooth the flow in the lines and reduce
those forces in the pump rod that are related to acceleration of the fluid and water
hammer effects.

For different applications (with respect to pumping head) different types of pumps are
used (Figure 2.6):

o Suction pumps, installed at ground level, for pumping from a maximum of 6 m
water depth, from surface water (lakes or canals) or shallow wells. Some models
are self-priming. These pumps come in a variety of diameters, up to 350 mm.

o Deep well pumps for installation below ground level in open wells or tubewells.
The diameter of tubewells usually limits the outer pump diameter to about 100 to
200 mm. For this application one often finds "screw cap pumps".

For application in very deep tubewells, one often sees "draw plunger pumps", in
which the drop pipe is larger than the pump cylinder, and the pump is arranged
in such a way that the piston and the foot valve may be lifted without lifting all
of the piping.

Maximum pumping depths are 100 to 200 m.
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2.3.2. Characteristics of a piston pump

A piston pump is a positive displacement pump, i.e. for each stroke the same volume of
water is displaced, independent of head or speed of operation.

up down up

maximum torque

average torque

Q t ---------- -

t

Figure 2.7. Torque of a piston pump versus time.

The torque needed to drive a piston pump is cyclic (Figure 2.7). During the upward
stroke the piston is subject to the full water pressure. During the downward stroke the
piston valve opens and the torque is virtually zero.

Once a windmill is running it feels only the average torque demanded by the load,
because the variations are smoothened by the large inertia of the rotor. The average
torque is practically constant, i.e. independent of the speed of operation. That is why a
piston pump is often referred to as a "constant torque load".

Two types of efficiencies are distinguished for piston pumps:

77mech Mechanical efficiency, which is the ratio of hydraulic power output (see
Chapter 1) to mechanical power input to the pump. This efficiency is less than
100%, because energy is lost due to flow resistance in the valves and pipes, and
in mechanical friction of the cup leather against the cylinder and that of the
pump rod sealing. High efficiencies (80% to 90%) are attained for high head
pumps (i.e. more than 20 or 30 m), for which the pressure loss due to flow
resistance is small in comparison with the static pressure. For low heads (3 to
10 m) the efficiency is far less (60% to 70%), pressure losses being relatively
more important. Piston pumps are not very well suited for heads of less than 3
m, because of the low efficiency (losses are in a first approximation inversely
proportional to head).

A low mechanical pump efficiency implies that a relatively large rotor is
needed to meet specific pumping requirements. As rotor size is a prime factor
determining the (investment) costs of a wind pump, it is clear that the
mechanical efficiency of the pump is important for cost effectiveness.
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71vo 1 Volumetric efficiency. This is the ratio of the real flow rate and the ideal flow
rate which would be expected on the basis of the stroke volume of the pump
and the speed of operation.

At low speeds of operation the volumetric efficiency is normally less than 100%
due to water leakage over the piston or valves, and to delayed closing of the
valves. At high speeds it may exceed 100% as a result of inertia effects: at the
end of the upward stroke the water column has gained so much momentum
that it continues moving upwards during the downward stroke.

Volumetric efficiencies at the design point are normally 80% to 98%.

A low volumetric efficiency does not necessarily imply a low mechanical
efficiency. If less water is pumped than would be expected, and if at the same
time less power is needed to achieve this, the mechanical efficiency remains
high despite a low volumetric efficiency. With a low volumetric efficiency a
larger pump (stroke volume) is needed, not a larger windmill (rotor diameter).
Use of a larger pump increases costs only slightly.

The main characteristics of piston pumps are summarized in Table 2.1, which also gives
the characteristics of other types of pumps suitable for use with wind machines.

Figure 2.8 shows that the use of piston pumps is limited on two sides:

o At high power requirements (high output and/or high pumping head), the
diameter of the rotor of a mechanical wind pump would become prohibitively
large, too heavy and too costly. A system consisting of a wind generator coupled
to an electric multistage deep well pump (for large pumping heads), or a
centrifugal or screw pump (for small pumping heads) is more appropriate.

Narrow tubewells of high capacity cannot be fully exploited by piston pumps. The
area to the left of the horizontal line of dashes in Figure 2.8 indicates the
approximate range of application of a mechanical wind pump. Of course this line
is found more to the right in Figure 2.8.b compared to Figure 2.8.a, because an
8 m mechanical wind pump delivers more power at 6 m/s than at 3 m/s.

o At low heads the efficiency of piston pumps drops and rotary pumps such as
centrifugal pumps and screw pumps should be considered. The transmission losses
in these systems are rather high. On the other hand they do not load the system
dynamically as a piston pump does (Figure 2.7), so cause less fatigue problems.

Air lift pumps and air displacement pumps have not been included in Figure 2.8.
Because of their low efficiencies their use is restricted to situations where maintenance
conditions are extremely difficult. Their reliability can be attributed to the following:
few moving parts in the well, insensitive to sand and to deviations of the tubewell from
the vertical.
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Type Typical Maximum efficiency
pumping head Pump Pump +

transmission

Piston pump > 20 m > 90% 80-90%
10 m 70-80% 60-70%
3 m 50-60% 40-50%

< 3 m decreasing to zero
Centrifugal pump

Single stage, direct drive 1-10 m 40-60% 30-50%
Multistage, electric, deep well 10-200 m 50-60% 20-30%

Screw pump 0-3 m 60-70% 40-60%

Air hft 10-50 m 20-30% * 10% *

Air-driven displacement pump 2-50 m 40-70% 10-30% *

Table 2.1. Types of pumps suitable for application in combination with wind machines. Values with
an asterisk are tentative as field data are scanty.
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Figure 2.8a Average wind speed of 3 m/s. Figure 2.8b Average wind speed of 6 rn/s.

Figure 2.8. Rough indication of the range of application of different pump types in combination with
wind machines.
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2.4. Matching of windmill aid piston pump

The importance of proper matching of windmill and pump has already been briefly
mentioned in the beginning of this chapter.

Choosing a large pump leads to a high output (volume of water pumped), but a low
availability (i.e. the windmill will often stand still). The choice of a small pump
improves availability but reduces output. In matching a pump to a windmill, one needs
to establish the best possible compromise between output and availability.
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wirnd rotor Iwind rotor
/ \ 11 g ~~~characteristics dmwct cristics

/ \ 1 ~~~~pump pump
/ / t ~~~~~characteristic / <chnt ristic

/ A r PO~~~~~~ints of /p / ,oints of

rotational speed rotational sped

a. Torque-speed curves b. Power-speed curves

D 
lCp17max __ qtilsl

theoretical curve

// 10 min. averages

i ~~~~~~~~~~~~~~~~V mis

Vxtp Vd VAr

vstop Vd Vstart

c. Overall power coefficient as a function of wind speed d. Start/stop behaviour

Figure 2.9. Matching of windmill and piston pumps.
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The interaction of a windmill and a piston pump is illustrated in Figure 2.9.a and b. The
figures indicate a set of torque-speed and power-speed curves derived from the general
dimensionless curves of Figure 2.5. The dotted curves represent the locus of maximum
power points of the wind rotor: a cubic curve in the power-speed diagram Figure 2.9.b,
and a square curve in the torque-speed diagram, Figure 2.9.a.

Figure 2.9.a also indicates a typical pump characteristic: the (average) pump torque is
constant. In the starting region the pump curve rises to 7r (3.14) times the average value
since the windmill has to overcome the maximum torque for starting (see also
Figure 2.7).

The windmill-pump system will operate at the points of intersection of windmill curves
and pump curve, where the pump torque equals the rotor torque (or the power required
by the pump equals the power delivered by the rotor). These points are indicated by
dots in Figure 2.9.a and b. One sees immediately that a piston pump leaves a large part
of the power available from the wind unused, especially at higher speeds. The windmill
will operate at its maximum power coefficient for only one wind speed Vd, for which the
pump characteristic intersects the locus of maximum power points (point D). This is
illustrated once more in the diagram of overall power coefficient (Cpi7) versus wind speed
in Figure 2.9.c. Figure 2.9.d shows the resulting water output characteristic. This
coefficient (Cpi7) is called the overall power coefficient and includes rotor power
coefficient Cp, and the efficiency of the transmission and pump. It is the ratio of
hydraulic power output to wind power input at a given wind speed.

We have now identified the most important quantity governing the matching of a
windmill and a piston pump:

Vd Design wind speed, defined as the wind speed for which the ratio of
hydraulic power output to the available wind power is maximum.

At this design wind speed the overall power coefficient is maximum; its
value, as will become clear later, is one of the important parameters in
describing the performance of a wind pump.

(Cp7n)max Maximum value of overall power coefficient which is attained at the design
wind speed Vd.

Although this section is concerned with piston pumps, it is interesting to note that
windmill systems driving rotating pumps can also be described by means of a design
wind speed Vd. A similar (Cp,n)-V curve is found as for piston pumps, but for entirely
different reasons: Rotating pumps require a power input proportional to the cube of the
rotational speed of the pump. Therefore, by a correct choice of the transmission ratio
between rotor and pump, the wind machine of such a system can be made to operate at
constant maximum power coefficient. The efficiency of the pump at constant head,
however, depends strongly on the speed of operation, and reaches a sharp maximum at
one speed only. Again one finds a (Cpl7) curve similar to the one shown in Figure 2.9.
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Start and stop behaviour

A special problem of windmills driving piston pumps is starting. To start running a
windmill needs a high wind speed to overcome the peak of the pump torque (point S in
Figure 2.9). This wind speed is called Vstart. It is higher than the design wind speed Vd.
This problem aggravates for deep well pumps as the starting windmill has to lift not
only the water column but also the weight of the pump rods.

Once the windmill is running, the rotor, thanks to its inertia, only "feels" the average
torque demanded by the pump, but not the weight of the pump rod (the energy to lift
the pump rod during the upward stroke is given back again during the downward
stroke). In a decreasing wind a windmill keeps running well below Vstart until it stops at
Vstop (Figure 2.9).

Note: Vstart and VstOp must not be confused with V1 tn.., as used for wind electric
generators. Vstart and Vstop describe a range of wind speeds within which a wind
pump may pump or may not pump, depending upon whether the wind speed is
increasing or decreasing.

Classical "American" windmills normally have a relatively low design wind speed Vd so
as to obtain a good starting behaviour, thereby sacrificing some of the output.

A first step to improve starting behaviour is to balance the pump rod weight, permitting
a larger pump to be installed without making starting more difficult. This is applied by
some manufacturers.

The next step is to incorporate mechanisms for easy starting:

o Variable stroke mechanism. A mechanism is incorporated which automatically
adjusts the stroke. The system is allowed to start at small or zero stroke,
demanding little torque. At higher speeds the stroke is increased, thereby
increasing torque and water output. In this way the locus of maximum power
points (Figure 2.9) can be followed much more closely. A major drawback for
application of this system in developing countries is its complexity and high cost.

o A starting nozzle in the piston. At low speeds all water displaced by the piston
leaks through the nozzle, hardly requiring any starting torque. At higher speeds a
pressure difference is built up over the nozzle and the pump effectively starts
pumping. Some water is lost, but this is more than compensated for, since a larger
pump can be used.

o Controlled valve. At low speeds the piston valve is kept well open and starting is
easy. At higher speeds the valve is closed and water is pumped. Energy loss is far
less than in the case of a starting nozzle. This principle is being applied with the
aid of a so-called "floating valve" which is lighter than water. Experimental
results are promising (reference 31).
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CHOICE OF DESIGN WIND SPEED Vd
ENERGY PRODUCTION COEFFICIENT CE

OUTPUT AVAILABILITY

Vd/V CE Output
availability

Windmills driving piston pumps
- Classical deep well 0.6 0.40 60%
- Classical shallow well or

deep well with balanced pump rod 0.7 0.55 60%
- Starting nozzle and balanced 1.0 0.90 50%
- Ideal (future) 1.3 1.20 50%

Wimd machines driving rotating pumps 1.2 0.80 50%

PEAK OVERALL POWER COEFFICIENT (Cp 1).ax

Pumpinghead: H<3m H=3m H=lOm H>20m

Windmills driving piston pumps
- Classical 0 to 0.15 0.15 0.20 0.30
- Starting nozzle 0 to 0.13 0.13 0.18 0.27

Wind machines driving rotating pumps
- Mechanical transmission 0.15 to 0.25
- Electric transmission 0.05 to 0.10

QUALITY FACTOR fi = P/AV3I = + p (Cp 72)-ax CZ

Low Medium High
0.05 0.10 0.15

Table 2.2. Representative values of design and performance characteristics for wind pump systems3, based
on presently available information.
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2.5. Performance of wind pump systems

As indicated in the beginning of this chapter, the main emphasis of this handbook is on
windmills driving piston pumps. As has been explained in the previous section, the two
main types are classical and modern wind pumps. They can be distinguished as follows:

o Classical windmills typically have a heavy multi-bladed rotor and low speed of
operation. The smaller sizes incorporate a gear box. They have a simple
reciprocating piston pump. In some cases the pumprod weight can be balanced.

o Modern wind pumps are more varied, including one or more of the following
innovations: lighter construction, higher speed of operation, starting helps such as
a starting nozzle, balanced pumprod, no gearing, etc.

In this section, information on performance will be given for:

- Classical wind pumps for deep well applications.
- Classical wind pumps for shallow wells, or (which is equivalent) for deep well

with balanced pumprod.
- Wind pumps equipped with a starting nozzle and a balanced pumprod, which can

be considered as a reasonable "modern" design.
- An "ideal" windmill that incorporates high efficiencies of rotor and pump,

starting gadgets without energy loss and correct balancing of the pumprod weight.
The latter is an optimum design that should be attainable for modern design wind
pumps.

Besides the performance of windmills driving piston pumps, an indication is given for
other types of pumps, i.e., rotating pumps with either mechanical or electrical
transmission.

The performance of a wind pump, resulting from the matching of wind machine and
pump (i.e. the choice of Vd) can be summarized by two characteristic quantities, related
to output and availability:

E Energy production coefficient, defined as the real
CE = hydraulic energy production in a period T, divided by a

i PV3 A (Cpi7)max T reference energy which would be obtained in a constant
wind equal to the average wind speed assuming that the
wind machine is operating at maximum power coefficient
during the whole period T. This coefficient depends
strongly on the type of wind pump and the choice of Vd.
(Note that E/T equals the average power P). For
symbols see Section 2.2.2. Add T for time (s)).
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Output availability I Output availability is defined as the percentage of time
during which sufficient wind is available to operate the
wind pump at more than 10% of its average pumping
rate. Again, this quantity depends strongly on the type of
wind pump and the choice of Vd.

Table 2.2 presents typical values that are realized in practice for these two quantities, if
the design wind speed in relation to the average wind speed is chosen according to the
values indicated in the table. The values indicated in the table are based on an
unavoidable compromise between output and output availability. For wind pumps with
starting nozzle and balanced pumprod, one may enhance the output by choosing a higher
design wind speed without affecting the starting behaviour (and hence output
availability) too much. The values are also based on what is observed in practice. These
values are further supported by a theoretical model presented in Appendix B.

As can be seen in the definition of the energy production coefficient above, one also
needs to know the maximum overall power coefficient. Table 2.2 presents some typical
values for different systems and different pumping heights. Also the density of the air
has its influence (Section 3.2, Chapter 3). The effect of these three factors may be
summarized by defining the quality factor , as a yardstick of the quality of the overall
performance of a wind pump.

p
-B= = 4 P (CP11)max CE Quality factor. Typical values are indicated in

AV3 Table 2.2, taking p = 1.2 kg/m3

Note that the chart of Figure 1.6 was drawn, based on a value for the quality factor /3 of
0.1 (medium).

Excample: Suppose the pumping head is H = 30 m.
Using a classical wind pump, Vd/V is chosen to be 0.6, then the energy
production coefficient is 0.40. The peak overall coefficient (Cpin)max = 0.30.
Assuming p = 1.2 kg/m3, then the quality factor /3 = 0.6 x 0.3 x 0.4 = 0.072, a
value between "'low" and "medium".

If on the other hand we were to use a rotating centrifugal pump with an
electric transmission, then CE = 0.80 and with (CpiJ)max = 0.1, then
,B = 0.6 x 0.1 x 0.1 = 0.05, thus a low value of ,B.

It should be noted that the values given in Table 2.2 serve as a first approximation. Not
only are experimental data insufficient, but also there may be differences between
windmills in the same class of, say "classical wind pumps". Also the distribution of wind
speeds at two sites with identical average wind speeds may differ. Such factors have their
effect on the resulting /-values.

The output availability should not be confused with what might be called technical availability
(i.e. the percentage of time that the windmill is fully operational to pump water if sufficient wind
is available).
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From the fact that classical wind pumps have a lower energy production than modern
wind pumps, one may not directly conclude that the modern pumps are always more
attractive. The proven reliability of classical wind pumps can be of great importance
especially for pumping from deep wells. Also the range of classical wind pumps available
on the market is very wide.

2.6. Storage and distribution

An important part of pumping systems is the storage and distribution of water.

The efficiency of storage and distribution (i.e. the proportion of pumped water which
actually reaches its point of use) has its effect on the size of the pumping system. High
efficiency storage and distribution allow smaller pumping systems to be used.

The static head of the storage tank and the pressure losses in the distribution system
determine the pressure for which the pump must be designed.

2.6.1. Storage of water

Generally speaking, the objective of a storage tank is twofold:

o Matching the diurnal pattern of pumping and demand. A wind pump typically
delivers an irregular modest flow rate throughout the day (and the night),
whereas water is normally needed at a relatively high flow rate during short
periods of the day.

o Storage of surplus water during days of strong wind for later use when there is
less wind.

A variety of tanks is used in combination with windmills (Figure 2.10). The type of tank
which is most suited depends on the local circumstances and the application. In regions
having an impermeable soil, it is often possible to construct very simple and cheap earth
bund tanks. If high pressure is needed in the delivery system, an overhead tank will be
necessary. Needless to say, this can enhance the cost considerably.

The most important characteristic of a storage tank is its capacity, expressed in m3 or
number of days of storage. Common sizes are 20 to 200 m3 , or 0.5 to 2 days. Storage for
more than a few days' production is in most cases too expensive to be considered.
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Storage tank of ferrocement Overhead storage tank of steel or concrete

Figure 2.10. Storage tanlrs principles of construction.
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Storage for rural water supply

In water supply systems for human consumption, storage tanks are usually used, even in
combination with engine-driven pumps. In the case of engine-driven pumps, the tank
stores the water which is pumped in a short period at a high flow rate for use over a
longer period. It pressurizes the distribution system and forms an emergency stock of
water.

For a wind pump, normally a larger storage capacity is needed to cover 1 to 2 days of
demand. Usually some pressure is needed in the distribution system; therefore overhead
tanks are used, or tanks of a cheaper construction at a sufficiently high point in the
landscape. Tanks storing water for human consumption should always be covered to
minimize pollution by dirt, insects and animals, and to prevent algae growth (by shading
the water from the sunlight).

Storage for irrigation

In irrigation schemes, based on engine-driven pumps, no water storage tanks are used.
The water is pumped directly into the irrigation system, be it canals or pipes.

With windmills tanks are normally needed, except in cases such as:

- Paddy rice cultivation, when the field can be used for storage.
- If an engine-driven pump is used as a backup.

The main function of a storage tank in windmill irrigation is water management control.
It stores the water which is pumped during periods when it is not immediately used,
especially during the night. It allows the farmer to irrigate during short periods at a
high, constant flow rate.

When using a wind pump for irrigation, it is essential to minimize the cost of the tank,
since the cost of the water would otherwise become too high to justify its use for
irrigation. Capacities of 1/2 day to 2 days are usual. Cheap earth bund tanks are
pre erred (Figure 2.10). Overhead storage tanks are prohibitively expensive for this
application, hence irrigation systems requiring a high pressure (such as sprinklers) are
normally not feasible.
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2.6.2. Distribution '

Rural water supply

A prime factor to consider when deciding on a distribution system for livestock or for a
village water supply is the number of livestock or people to be supplied by one pump.

A village water supply needs to be designed to suit the residents of the village. There are
several factors affecting rural water use habits, all of which should be taken into account
when designing a water supply system. For example the time required for collecting
water should be considered when choosing both the number of water points and the
distance between them. Also the location of taps should be accessible for all village
members. Rural water supply is treated extensively in references 11 and 12.

Irrigation

The supply system for a small-scale irrigation scheme consists of two parts: a water
distribution network to transfer water from the pump (or storage tank) to the field, and
a field application system to apply water to the crops. The suitability for use with a
wind pump of each of the four main methods of field application is considered in
Table 2.3.

Furrow irrigation: With furrow irrigation the distribution system normally consists of
open channels. Losses are due to evaporation (usually small, around 1%), seepage and
evapotranspiration from weeds in the channels (can be high in earthen channels, 30% to
50%). The additional head due to a conveyance channel depends on the slope and
channel length. The field application method will normally be furrows. Losses of
irrigation water from the furrows occur due to surface run-off and deep percolation. An
application efficiency of 50% - 60% is typical.

Basin irrigation: Here the distribution network will also be in open channels. The field is
divided into small leveled basins surrounded by earthen banks (levees, ridges, bunds or
dikes) up to 30 to 50 cm high around each unit. The size of the basins depends on the
rate of water supply available and the rate of water infiltration into the soil. Overall
field application efficiencies with lined channels, use of a storage tank and relatively
small basins are usually about 60% to 80%.

Triclle irrigation: For this method water is conveyed in a main pipe and applied to the
crop continuously with narrow perforated trickle tubes. High field application efficiencies
are possible of around 85%. The head loss in the pipes is dependent on the water supply
flow rate, the diameter and the total length of the pipes. Unless the area to be irrigated
is level, the operating pressure has to be comparatively high to ensure an even water
distribution, making the method less attractive for use with wind pumps.

I This section is more or less identical to the corresponding section of reference 1, with slight
modifications.
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Sprinkler irrigation: The field application efficiency of sprinkler irrigation is typically
about 60% to 80%. The area watered by a given sprinkler depends on the operating
pressure. For a diameter of coverage between 6 m and 35 m the sprinkler operating
pressure is usually between 1 and 5 bar (low pressure sprinklers: 0.5 - 2 bar; medium
pressure sprinklers: 2 - 5 bar), representing an additional head of 5 - 50 meters.
Medium-pressure sprinklers are the most widely used. However, these are not an energy
efficient way of irrigation and consequently not to be recommended for wind pumps.
From a technical point of view it might be possible to use low-pressure sprinklers.

Field application Field application Typical head Suitability for use
method efficiency with wind pumps

Furrows 50 - 60% 0.5 - 1 m yes

Basin 60 - 80% 0.5 -1 m yes

Trickle 85% 5 - 10 m doubtful

Sprinkler: 60 - 80%
- low pressure 5 - 20 m doubtful
- medium pressure 20 - 50 m no

Table 2.3. Suitability of major irrigation methods for use with wind pumps.

2.7. Which windmill should you choose?

There exists quite a variety of different wind pumping systems. The main differences
between them concern the rotor, transmission, safety system and the pump. Figure 2.8.
gives a rough indication of the type of system that might fulfil a given requirement. For the
important range of application involving rotors up to 8 m diameter, the mechanical wind
pump driving a piston pump is in general the most versatile solution. This fact is
demonstrated by the existing market for commercial multibladed windmills which have
been used for water pumping or decades.

The overall efficiency of a system depends on the total design concept, which is summarized
in Table 2.2. The same table shows that innovative designs (including starting gadgets, etc.)
have significant higher overall efficiencies, implying that a much smaller and less expensive
wind pump is needed to fulfil the water requirements. Besides this better performance the
specific weight of modern designs is lower and their relative simplicity of construction makes
them potentially more appropriate for local manufacture and easier to maintain.

It should be noted, however, that the reliability of classical wind pumps is extremely good
and field experience with this type of machine runs over decades. In contrast, the experience
with innovative designs is short, their development ongoing and it will need more years of
field experience to enhance their reliability.
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Chapter 3
WIND PUMP SIZING

This chapter describes the steps that must be taken to determine the optimum size of
wind pump to be used at a particular site and for a particular purpose. After following
these steps, one should be able to answer the question "What type and size of wind
pump is needed to fulfil the pumping requirements at this site?' Once the type of pump
to use has been selected and its size determined, one can then consider what size of
alternative pump would be needed to supply water at the same site (Chapter 4) and
make an economic comparison between wind pumps and alternative pumping
technologies (Chapter 5).

The steps to be followed in selecting the optimum size of wind pump for a site are:

- Assess water requirements
- Determine hydraulic power requirements
- Determine the available wind power resources
- Identify the design month
- Size the main components of the pump.

These steps are indicated on the left side of the decision chart in Figure 3.1. The same
steps are described in Chapter 4 for sizing alternative pumping systems. The
economic/financial steps shown on the right hand side of the chart are described in
Chapter 5, which covers the financial analysis of pumping systems.

Each of the steps needed to size a wind pump is treated in a separate chapter section.
Section 3.1 covers the assessment of water requirements. Section 3.2 gives formulas for
calculating the hydraulic power requirements. Section 3.3 describes a method for
determining the available wind power resources. Section 3.4 presents a procedure for
determining the design month. Section 3.5 describes the factors that must be considered
in choosing a wind pump and gives procedures for determining wind pump size.
Section 3.6, which deals with preparation of specifications, is included in the chapter
because technical specifications of system performance must be completed before one can
undertake the financial analysis described in Chapter 5.

For each section of the chapter, a standard format sheet is provided that can be used for
entering data and making the necessary calculations. These sheets have already been
filled out for an example system (Flamengos, Cape Verde), where the classical wind
pump (with a mechanically driven piston pump), the type of wind pump most commonly
used today, was selected. The sizing methodology used for the classical wind pump may
be used for all types of wind pumps to determine the diameter of their wind rotor.
Examples of other wind pump installations, using various different types of pumps, are
given in Appendix D. Blank format sheets are included in Appendix E.
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Make a preliminary assessment of options (Chapter 1)
Choose potentially viable technologies

Assess water requirements

power requirements m-ne Make a sensitivity analysis

Determine available Chapter5
power resources p Calculate capital cost

Identify design month o b Calculate recurrent cost ai

| Size the main components Caclt uni wae cost1 l 

| Preparefinal specificato 

TECHNICAL ECONOMIC/FINANCIAL

Chapter 3: wind pumps (detailed) Chapter 5

Chapter 4: alternative pumping
technologies (summaxized) 

Figure 3.1. Steps to be talcen for evaluation and design of pumping installations.
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In selecting a pump size, one important consideration is the water output of the system.
Recently an output prediction model has been developed, which is described in
Appendix B. The simplified sizing system presented in this chapter is based on that
model, and should be sufficient for most purposes. For special purposes, one may want to
apply the more complete sizing method of Appendix B.

Location Flamengos, Republic of Cape Verde
Valley at north-east side of the island of Santiago

Application Drinking water supply to village situated on the slopes of the valley

Consumption 15 m3 /day throughout the year

Water source Tube well of 70 m depth, situated at the valley floor
Static water level (i.e. level when not pumping):

4 m below ground level (valley floor)
Dynamic level (i.e. level when pumping):

approximately 10 m below ground level

Storage tank To be constructed on the slopes
Height above valley floor: 12 m

Pumping height 22 m (dynamic level of well plus height of storage tank above valley
floor)

Wind situation The well site is well exposed to the north-east, the prevailing wind
direction, coinciding with that of the valley. The only obstacles
are the crops, with heights less than 2 m.
The wind speed was estimated to be 0.7 times the wind speed at the
airport of Praia for which data are available.

Table 3.1. Specification of example site (reference 24).



- 51 -

3.1. Assessing water requirements 1

Before one can determine the hydraulic power requirements of a pumping system, one
must know what the water is to be used for, whether for irrigation, rural water supply,
or other uses. One can then make an estimate of the water requirements for that
application. This section looks at the water requirements for irrigation and for rural
water supply.

3.1.1. Irrigation

The amount of water needed to irrigate a given area depends on a number of factors.
The most important of these are:

- Nature of crop, crop growth cycle
- Climatic conditions
- Type and condition of soil
- Topography of the terrain
- Conveyance efficiency
- Field application efficiency
- Water quality

All of these factors need to be taken into account in the design of a small wind pump
installation for irrigation. Any one of them can have a large influence on the amount of
water needed. Some of them vary with the seasons, so that the quantity of water
required will change over a period of time.

i --- saturation

f gravity

maximum
available
water / field capacity T

capillary storage
capacity

permanent
… ___ wilting point

hygroscopic

dry

Figure 3.2.a Soil moisture quantities (reference 1).

t This section of the wind pump handbook is largely identical to the corresponding section in the
solar handbook (reference 1). The subject matter is not specific to the energy source used.
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field capacity
optimum growth I

permane /i

Figure 3.2.b.
Rate of crop growth as a function of soil
moisture content (reference 1).

Moisture content of soil

The crop takes its water requirements from moisture held in the soil. Useful water for
the crop varies between two levels: the "permanent wilting point" and "field capacity"
(see Figure 3.2.a). Water held by the soil between these two levels acts as a store. When
this store approaches its lowest level, the crop will die unless additional water is
supplied.

The rate of crop growth depends on the moisture content of the soil. There is an
optimum growth rate condition in which the soil water content lies at a point somewhere
between the field capacity and the permanent wilting point (Figure 3.2b). However, this
point varies for different crops and for different stages of growth. It is not easy to adjust
the irrigation intervals so that there is optimum crop growth.

An estimate of the quantity of water required for irrigation can usually be obtained from
local experts, preferably agronomists. It involves three major stages (for full details see
reference 9):

o Crop water requirements are estimated, using prediction methods, because of the
difficulty of obtaining accurate field measurements.

o The effective rainfall and groundwater contributions to the crop are subtracted
from the crop water requirements to give the net irrigation requirements.

Month Bangladesh: April to July : rice Thailand
Oct. to April: vegetables Jan. to Dec.: sugar cane
(m3 per day per hectare) (m3 per day per hectare)

January 7.1 1.3
February 17.5 27
March 28.4 32
April 85.0 42
May - ) 42
June - ) 31
July - )rainy 28
August - ) season 22
September - ) 12
October - )
November 15.0
December 16.5 21

Table 3.2. Typical net irrigation water requirements for Bangladesh and Thailand (reference 1).
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o Field application and water conveyance efficiency are taken into account to give
the gross pumped water requirements.

To illustrate the diversity in irrigation water requirements between different crops and
different locations, Table 3.2 gives water requirements for different crops in Bangladesh
and Thailand.

It must be stressed that the assessment of water requirements for a farm under windmill
irrigation is less straightforward than for an engine-driven pump. The output of a wind
pump cannot be controlled at will, and one will have periods with excess water and other
periods with lack of water. In some exceptional cases farmers might even adapt their
cropping pattern to some extent to the seasonal variations of wind pump output.

3.1.2. Water requirements for rural water supply

The estimate of water demand for villages and livestock is considerably easier than that
for irrigation, because the volume required can be obtained by multiplying the number of
people or animals by their estimated per capita consumption.

Domestic water requirements per capita vary markedly in response to the actual
availability of water. If there is a home supply, consumption may be five or more times
greater than if water has to be collected at a public water point.

A WHO survey in 1970 showed that the average water consumption in developing
countries ranges from 35 to 90 liters per capita per day. The long-term aim of water
development is to provide all people with ready access to safe water. For the near future
a reasonable goal to aim for would be a water consumption of about 40 liters per capita
per day. Thus for typical village populations of 500, water supplies will have to be sized
to provide about 20 m3 per day.

In order to limit the time spent on collecting and carrying water, a single pump or water
point should usually supply no more than about 500 people.

To prevent overgrazing in the vicinity of water points, their capacity should be kept
reasonably small.

Table 3.3 shows typical daily water requirements for a range of livestock.

Species Litres of water/head

Camels 40 - 90
Horses 30 - 40
Cattle 20 - 40
Milk cow in production 70 - 100
Sheep and goats 1 - 5
Swine 3 - 6
Lactating sow 25
Poultry 0.2 - 0.3

Table 3.3. Typical daily water requirements for livestock, reference 34.
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3.2 Calculating the hydraulic power requirements

Once the water requirements are known, the hydraulic power requirements can be
determined, using the equation 1.l.c, or the equivalent nomogram of Figure 4.1.

P = 0.113xqxH p average power (W)
q pumping rate m3 /day)
H total head m)

The total head includes:

- Pumping height:
Static water level of the water source below ground level.
Drawdown of the water source i.e. the lowering of the water level due to
pumping.
Static lifting height above ground level, e.g. for pumping into a storage tank.

fHead losses in the piping (due to friction).

The pressure loss in the pipes depends on the pipe diameter and the flow rate as shown
in Figure 3.6. For wind pumps the pressure loss is mostly kept very small, about 5% to
10% of the total head. After sizing the piping (see below), one needs to verify this
assumption, especially at low heads and in the case of long lines.

Table 3.4 gives a format sheet for estimating the average hydraulic power requirements.
It has been completed for the example system (at Flamengos, Cape Verde), assuming a
10% head loss in the pipes.

In designing the system head losses in the piping (due to friction) should be taken
into consideration.
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In the example the static head is assumed to be constant throughout the year. However,
where there are variations due to drawdown, monthly mean values of the static head
should be used. In the example, the pumping requirement is constant. However,
especially in case of irrigation, the requirements will vary with seasons, and monthly
mean values must be used (see example in Appendix D).

HYDRAULIC POWER REQUIREMENTS

Location. ftAtiff.)bo$ .CA.. V.A.D.E...............................

Delivery pipe head loss.;! ..% Delivery pipe length-V ... m

Month Pumping Pumping Head Total Average hydraulic
reguirement height loss head power requirement
(m /day) (m) (m) (m) (W)

Jan 15 22 2 24 41

Feb 15 22 2 24 41

March 15 22 2 24- 41
April 15 22 2 2+ 41

May 15 22 2 24 41
June 15 22 2 24 41

July 15 22 2 24 41

Aug 22 2 24

Sept 15 22 a 24 41
Oct 15 22 2 24 41
Nov 15 22 2 24 41
Dec 15 22 2 24 41
Total yearly water requirement 54t5 nm3/year

Table 3A. Format sheet for assessment of hydraulic power requirements.
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3.3 Determining the available wind power resources

Month by month wind data are required, in order to assess adequately the suitability of
a location for wind pumps. It is not sufficient to size a wind pump on the basis of annual
wind power resources because a pump sized in this way may not provide sufficient water
in months of low wind speeds.

If wind speeds have been measured at the site at the correct height, the results of the
measurements may be used directly in the second column of the format sheet, shown in
Table 3.5. However, this is seldom the case, and one has to rely on data from nearby
meteorological stations and other available information. Unfortunately, no simple
straightforward procedure can be given to obtain the desired results: monthly average
wind speeds at the anticipated hub height of the wind pump.

WIND POWER RESOURCES

Location. LAf.1.ENcs ... Height above sea level.........m

Hub height ...... 2 . m Terrain roughness .... e10 .....

Combined correction factor for hub height and roughness.Aw...

Average Average wind Density Specific
potential wind speed at hub of air wind power

Month speed at 10 m height (m/s) (kg/m3) (W/m2)
(m/s)

Jan 5. 4.9 1.2 __

Feb S. 54 1.2
March 5.5 5.4 1.2 _

April S.2 s.o i.z 8
May 55 5. 5 1.2 100
June 4.7 4.6 1.2 58
July 3.6 3.5 1.2 26
Aug 3.4 3.3 1.2 22
Sept 3.6 3.5 1.2 26

Oct 4.5 4.4 1.Z 51
Nov 4.5 4.4 1.2 51
Dec 5.0 4._ 1.2 X_XI

Table 3.5. Format sheet for assement of wind power resources.
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As indicated in Chapter 1, the assessment of wind resources is complex and uncertain,
due to large variations in wind resources from one time to another and from one location
to another. Also the conversion of data of a nearby meteorological station into
site-specific data is quite complicated.

In general the assessment of wind energy resources is not an easy job and it is
worthwhile consulting an expert if one is available. The necessary steps for an
assessment, which are discussed in more detail in Appendix A, are summarized here:

- Interpretation of data of meteorological service.
- Correction and conversion of data to so-called potential wind speed, which would

be observed at that location if the terrain were completely flat and open.
- Correction for the terrain characteristics of the site and the hub height of the

projected wind machine to obtain the real wind speeds, at hub height.
- Assessment of the site's wind power resources.

The procedure is presented in a simplified form in the format sheet of Table 3.5. In the
table a combined correction for terrain roughness and hub height is applied directly to
monthly average values of the potential wind speed. In reality one would use a table
showing wind speeds in different directions and would apply corrections for each wind
direction. Finally one would combine the results into one monthly average.

Note: As well as the monthly average values one should consider the daily variations in
wind speed. For example, in a situation with 6 hours of strong winds a day, and
18 hours of calm, one should design the wind pump to satisfy the daily pumping
requirements during those 6 hours. It lies outside the scope of this handbook to
treat this in detail.

Once the monthly average wind speed at hub height has been found, one may continue
the procedure.

Subsequently one must determine the density of the air. At sea level it is about 1.2
kg/m3. At high altitudes it is considerably lower, down to 0.7 kg/m3. An air density
table is included in Appendix A.

Once the average wind speed and the air density are known, one may calculate the
specific wind power:

Pwind = j pVI with Pwind specific wind power WJM2)
v average wind speed m/s)
p density of air kg/M3)

The format sheet in Table 3.5 shows the results for the example system. The site of the
example is practically at sea level, and the density of air is put at 1.2 kg/m3. Note the
strong effect of small differences in wind speed: 3.3 m/s gives 22 W/m2, whereas 5.5 m/s
gives 100 W/m2 !

The data in Table 3.5 illustrate how sensitive the specific wind power (a measure of the
power input to a wind pump) is to the value of the wind speed. In sizing the wind pump
system and calculating unit water costs in subsequent steps, it is advisable, if there are
doubts about the accuracy of the measured wind data, to perform a sensitivity analysis
on the data. That is, one should go through the procedure (see Figure 3.1) a second time
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using a slightly different wind speed value. As explained in Chapter 1, slight variations
in wind speed can have a large influence on available wind power as the power of the
wind (when the wind is blowing freely) is proportional to the wind speed cubed. So, a
small error in estimating wind speed can lead to a large error in calculating available
wind power resources.

DESIGN MONTH

Location: fPA!,AItIEN&O C~A:?! VIM'Loctin:fL40. Ety.<s.} It .P ..8...n...............................

Month Average Average Specific Reference Design
hydraulic wind speed wind power area month
power at Pwind Phydr/Pvind
Phdr hub height
(Wy (m/s) (W/m) (m)

Jan 41 4.9 TI a6
Feb 41 5.4 94 0.a4
March 41 5.4 94 a24
April 41 S.1 80 0.S
May 41 5.5 100 0.4
June 41 4.6 S8 _ ._
July 41 3.5 26 1.6

Aug 41 3.3 22 l _ 

Sept 41 3.5 26 1.6
Oct 41 4.4 51 a8
Nov 41 4.4 X 0.8
Dec 41 4.9 _ _ a6

Table 3.6. Format sheet for identification of design month.
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3.4. Determinring the design month

To continue the sizing procedure, the month by month average hydraulic power
requirements and wind power resources must be known.

There axe two options for operating the wind pump: either as a standalone system which
must be sized to provide all water, or as a fuel saver. In the latter case the wind pump
provides the basic water supply, but peak demands are met by an alternative method.

The procedure for a standalone system will be given here as it can be presented in a
rather straightforward manner.

Note: If one were to choose to operate the wind pump as a fuel saver, sizing of the pump
would be an iterative process, going from sizing to economic analysis, and back to
sizing again. Choosing a very large windmill which fulfils all needs would save a
large amount of fuel, but is not necessarily the most economic solution: there will
be periods of high wind speeds with excess of water which cannot be used, and
this does not correspond to any fuel saving. For a very small windmill all output
can be put to use, but the fuel saving is less than the real potential. One must
find the optimal size through the iterative process.

The sizing methodology for standalone systems is based on the concept of the critical
month or design month. This is the month in which the water demand is highest in
relation to the wind power resources, i.e. the month when the system will be most
heavily loaded. The design month is found by calculating the ratio of the hydraulic
power requirement to the wind power resource for each month. The month in which this
ratio is a maximum is the design month.

This ratio has the dimension of an area and will be referred to as the reference area. It is
related to the rotor area needed to capture sufficient power. In sizing the wind pump,
this reference area will be converted into a real rotor area by incorporating specific wind
turbine parameters.

Table 3.6 presents a format sheet for identifying the design month, completed for the
example. Data on hydraulic power requirements and wind power resources are taken
from the previous sheets. For the example, the design month is found to be August.
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WIND PUMP SYSTEM SIZING

Location-A f.0V 5. ..... Height above sea level.4 .'?..m

Design month.... AUW S..........................................

Design month water requirements

Puimping rate .... mIsay
Pumping rate............................ 15 .................. m3/day

Pumping height ............... 2 .4 ............................. m

Hydraulic power requirement, Phydr AA ............. P 4W

Design month wind power resources

Average wind speed rs................... ,,.3 ................. M/S

Air density (standard 1.2) 2......... 1:2 ... kg/m3

222
Specific wind power Pwi n d .. W/m2

Design month reference area Phydr/Pwind ........ 4.n 2

Type of wind pump t Classical deepwell
o Classical shallow well, balanced pump rod
o Recent design, starting nozzle, balanced

pump rod

Step Calculations

1. Tower Height ............... .. m

2. Rotor Energy production coefficient ....... .......
Maximum overall power coefficient .. 0. .3
Diameter ..................... ..... am

3. Pump Design wind speed ..... 2.0 . m/s
Design tip speed ratio .. .
Transmission ratio ...
Stroke volume . . .... 1.....l
Stroke J;.sa>mm
Diameter 4t ......... m
Stroke ................. .5.0.............. .Tm303

4. Storagetank Volume ................................. n.... m
Height .................. in.................. m

5. Pipe work Diameter. .fo 6in mm
Total length.in

Table 3.7. Format sheet for wind pump system sizing.
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3.5. Sizing the wind pump system
Before the size of the wind pump can be estimated one has to decide what type of wind
pump will be used, e.g. classical or modern.

3.5.1. Considerations in choosing the type of wind pump
Choosing the type of system that would fulfil the requirements of a customer is not easy.
Table 2.1 and Figure 2.8, Chapter 2 give a rough indication of which type of wind pump
suits a certain requirement. In some cases more options are feasible and these will have
to be checked. One important consideration is whether or not a design is available on the
market.

Supposing that (given the requirements) a mechanical wind pump driving a piston pump
is the only solution. One still has to decide whether to go for a classical multibladed
wind pump or one of a more modern design. Additionally, one must decide whether to
import the wind pumps or to start local production.

In general - and especially for deep well pumping - the classical multibladed wind
pumps are more reliable than the modern pumps of innovative designs. Field experience
with classical wind pumps runs over decades, while none of the modern designs has been
field tested for more than 10 years. However, maintenance of the classical windmill can
be difficult if specialized spare parts have to be imported. In general the modern designs
make more use of standard materials that can be obtained on the local market. In all
cases a minimum requirement for proper maintenance is the availability of spare parts.

Local production

Local production, whether of the classical wind pumps or of modern wind pumps,
presents many problems and should not be undertaken without careful consideration of
the following:

o Is the scope of the market expressed in the number of wind pumps that could be
sold annually, large enough to justify local production? The initial costs
(manpower and infrastructure) of setting up local production are high. It requires
expertise (engineers, etc.), that might be used more profitably in other sectors of
the economy.

o Is local production more attractive from a financial/economical point of view than
import? This depends on many factors, among others the level of wages and
materials. For example, both labor and material costs (steel, etc.) are very low in
Sri Lanka. Wind pumps are produced there at an extremely low investment cost
of $ 100/M2 rotor area (see also Chapter 5 on Financial assessment). These
conditions do not prevail in many other countries.

o Are there sufficient production capabilities available in the country? Can
manufacturers meet the required quality standards of the design?
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o The output of modern wind pumps can be substantially higher than that of
classical wind pumps. This can be of paramount importance especially for
irrigation: a farmer has to weigh his benefits against the costs, i.e. unit water
costs.

o If wind energy for water pumping is regarded - on the national political/
economic level - as an important issue, local production and opting for modern
designs could well be made part of a long-term policy.

o If a substantial market for wind pumps exists in a country, local production of
modern designs will in the long run be more profitable financially for the user and
more economically advantageous for the country than importing pumps.

These remarks may serve to stress the importance of making a proper and detailed
assessment of the type of windmill to be chosen and weighing the pros and cons of local
production.

Local produciton

local production
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3.5.2. High output versus high output availability

The sizing of a wind pump system must be based on the establishment of a compromise
between two conflicting demands:

- High output, i.e. a lot of water must be pumped.
- High output availability, i.e. the water must become available in a regular,

continuous fashion.

The concepts of output and output availability have been defined in Section 2.4,
Chapter 2. A wind pump with a large pump will lift a large amount of water, but needs
more wind to get it started, and therefore often stands still. It provides high output but
low output availability. A wind pump with a small pump will start easily, but pump less
water. It provides a low output but has high output availability.

For the purpose of this paragraph it is assumed that a "reasonable" compromise has
been chosen, according to Table 2.2. The reader who wishes to choose the compromise in
a different way is referred to Appendix B, Section B.2.

Table 3.7 contains a format sheet which may be used as a guideline in the sizing
procedure. In the upper half of the sheet the data pertaining to the design month must
be filled in (to be derived from the three previous sheets, Tables 3.4, 3.5 and 3.6).

To perform the sizing procedure, the following information is needed:

a. Tower height
b. Rotor diameter
c. Pump size
d. Storage tank
e. Piping

a. The tower height

Although the rotor diameter is the most important characteristic of a wind machine, the
tower height needs to be known first so that one can calculate the wind speed at hub
height (see Table 3.5). Data on monthly average wind speed at hub height is needed in
order to estimate available wind power resources (Section 3.2).

The tower height should be chosen so as to raise the rotor blades well above any
obstacles in the surroundings of the windmill. In the presence of trees the rotor tips
should have a clearance of at least one rotor diameter over the tree tops.

The choice of the tower height is limited, as manufacturers normally supply a standard
range of towers, from 10 to 15 m high. For small windmills one finds towers down to 6 m
and for large windmills up to 24 m.

For the example system the standard height of 12 m was selected.
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b. The rotor diameter

The rotor diameter is the most important characteristic of a wind pump, determining
both its output and its cost.

The nomogram in Figure 3.3 may be used to determine the required rotor size as follows:

o The starting point is the axis of the reference area, which is the ratio of average
hydraulic power requirement and specific wind power. This ratio was determined
in the format sheet for determining the design month (Table 3.6).

For the example system the reference area for the design month, August, was
found to be 1.9 M2 .

o The right hand part of the nomogram accounts for the energy production
coefficient, which is related to the type of wind pump. Common values are
indicated in Table 2.2, Chapter 2.

In the example one wishes to apply a classical multiblade wind pump. The water
level is 10 m below ground level. Therefore one takes the value for "classical wind
pump, deep well", and finds CE= 0.40.

o The left hand part of the nomogram accounts for the peak overall power
coefficient, which depends mainly on the pumping height. Common values may be
found in Table 2.2, Chapter 2.

In the example the pumping height is 22 m, and the wind pump is a classical
wind pump. Therefore one finds (Cp 77)max = 0.3.

o Finally one finds the required rotor diameter. If a windmill of exactly this
diameter is not available, choose the nearest standard size.

In the example system one finds a rotor diameter of 4.5 m. This is very close to
one of the wind pumps of the standard range being applied: 4.3 m (14 ft.). In this
case, choose the 14 feet wind pump.

Note: If a rotor diameter is found to be out of proportion to the tower height, reconsider
the tower height and repeat the procedure.
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c. The pump size

The nomogram in Figure 3.4 may be used to determine the size of the pump,
characterized by its stroke volume. The nomogram can be used as follows:

o The starting point is the rotor diameter, the horizontal axis on the right.
For the example system this is 4.3 m.

o The design wind speed is taken into account in the upper right quadrant. In
Table 2.2, Chapter 2 one finds the appropriate value of the ratio of design wind
speed to average wind speed. If the density of air (indicated in the format sheet
on wind power resources, Table 3.5) differs significantly from 1.2 kg/m3, one must
apply a correction as indicated in the figure: instead of Vd one should take
Vd times V(p/1.2).

For our example, a classical wind pump with deep well pump, the ratio of Vd/V
given in Table 2.2 is equal to 0.6. With the average wind speed in the design
month of 3.3 m/s, one finds Vd = 2 m/s. No correction for the density of the air is
needed, since it is equal to 1.2 kg/m3.

o The speed of operation is represented in the upper left part of the nomogram. The
design tip speed ratio Ad is approximately 1.0 (unity) for most classical wind
pumps, and 1.5 to 2.0 for recent designs. The transmission ratio i is equal to unity
for directly-driven wind pumps and around 1/3 for back-geared wind pumps. The
nomogram has been drawn for a value of the peak overall power coefficient of
0.25. If it differs significantly one must apply a correction as indicated in the
figure, multiplying (Ad.i) by 0.25/(Cp77)max.

In the example system, comprising a classical back-geared wind pump, (Ad.i) is
equal to 0.3. As indicated earlier the peak overall power coefficient
(Cp?7)max = 0.3. Therefore the corrected value 0.3 x 0.25/0.3 = 0.25 is applied.

o The lower left part of the nomogram takes into account the total head.
For the example H = 24 m.

o Finally, one finds on the lower vertical axis the effective stroke volume, the
volume of water to be pumped in each stroke. The geometric stroke volume
Vstroke must be slightly larger (Vstroke is the volume displaced by the piston in
each stroke). The relation between the two is expressed in the volumetric
efficiency 71vol (see Chapter 2). For the slow-running pumps of classical wind
pumps it ranges from 0.9 to unity. For pumps in recent designs, especially pumps
having a starting nozzle, 7vol may be lower, around 0.8.

For the example system one finds an effective stroke volume of 2.0 1. Assuming a
volumetric efficiency of 90%, the geometric stroke volume is 2.2 liters.

On the basis of the stroke volume thus obtained one must select the pump diameter and
the stroke. The result will depend on the stroke settings available in the windmill's
transmission, and on the pump diameters available. Sometimes an important limiting
factor for the pump diameter is the tubewell in which the pump has to fit.
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Figure 3.5 can be helpful in selecting a combination of diameter and stroke. Note that
the figure gives the internal diameter of the pump cylinder, whereas the external
diameter has to fit into the tubewell.

For the example system one takes the maximum stroke available for the 14' windmill,
which is 12" (or 305 mm). With a desired stroke volume of 2.2 1 one finds a pump
diameter of 96 mm. This is close to one of the pumps of the standard range in use:
411 (102 mm).
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Figure 3.5. Nomogram to choose strolce and diameter of piston pump.
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d. The storage tank

As outlined in Chapter 2, a storage tank is an essential part of any wind pump system.
Often its cost is a substantial part of the total system cost. Therefore it needs careful
consideration in the design phase.

The main characteristics to be determined are the size (volume) and the height above
ground level. For the sizing procedure one needs to distinguish between application for
rural water supply and for irrigation (Section 3.1).

Sizing the storage for rural water supply

Rural water supply systems usually incorporate storage tanks, even if the water is lifted
by engine-driven pumps. In the case of wind pumps however, larger tanks may be
required.

With engine-driven pumps, storage tanks are normally made large enough to adapt the
pumping rate to the rate of consumption. During the hours of the day when people come
to fetch water, the rate of consumption may be higher than the pumping rate of the
pump. The storage tank should be large enough to supply this peak demand. The tank
should also be large enough to guarantee some emergency supply in case the pump
breaks down.

Sizing the tank of a wind pump system requires a slightly different approach. The tank
should be made large enough to store all water pumped during the hours that
consumption is low or zero (especially at night). In calculating this amount of water, one
should take a day of relatively strong wind, hence a pumping rate above the average. A
tank sized in this way should be large enough to store some water for days when the
wind speed is below average.

In addition one needs to consider the duration of continuous windless periods. The tank
should be made large enough to overcome these periods. It may sometimes be acceptable
to reduce consumption during periods of low supply, e.g. by postponing clothes washing
for one or two days. However, such a decision should only be made after careful
consideration of its effects on the local population.

If one finds that a storage tank of more than two or three days capacity is required, it
might be more economical to limit the size of the storage tank, and use an engine-driven
pump as a back-up. Storage tanks are usually designed to hold enough water for 1 to 3
days of consumption.

For the example system a tank size of 2 days of capacity, i.e. 30 m3 was chosen on the
basis of previous experience in the same region.

Sizing the storage for irrigation

When a wind pump is used for irrigation, a storage tank is virtually indispensable. The
tank should have a minimum capacity large enough to store about half-a-day's output in
the month of highest demand.
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For economic reasons the maximum size is normally 1 or 1.5 days of storage. Of course,
this upper limit depends on the cost of the tank. If a storage tank can be made fairly
cheaply, a somewhat larger capacity may be justified. Obviously, one enters here into an
iterative process going from sizing to economic evaluation and back again.

The maximum cost (and hence the maximum size) of the storage tank also depends
somewhat on the crops to be grown. For high-value crops, a somewhat higher cost for
the storage tank may be acceptable.

A very detailed way of sizing a tank is possible on the basis of sequential hourly wind
data. One may calculate the output of a windmill on an hourly basis, and calculate
excess and deficit of water. Analyzing these data one may choose an appropriate size for
the storage tank.

When doing so, one should not aim at bridging long windless periods by means of the
storage tank, since this does normally not lead to an economic optimum. Generally it is
more economic to accept periods with little water and some loss of crop productivity, or
alternatively decide to apply a back-up engine-driven pump or increase the size of the
wind pump.

For more information on sizing storage tanks, see Appendix B, Section B.4.

e. The piping

The network of pipes that carries water to the storage tank is an integral part of the
wind pump system. The piping network behind the storage tank is part of the
consumer's system and is not treated here. It can be designed using well-established
engineering rules.

In order to size the piping, the maximum flow rate of the water must first be estimated.

If the wind pump system is designed according to the previous steps, the maximum
pumping rate will be approximately 3 to 5 times the average pumping rate in the design
month. If there are no air chambers, the flow of water pumped will not be continuous
but pulsating. The peak flow will be approximately 3 times the maximum pumping rate.

The following flow rates are suggested for sizing the pipe work:

- Wind pump without air chambers - 10 to 15 times the average pumping rate
during design month.

- Wind pump with air chambers - 3 to 5 times the average pumping rate during
design month.

The pipe diameter required to keep the head loss within acceptable limits may be
determined from Figure 3.6.

The piping of a wind pump must be designed for a relatively low head loss of around
10% of total pumping height. This is because variations of the flow in the pipes cause
considerable forces in the pump rod and may cause it to break. In order to limit these
forces, the pipes should be relatively large. Sometimes wind pump manufacturers specify
the minimum pipe diameter to be used. A complete calculation procedure for this aspect
is beyond the scope of this handbook.
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Figure 3.6. Head low in smooth pipes of different internal diameters

Special attention must be paid to the suction line, if a suction pump is applied. It must
be checked that the total suction head, i.e. the suction height plus the pressure loss in
the suction line, does not exceed 6 or 7 m.

In the example system the average pumping rate in the design month is 15 M3/day, or
0.17 I/s. A classical windmill without air chambers is applied. Hence the pipe work must
be designed for a flow rate of 2.6 Ils. According to Table 3.4, a head loss of 10%
corresponds to 2 m. Since the total length of pipe is 50 m, the head loss may be
4 m/100 m. From Figure 3.6 one finds a pipe diameter of 65 mm, approximately 21".

3.6. Preparing the final specifications

The reader should now be in a position to make his own preliminary assessment of wind
pumping viability in accordance with Chapter 1, and to supply fuh details of his
requirements. Before a system is purchased it is important to ensure that it is
technically able to meet the demand and that it will meet the economic constraints.
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WIND PUMP PERFORMANCE SPECIFICATION

Location fMENOOS....... Height above sea level.. 61.0.0 ... m

1. Water source Type.rf. 14. mm
Distance (for surface pumping). m
Diameter (for wells) .............. mm
Water level (when pumping) ... 0 m

2. Delivery system Type ..................
Length. . m
Pipe diameter f - mm
Efficiency...o.

3. Storage system Type ...... 44 * I 5fi10.O.5......f
Volume 3.0 m3

Height. 1. m

4. Design month details Month ..... 4....
End use water requirement. .15..m 3 /day
Pumped water requirement. .. m3 /day
Hydraulic power requirement.. ..... W
Average wind speed at
hub height ............. rn....... m/s

5. Wind regime and water requirement

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

average wind
speed at hub 4.* S.4 S4, 5.1 S.5 4.6 35 3.3 3.5 44+ 4.4- 4.
height (m/s)

pumped water
requirement is 15 is,15 is isi 15 is iS 1S IS fS
(m per day)

6. Windmill specification Tower height ........ m............... m
Machine type 4Ajf5jq4 C$AK 0G.0.X9p

rotor diameter A-A ...... m
stroke ..... 0?........ mm

Pump type ........ vl FZ
cylinder diameter.. 4 1.0.2 ..... mm

Table 3.8. Format sheet for specification of wind pump performance.
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A specification sheet, which may be included in a tender document (see Appendix F) is
shown in Table 3.8. When issuing the tender documents the purchaser should complete
at least items 1 to 4 and preferably also item 5, and fill in the tower height in item 6.

However, if the purchaser intends to make his own economic assessment before
contacting a supplier, all items of the specification sheet should be completed as far as
possible. These data are required for the financial assessment detailed in Chapter 5.

It is useful to complete items 5 and 6 as a check on the system proposed by the tenderer.
Most manufacturers of water pumping windmills have only an approximate idea of the
output performance of their machines, especially in regions where they have no
experience in estimating the wind potential. Some guidance on the required rotor
diameter should also be given (normally manufacturers do not give any output
guarantee).

In specifying the wind pumpt
all items should be included:
water source, wind pump,
delivery system, storage
system and distribution or
field application system.
Soba ezperimental farm,
Sudan 1987.
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Hand pump in Tanzania.

Hand pump in Tanzania.
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Chapter 4
SIZING OF ALTERNATIVE
SMALL WATER PUMPING SYSTEMS

When considering the use of a wind pump, it is good practice to consider alternative
pumping systems also. In this chapter a brief summary is given of the technical
performance characteristics and sizing aspects of the main alternative small-scale
pumping technologies.

The following pumping techniques are included:

- solar pumps
- engine-driven pumps (diesel, kerosene)
- animal traction and hand pumps.

It would be beyond the scope of this handbook to give complete sizing procedures for all
types of pumps. Electric pumps have not been included, for example, since the
evaluation of small electric pumps in comparison to alternative technologies is quite
simple. If a grid connection exists and if electricity supply is sufficiently guaranteed,
electric pumping is in general the most economic solution. If long electric lines are
required and/or if a special transformer has to be installed, electric pumping is often
excessively expensive.

Wind pumps are not included here as the procedures for sizing wind pumps were covered
in Chapter 3. The reader should use the information in Chapter 3 to estimate the size of
wind pump needed for a given situation, then size alternative systems following the
procedures given in this chapter, and finally make cost comparisons between the systems
based on information contained in Chapter 5. In this way it should be possible to decide
whether to investigate any of the alternative systems further, or whether to pursue wind
pumping.

Sizing of alternative pumping systems can be done following the steps given in
Figure 3.1, Chapter 3 for sizing wind pumps. They are:

- Assess the water requirements
- Determine the hydraulic power requirements.
- Determine the available power resources (in case of solar).
- Identify the design month.
- Size the power source and pump.

As the first step, assessing the water requirements, is identical for all pumping
technologies, it will not be repeated here. The reader should refer to Chapter 3,
Section 3.1.
If one of the alternatives looks attractive, the reader should refer to specialized literature
and/or contact an expert on the subject for more precise sizing and final detailed
specification (Figure 3.1, Chapter 3).
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4.1. Determining monthly hydraulic power requirements

This step is identical for all pumping systems. It was extensively described in
Section 3.1. In short, the average monthly pumping rates must be determined as well as
the total pumping head. The hydraulic power requirement may be calculated using the
formula given in Section 3.1, or using the nomogram in Figure 4.1 (which includes the
most common units in use). Also calculate the total annual water requirement. Use the
format sheet of Table 3.4 to summarize the information.

For the example wind pump system the pumping requirement is constant throughout the
year: 15 m3/day. With a total pumping head of 24 m one finds an average hydraulic
power requirement of 41 W. The total annual water requirement is 5475 m3 .

4.2. Determining the available power resources

For solar power, data are required in a format similar to that used in Section 3.2,
Chapter 3. In comparison with wind power, variations are far smaller. In tropical
regions, the solar irradiation reaching the earth's surface is of the order of 10 to
20 MJ/m2/day (or 100 to 200 W/m2). The methods for obtaining data on solar power
are described in detail in the solar pump handbook (reference 1).

Other power sources (engine fuel, animal, human power) are assumed to be available on
demand. In reality the availability of fuel sometimes poses problems.

For the example system the wind power resources were indicated in Section 3.2.

4.3. Determining the design month

For the example wind pump system, the design month is August (see Table 3.6). The
procedure for identification of the design month for wind pumps is outlined in
Section 3.3.

Solar pumps: the design month is the month having the highest ratio of daily average
water requirements to daily average solar irradiation H.

Engine, animal and hand pumps: the design month is the month with the highest water
demand. It should be noted, however, that the real costs of pumping may increase in
harvesting and sowing periods when both human and animal labor are in short supply.
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4.4. Sizing the power source and pump

4.4.1. Wind pumps

A detailed procedure for sizing wind pumps was given in Section 3.4, Chapter 3.

For the example system, the design month power requirement is 41 W. The average
wind speed in the design month is 3.3 m/s. The performance of the wind pump, being a
classical wind pump with high pumping head, will lie somewhere between "low" and
"medium". In this way one finds from the nomogram in Figure 4.2 a rotor diameter
between 3.8 and 5.4 m. With the detailed method of Section 3.4, we found 4.5 m,
resulting in the choice of a 4.3 m wind pump. The same order of magnitude is obtained
from the simplified nomogram of Figure 4.2.a.

A tank size of 30 m3 is chosen, somewhat more than two days of storage.

4.4.2. Solar pumps

A photovoltaic array (PV array) is rated at a temperature of 25oC under full sunshine
(specifically 1000 W/m2 irradiance) by its electrical output, i.e. its peak power
performance in Watts. The efficiency of solar cells at peak power lies between 10 and
13%. At higher temperatures the efficiency is lower.

The pumping unit is designed to be well matched to the array under full sunshine
conditions. At lower irradiation levels, however, the matching is poorer and the total
efficiency of the system drops.

It is customary (reference 1) to define a daily subsystem efficiency 71s, defined as the
ratio of daily hydraulic energy output to the daily electrical energy input from the solar
panel.

Table 4.1 (taken from the "Solar Water Pumping Handbook, reference 1) provides a
guide on typical values 77s for different types of system configuration.

From Table 4.1. we have chosen three typical levels of performance:

- low performance, 7s = 25%
- medium performance, 77s = 35%
- high performance, 77s = 45%.

The overall (daily) average efficiency - the ratio of the daily water energy output to the
solar irradiation input - is the product of the array efficiency times daily subsystem
efficiency; e.g. if 71array = 10% and 71s = 35% then the overall (daily) efficiency is 3.5%. A
value of 5% represents a system with a good efficiency.
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Typical subsystem Typical subsystem
Lift Sub-system type daily energy peak power

efficiency efficiency

Average Good Average Good

2 meters - Surface suction or floating units 25% 30% 30% 40%
with submerged suction utilizing
brush or brushless permanent magnet,
d.c. motors and centrifugal pumps

7 meters - Floating d.c. units with submerged 28% 40% 40% 60%
PUMP

- Submerged pump with surface mounted
motor, brush or brushless permanent
magnet d.c. motors single or multi-
stage centrifugal pumps

20 meters - a.c. or d.c. submerged multi-stage 32% 42% 35% 45%
centrifugal pump set, or

- Submerged positive displacement
pump with d.c. surface motor

Table 4.1. State of the art for motor/pump subsystem of solar pumps (reference 1)

Also for solar pumps one needs to consider the sizing of the storage tank. For irrigation
the storage tank may be somewhat smaller than in the case of a windmill, since some
water is pumped during daylight hours each day. For rural water supply one may
assume two days of storage.

The example case is also indicated in Figure 4.2.b., assuming the solar power in the
design month to be 20 MJ/m2/day (or 5.5 kWh/m2/day) and assuming a medium
performance level. As indicated earlier the average hydraulic power requirement in the
design month is 41 W. If a solar pump were to be used in the example instead of the
wind pump, the solar photovoltaic panels should have a peak power rating of 600 W.
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Diesel engine puDmping system in Somalia.

Solar pumping system in Somalia.
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4.4.3. Enginedriven pumps

Figure 4.3 may be used for an approximate sizing of engine-driven pumps. The following
aspects are to be taken into account:

o Number of hours of operation. This is related to irrigation practices, presence of a
storage tank, etc. For example, for direct field application a small kerosene pump
may be operated by its owner for four hours per day. For a large irrigation scheme of
several farms, a diesel pump may operate twelve hours per day.

o Derating factor. Usually the engine is oversized in relation to the pump. For small
pumps the de-rating may be around 0.5, for large motor pump sets, matched to the
application, it may be 0.7.

o Minimum motor size. The smallest size of diesel motor readily available is
approximately 2.5 kW, and the smallest size of kerosene motor used in pump sets is of
the order of 0.5 kW. For very small pumping requirements these sizes may be too
large. In such cases the number of hours of operation will be reduced. Sometimes the
derating factor is further reduced.

From the nomogram in Figure 4.3 three values may be found for the size of the motor
for different levels of performance, characterized by the combined efficiency of the pump
and lines:

- Low performance, ?7pump,lines = 30%
- Medium performance, 77pump,iines = 40%
- High performance, llpump,lines = 50%

For very small pumps and low pumping heads, the performance can be expected to be
relatively low. For large sizes and larger pumping heads, a relatively high performance
can be expected.

Storage tanks are normally not used for irrigation with engine pumps. Rural water
supply schemes usually incorporate storage tanks with a capacity of half a day to two
days.

The example case is also indicated in Figure 4.3. Since the example is concerned with a
deep tubewell, the type of engine pump to be applied will be a deep-well turbine pump
driven by a diesel motor. As indicated earlier, the average hydraulic power requirement
is 41 W. For a diesel pump, this is a relatively low requirement, and one will apply the
smallest available size of diesel motor: 2.5 kW. A medium level of performance can be
expected (large pump head, but relatively small size). Since the pump is too large in
comparison to the water requirement, it is used only 4 hours a day with a derating factor
of 0.25 (this corresponds to a pump demanding 630 W power input.
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4.4.4. Animal traction and hand pumps

Figures 4.4.a and b, taken from the solar handbook (reference 1) give an estimate of the
number of animal or hand pumps needed to provide the required quantity of water.
Where actual figures of the output of hand and animal pumps are known, these should
be used in preference to the estimates of Figure 4.4.

With respect to the example case: Technically it is very difficult to apply animal
traction pumps for pumping from a deep tubewell. It would be possible to install a hand
pump. However, as can be seen from the nomogram in Figure 4.4.b one hand pump
would not be able to fulfil the pumping requirements: 15 m3/day at 24 m head. Drilling
tubewells to accommodate a sufficient number of hand pumps would be prohibitively
expensive.
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Figure 4.4. Graphs for approximate miing of animal traction and hand pumps (reference 1).
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Irrigation of rice with a 12-P U-500 wind pump in India.

Irrigation of rice with a 12-PU-500 wind pump in India.



- 87 -

Chapter 5
FINANCIAL ASSESSMENT

This chapter is designed to help the reader evaluate the economics of a wind pumping
system and compare the costs of wind pumping with the alternative pumping systems
described in Chapter 4. In Section 5.1, we make a distinction between an economic
analysis, which generally must be made by policymakers on a national level, and a
financial analysis, which looks at the wind pump investment from the perspective of the
user. Section 5.2 gives a step-by-step procedure for comparing the costs of different
pumping technologies in a specific situation, using data from the example site
fFlamengos, Cape Verde) referred to in Chapter 3 (Figure 3.1). Section 5.3 provides
general data on costs for the various types of pumping system. The final section of the
chapter, Section 5.4, gives a comparison of unit water costs for different pumping
systems, based on typical cost values of investment, maintenance, fuel consumption, and
so on. The methodology for making these comparisons is presented in Appendix C.

While the cost figures given in this chapter can be used in a general way for comparison,
it should be emphasized that a proper evaluation for a specific situation must be based
on actual costs of materials, interest rates, maintenance costs, subsidies and other cost
factors in the specific region for which a decision on investment in a wind pumping
system will be made.

5.1. Economic and financial analysis

An economic or financial analysis is intended to determine whether the investment in a
wind pump is justified. Such an analysis can also help to determine if it makes sense to
start a dissemination program. Clearly its success depends on whether or not prospective
users benefit from investing in the technology.
The user in this context may mean:

- The national community
- The private investor, whether it be a farmer or an institution of some kind,

wanting to use wind pumps

As criteria for these two categories rarely, if ever, fully coincide, it is customary to
discern two levels of analysis:

o Economic analysis (also referred to as national or macroeconomic analysis): Is the
investment profitable from a national resource allocation perspective?

o Financial analysis (also referred to as business or microeconomic analysis): Is the
investment profitable from the user's perspective?
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Foreign currency savings and employment generation are important aspects of economic
analysis. The analysis ignores national taxes and subsidies as these only represent
transfer of money within the national community. Market prices are converted to
shadow prices, which represent the real economic value of a commodity. Economic
analysis is beyond the scope of this handbook, but it should be mentioned here that the
introduction of wind pumps goes hand in hand with foreign currency savings and
employment generation, more so if wind pumps are produced locally.

Financial analysis for the direct user can be split up into two parts:

o Cost-benefit analysis: is the investment profitable, i.e. do the total benefits
exceed the costs over a certain period?

o Cash flow analysis: can the user finance his investment?

In a cash flow analysis all expenditures and receipts are calculated year by year. All
loans, subsidies, profits, the user's own capital, etc. should be included in the analysis. If
the farmer is to survive, all expenditures within one single year must be covered by
receipts in that same year.

While we must stress the importance of the cash-flow analysis, it is impossible to make
general statements about it, as so many factors depend on local conditions. However, it
is important to note that wind pumps, like solar pumps, demand relatively high capital
investments compared with engine-driven or other pumps. The prospective user must
consider carefully whether he can afford to invest in a wind pumping system.

Only the cost-benefit analysis is discussed in this handbook. By using the information
given in this chapter, the prospective owner of a wind pumping system should be able
the determine whether his investment will be profitable.

The owner may be a small private farmer, owning one windmill, or a water supply
authority owning a large number of windmills. The cost-benefit analysis is made on the
basis of real prices and costs as they are received or paid by the owner. Of course, taxes
and subsidies are included, as they are a reality to the owner.

A complete cost-benefit analysis is divided into two parts:

o Analysis of costs related to purchase, transport, installation, operation,
maintenance, repair, spare parts, lubricants, and (in the case of an engine-driven
pump) fuel.

o Analysis of benefits such as receipts from the sale of agricultural products or
water, fuel saving, increased food self sufficiency, and so on. Benefits may be
relatively low in the first few years while the farmer is gaining experience with
windmill irrigation) and increase in later years.

The costs and benefits may be analyzed in several ways in order to draw conclusions as
to the profitability of an investment. The different methods are named according to the
criteria used, e.g., cost/benefit ratio, pay back period, net present value, internal rate of
return.
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For all these methods one needs to know the benefits. However, it is difficult to make
any general statements on benefits since these depend strongly on the specific
application and local situation. Therefore, this handbook will only treat costs, expressed
as unit cost of the water delivered to the user.

On the basis of unit water costs one can make cost comparisons between different
technologies serving the same purpose, assuming that the benefits are approximately
equal. This kind of analysis is also known as "least cost analysis".

Costs are basically divided into investment costs (or capital costs) and recurrent costs.
The investment is a cost incurred once in the lifetime of an installation (although
payment of terms and interest may be spread over a longer period). Recurrent costs
occur every year in more or less the same way. They include operation, maintenance and
repair costs.

In order to make investment and recurrent costs comparable one may adopt two
approaches:

o Annuity method. Convert the investment into an equivalent yearly cost called the
annuity. This is the amount of money that would have to be paid every year
during the (economic) lifetime of the installation, if the investment were financed
through a loan. The annuity is constant throughout the years, exactly covering
repayment of the investment and interest on the debt. The total yearly costs is
then obtained by adding the annuity and the recurrent costs together.

o Present worth method. Convert the recurrent costs into an equivalent capital, the
present worth. The present worth of future costs is the amount of capital that
should be reserved at the moment of investment in order to cover all future costs.
It is calculated taking the interest on the capital (or what is left of it) into
account.
The total "life cycle cost" is then obtained by adding the investment cost and the
present worth of the recurrent costs together.

In this handbook we will use the annuity method. It is somewhat simpler than the life
cycle cost method and the results are more directly understandable for a broad audience.
The conclusions that can be drawn from both methods are practically identical, although
the annuity method is somewhat more limited with respect to future cost escalations of
isolated cost components, such as fuel.

For a detailed and comprehensive overview of the methods used in financial analysis, see
reference 15.

It must be emphasized that no economic or financial evaluation is complete without a
sensitivity analysis. The assumptions on which an evaluation is based are often subject
to a large margin of uncertainty. After arriving at a certain figure as the result of an
economic or financial evaluation, one must also indicate how the figures obtained would
change if the assumptions were varied within a reasonable range, for instance if interest
rates rose at a faster rate than expected, or if the costs of operation and maintenance
and other recurrent costs increased more than anticipated.
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UNIT WATER COST FOR A SMALL SCALE PUMPING SYSTEM

System description FLAgGS C4E ..
Location ...... .... ,.. .............

Design month AqCGI $... Design month
pumping requirement ..... 1.S m3 /day

Total head.....4 m Design month hydraulic
power requirement ......... W......... W

Annual water requirement.. AA7-f..m 3

Power source.... 0# W'Pa S i ze. 4.m7 APrF
Power ource............ .;.#... .. t. ... ie.. 4.3. .... 2..t.{.t.

Storage tank size . 3 .m3

Economic information
Interest rate .................. Real interest rate.. A.A....

Inflation rate.

Costs

System component 1: .V;A(D ..PU. ...

Investment. AS. .. $.x.........

Lifetime . ...... ? .years

Annuity ....... 6%.

Average annual capital cost ....................... .......

Average annual cost of maintenance and repair... ...2...

System component 2:.4f.0°X'49#/. XW44 °4# i
Inv estment. . .4. MAj$ ..........

Lifetime ....... . . years

Annuity ...... j."

Average annual capital cost ....................

Average annual cost of maintenance and repair...#.m .........

Annual cost of operation of the system ........... . ........
Total annual costs a5 5i19a
Unit water costs 615 ,9 . 36

Table 5.1.a. Format sheet to calculate the unit water cost of a small-scale pumping system
Completed for the example wind pump system of Chapter 3, Flamengos, Cape Verde.
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5.2. Procedure for a simplified cost comparison of small-scale
water pumping techniques in a specific situation

As indicated in the preceding section, a complete economic and financial analysis
including costs and benefits, is outside the scope of this handbook, especially as many
parameters involved are very specific to local situations. However, for a first appraisal,
we can compare the bare costs of water. The procedure presented here allows the reader
to compare these costs for the principal small-scale water-lifting systems:

- Wind pumps
- Solar pumps
- Engine-driven pumps (diesel or kerosene)
- Animal-powered pumps
- Hand pumps

The technical performance and sizing aspects for these systems were treated in
Chapter 4. As already mentioned in that chapter, electric pumps are not considered,
since the evaluation of small electric pumps in comparison to alternative technologies is
normally rather simple and obvious: If a grid connection exists, electric pumping -
assuming electricity supply is sufficiently guaranteed - is in general the most economic
solution. If long electric lines are required and/or if a special transformer has to be
installed, electric pumping is normally excessively expensive.

In order to calculate the cost of water delivered to the user, the complete system should
be considered, including the water source (well), power source, pump, piping, storage
tank, distribution network, and - in case of irrigation - field application.

When comparing different pumps, one may leave out some of the components. For
example, if a certain amount of water is to be pumped from a well, using either a wind
pump or an engine-driven pump, one may leave out the cost of the well, which is the
same in both cases. One will then find the costs of pumping water (which may be used
for a comparison), and not the total cost of the water. The same can be true for other
cost components, e.g. field application. But one must first make sure that calculations
used for comparisons are truly comparable.

The cost comparison procedure as presented in this section is based on the following
main assumptions:

- Benefits are equal for different pumping technologies.
- The rate of interest is constant.
- The rate of inflation is constant and equal for all cost components.

The procedure for cost comparison corresponds to the economic/financial boxes in Figure
3.1, Chapter 3.

- Calculate the average annual capital cost (AACC).
- Calculate the annual recurrent costs (ARC).
- Calculate the unit water costs.

Once these costs have been calculated one can then determine sensitivity of the outcome
to variation in the input data, such as change in interest rate, wind speed, and so on.
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UNIT WATER COST FOR A SNALL-SCALE PUMPING SYSTEM

System description PLA, 1FN:S CA VR0F
Location ........... O

Design month .......... Design month
pumping requirement .. . m3/day

Total head .... 24 ... m Design month hydraulic
power requirement . .......4.......... w

Annual water requirement..P4.7A. .m3

Power source ... ...... Size..... . 0 .......

Storage tank size . . m3

Economic information a %
Interest rate .................. Real interest rate ..........

Inflation rate..................

Costs

System component 1:. .. .

Investment ... .$.$..a.a... .. .. .

Lifetime ....... ....... years

Annuity 0.... I.S.

Average annual capital cost ...................... .......

Average annual cost of maintenance and repair.. i ..........
System component 2: A7:o,A"' 74,V& AND 1' PiNj

Investment* ... .. ..#e. 3. 6.1

Lifetime ..... ?5 ..... years

Annuity .................

Average annual capital cost ..............................

Average annual cost of maintenance and repair...8......

Annual cost of operation of the system .............4..4......
Total annual costs 4 2312

Unit water costs as$/tf 0.42
Table 5.1.b. Format sheet to calculate the unit water cost of a small-scale pumping sytem.

Completed for the example solar pump system, Flamengos, Cape Verde.
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The different steps will be described briefly. Tables 5.1.a to c show identical format
sheets to note the results, completed for the example used in Chapter 3 (Flamengos,
Cape Verde) for: a) wind pumps, b) solar pumps. c) engine-driven pumps. Other
examples are given in Appendix D.

Calculating average annual capital cost (AACC)

The first component of pumping costs is the capital cost, or cost of investment. This cost
is incurred once in the lifetime of a pumping installation. In order to make it comparable
to recurrent costs, which occur every year, the cost of investment must be converted into
an annual capital cost, using the following formula:

AACC = ANN x I

with: AACC annual average capital cost
ANN annuity factor
I investment

The AACC, annual average capital cost, is a fixed annual amount, covering exactly
repayment of capital and interest throughout the lifetime of the investment. The annuity
factor ANN depends on both lifetime and interest rate in the following way:

ANN= r
1 - (1+r) -

with: r interest rate
n lifetime (years).

For the convenience of the reader, Appendix C contains a table of the annuity factor for
various values of interest rate and lifetime.

In order to find the average annual capital costs, the following three factors need to be
considered: Investment cost, lifetime, and interest rate.

Investment cost

The cost of investment for different pumping systems depends primarily on their size as
specified in Chapters 3 and 4, i.e. rotor area for wind pumps, peak power for solar
pumps, rated power for engine pumps, etc. Section 5.3 presents some typical values of
the specific cost, i.e. cost per unit size.

Care must be taken to include the costs of all components of the system. The following
must be included:

- Water source (well)
- Power source (wind machine, solar panels, engine, etc.)
- Pump
- Piping
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UNIT WATER COST FOR A SMALL-SCALE PUMPING SYSTEM

System description fLAtNS CA4P( V/;D
Location...... A MFSAP%10.................... y................................

Design month........ Design month s
pumping requirement ............. m3 /day

Total head .......... 2. m Design month hydraulic
power requirement ........ ..... 4 w

Annual water requirement. .5...... m3

Powe souce ;fyf, pam? S' 25 A+/
Power source. .S...................... ize

Storage tank size ..... ............. m 3

Economic information
Interest rate .................. Real interest rate.. .....

Inflation rate..................

Costs

System component 1: ... i..s..t.....

Investment. .4. ..5 .. .

Lifetime ....... F years

Annuity ........%

Average annual capital cost . . . ..........

Average annual cost of maintenance and repair.... 4.3 .

System component 2: .IrO?. A.I r'"k S4D ?Pi/

Investment...YO A . $ ..........

Lifetime ....... .. years

Annuity ...... ... %

Average annual capital cost ....................... 4.47.°.
Average annual cost of maintenance and repair.... 4 3.6

Annual cost of operation of the system....... . ......

Total annual costs

Unit water costs as I/Ml 0.42

Table 5.1.c. Format sheet to calculate the unit water cost of a small-scale pumping system.
Completed for the example diesel pump system, Flamengos, Cape Verde.



- 95 -

- Storage tank
- Distribution network
- Field application system (in case of irrigation)

If amounts of useful water pumped are equal for different systems, one may compare the
cost of pumping only, leaving common costs (water source, piping, etc.) out of
consideration .

Other cost aspects include:

- Purchase (or manufacture)
- Packing, transport
- Site preparation, installation
- Overhead cost (management, secretarial costs)

For the example system the cost of the water source is not included, since an abandoned
well was used, for which it was difficult to assess a value.

The cost of investment given for the windmill is the total cost including purchase and
installation, in 1983 (reference 23): US $ 4943.

The cost of investment for the storage tank and the piping is an estimate based on
experience constructing similar tanks. Since they are made of heavy masonry they are
relatively expensive: total US $ 3618.

For the solar pump to be applied in the example case (600 W peak power) the cost was
assumed to be US $ 15/pW, for a total of US $ 9000.

The cost of the diesel pump (2.5 kW engine), with deepwell turbine pump, suitable for
the example, is approximately US $ 2500. A storage tank is included with the diesel
pump since the use of a storage tank is common practice in water supply schemes.

Lifetime

Realistic lifetimes must be used. Even if the (technical) lifetime of an installation is very
long (e.g. 30 years for a concrete foundation), one must use a shorter (economic)
lifetime, representing the period during which the installation will be effectively used
(e.g. 15 years for a foundation). In 30 years' time circumstances may have changed and
different solutions for water supply may have been found (such as a central pumping
station with a piped distribution).

Different components of an installation may have different lifetimes. In that case the
average annual capital cost must be determined for each component separately, and the
annual costs added together.

The format sheet in Table 5.1, Chapter 5 has space to deal with two different lifetimes.
If necessary, one may continue the format sheet using longer or shorter lifetimes than
those given. Some general indications of typical lifetimes are given in Section 5.3.

In the example, a lifetime of 10 years was selected for the wind pump, which is a
conservative estimate.
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Many storage tanks of the type used in the example are over 25 years old. However, an
economic life of 15 years was estimated for the tank.

An economic life of 15 years was assumed for the solar pump, and 7 years for the diesel
pump, corresponding to 10,000 hours of operation at 4 hours a day.

Interest rate

The real interest rate, interest corrected for inflation, must be applied. In a first
approximation (if both rates are small) this is equal to the difference of both rates. Care
must be taken to apply a realistic rate of interest. Even if the official bank rate is low,
capital may be so scarce that it is in fact only available at a much higher rate. A typical
value, often used in general assessments, is 10%. The value of 10% was used in the
example.

Calculating annual recurrent costs (ARC)

Recurrent costs are considered to consist of two parts: maintenance and repair costs, and
costs of operation.

Maintenance and repair costs

Depending on the character of the maintenance and repair activities to be carried out,
one may distinguish three types of maintenance and repair costs:

o A constant annual amount, more or less independent of the size of the
installation, reflecting for example a regular inspection visit to each installation
(monthly, yearly). This type of cost is a component of the maintenance and repair
cost of most types of pumping systems.

o An annual amount proportional to the initial investment. This is the most
important component of maintenance and repair costs of wind pumps and solar
pumps. The time to be spent on maintenance and repair and the cost of spare
parts is related to the size of the installation, which in its turn is related to the
investment.

o An amount proportional to the time of operation, which is typical for
engine-driven pumps. For example, these pumps need maintenance after 1,000
running hours and overhaul after 8,000 hours. In contrast, for both wind and solar
pumps the time of operation has little influence on the costs of maintenance and
repair.

Section 5.3 gives some typical values of maintenance and repair costs of different types
of pumping systems.
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In the example, Table 5.1, the cost of maintenance and repair of the wind pump is
indicated to be US $ 200, which is 3% of the investment plus a fixed sum of US $ 50 per
year. In practice even lower costs were observed of around US $ 160 per year (reference
23). The cost of maintenance and repair of the storage tank is very low; here a value of
1% of the investment was taken. For the solar pump the costs of maintenance and repair
were taken from Table 5.5, resulting in an annual cost of US $ 162. For the diesel pump
these costs were assumed to be US $ 300 per 1000 running hours, or US $ 438 per year.

Operating costs

For the different water pumping systems different types of operating costs are to be
taken into account:

Wind and solar pumps: The cost of operation is mainly related to salaries for
attendance, operation of the pump, and water distribution.
Fuel pumps: Here the fuel cost is the main cost of operation. Also salary costs are to
be taken into account for attendance, starting and stopping the motor, and water
distribution.
Animal traction pumps: The cost of feeding the animal(s) is the main cost of
operation.
Rand pumps: Especially for irrigation the cost of labor is to be taken into account in
some way or another, as the same labor could be used for more profitable purposes
such as hoeing or applying fertilizer.

In the example, the cost of one year's salary of a watchman/operator was taken as the
annual cost of operation for all types of pumps.

For the diesel pump, the cost of fuel has to be added. The fuel consumption of the
engine-driven pump set defined in Section 4.4.3, Chapter 4 is approximately 0.5 1/hr
(field value), corresponding to an efficiency of 13%. Assuming a cost of fuel of
US $ 0.50/1 the total cost is estimated at US $ 365.

Calculating unit water costs

The unit water cost may be found by dividing the total average annual cost by the total
annual water requirement. The total average annual cost is simply the sum of the
average annual capital cost and the annual recurrent costs (steps 6 and 7):

AAC = AACC + ARC

with: AAC average annual cost
AACC average annual capital cost
ARC annual recurrent cost.

For the example case one finds the following results:

Wind pump US $ 0.36/m3
Solar pump US $ 0.42/m3
Diesel pump US $ 0.42/m3
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In a thorough analysis one should not end here, but investigate the influence of all
uncertain assumptions on the results, i.e. carry out a sensitivity analysis.

As an example the influence of the interest rate will be investigated.
By taking an interest rate of 15% instead of 10%, the results become as follows:

Wind pump US $ 0.43/m3 an increase of 20%
Solar pump US $ 0.51/m3 an increase of 21%
Diesel pump US $ 0.46/m3 an increase of 10%

One clearly sees that a change of interest rate changes the comparative costs. Wind and
solar pumps are more sensitive to the interest rate than the diesel pump.

Wind pumps are found to be more cost effective than engine pumps due to several
special conditions in the case of this example for Cape Verde: The example concerns a
tubewell of low capacity; in this case a relatively expensive turbine pump with diesel
engine is needed, which is not available in a small size. The larger-size, more costly
pump would be under-utilized. Moreover practice in Cape Verde shows that the same
type of expensive storage tanks are used for both engine pumps and wind pumps. Wind
pumps are typically used for deep tubewells of low capacity.

Low lift irrigation in Sri Lanka with 
a 3m. wind pump (background) designed //<

and manufactured by the Wind Energy ,

Unit of the Water Resources Board with
assistance of CWD, Holland.
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5.3. General data on costs

This section presents information on typical costs, which may be applied to the
procedure outlined in Chapter 4. It is based as much as possible on real costs, for which
references are indicated. The information is presented as specific costs, i.e. costs per unit
size of installation (e.g. per unit rotor area for windmills, per unit rated power for engine
pumps).

5.3.1. Data on wind pump costs

The main characteristic of a wind pump, as stated before, is its rotor area. The output
performance and the costs of the pump (both capital and recurrent) depend primarily on
the size of the rotor.

Investment costs

An extensive inventorization of wind pump prices was made in 1983 by IT Power for the
World Bank and UNDP (reference 2). A wide variety of prices was found. This
information is presented in a somewhat simplified form in Figure 5.1. It covers most of
the data given in reference 2, leaving out extremes.

price (ex factory)
US $/m2

800

. _ .__ _ __ I _ 1_1
700 -

600 __ _ _ _ __ _ _ _ _

500- ___ _ l

classical wind pumps
300 . R industrialized/developing countries

200 / f / A / A

most (not all) wind pumps of
100 recent design, manufactured

O -_7 i / / /, v t / / / S / / / } in developing countries
0 1 2 ' 3 4 5 6 7 8 village level" wind pumps

rotor diameter D Im)

Figure 5.1. Prices (ex factory) of wind pumps, based on information given in reference 2 (1983).
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One sees that most wind pumps cost from US $ 150 to US $ 300 per m2 of rotor area. At
the lower end of the scale the cost per m2 is somewhat higher. This category includes
machines manufactured in both industrialized and developing countries. Most, but not
all, machines of recent design produced in developing countries have a somewhat lower
cost: US $ 100 to US $ 150 per M2 . Some, but not all, dassical machines manufactured in
the United States are considerably more expensive: US $ 500 to US $ 600 per m2 , or up
to US $ 800 per m2 for very small sizes.

At the bottom end of the scale one finds "village level" wind pumps. These are machines
manufactured from materials available in rural areas, such as wood and sail cloth. The
low investment costs, US $ 10 to US $ 100 per m2 , are somewhat misleading as this kind
of machine requires major repairs every week and a complete overhaul every season or
so. The applicability of this type of machine depends mainly on the willingness of
villagers to be dependent on a technology that constantly requires repairs. It can only be
expected to be successful in exceptional cases.

Due to large differences in labor and material costs in different countries for the
production of similar types of wind pumps, Figure 5.1 shows a broad variation of prices.
Another indicator that distinguishes different types of wind pumps more dearly is their
weight. Using the same set of data from which Figure 5.1 was derived (reference 2), the
specific weights were calculated (i.e. the total weight per unit rotor area). These are
presented in Figure 5.2 (taken from reference 27). Using weight as a criterion, a clear
distinction is visible between classical and innovative wind pumps.

The final, total costs of the machines will depend on the costs of material (mostly steel),
and the costs of processing it. Of course, these costs are specific to a country or even a
region. In countries which have to import steel products the costs of material will be
relatively high, and often include import taxes. Cost of processing will be high both in
countries with high salaries and in countries with a weak infrastructure (which makes
industrial enterprise less efficient). Typical values of the cost per unit weight of complete
windmills were derived from reference 2 and are indicated in Table 5.2.

I mass (kgm2)

t50- 

100 <

Figure 5.2.
Trends in specific masn (kg/m2 rotor area)

innovative Z of clasical multiblade and modern design
wind pumps.

o e Note: values have not been corected for
0 5 10 tower height and pumping depth, but the

rotor diameter D (m) trend seems sufficiently clear (reference 27).
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The information on investment costs presented so far relates to prices ex factory. Other
costs are important too, such as transport and installation. Table 5.3 presents a
tentative breakdown of wind pump cost components. The three main components of a
wind pump itself are distinguished. The table refers to classical wind pumps.

Outlook for the future

An important question concerns the scope for future cost reduction. During the last ten
years several innovative wind pump designs have been developed, and some are now
entering a phase for dissemination on a larger scale. These machines are much lighter
than the classical wind pumps (Figure 5.2) and have a much better performance
(Table 2.2). An important issue, of course, is the cost of production per unit weight of
the machines (Table 5.2). A potential exists for bringing down these costs by setting up

WIND PUMP COSTS PER UNIT WEIGHT (US $/kg)

USA, Europe most manufacturers 5-6
some 2-3

Australia, N. Zealand one manufacturer 1.30-1.50
other 2.50-4.00

Developing countries some (e.g. Sri Lanka) 2-3
other (e.g. Cape Verde) 7-10

Table 5.2. Wimd pump costs per unit weight, based on information given in reference 2.

WIND PUMP COST COMPONENTS

Small Medium Large
(D=2m) (D=4m) (D>6m)

Machine (i.e. head, rotor, vane, transmission) 40% 60% 75%
Tower 50% 30% 20%
Pump, pipes 10% 10% 05%

Total price ex factory 100% 100% 100%

Packing, transport: Local 0 to 5%
Overseas 25 to 50%

Import duties P.M. (0 to over 100%)
Installation 5 to 25%

Total investment cost
- Local manufacture 110 to 130% of price ex factory
- Import 130 to 175% of price ex factory plus import duties

Table 5.3. Approximative cost components of clasical wind pumps in percentages.
The price ex factory has been taken as 100%.
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series production in developing countries. Altogether the pumping cost attributed to the
wind pump itself may decrease by a factor of 2 to 4. This would make wind pumping
more advantageous as compared to other means of pumping water.

Lifetime

The lifetime of a wind pump depends not only on the technology but also on the quality
of maintenance and repairs. Cases are known of wind pumps over 40 years old which are
still fully operational. Of course, 40 years is not a realistic (economic) lifetime.
Reasonable lifetimes are 15 years for classical windmills and 10 years for recent,
light-weight wind pumps.

Maintenance and repair costs

Hardly any systematic information is available on costs of maintenance and repair of
wind pumps. These costs depend strongly on the specific situation: How is maintenance
organized, is it done by the owner, or by a central agency? Do large distances have to be
covered by maintenance personnel? It also depends on the physical environment. In
unfavorable climates with a lot of sand or salt in the air, regular cleaning and annual
painting may be absolutely necessary, even for galvanized steel.

Again these costs depend on the size of the wind pump. The cost of spare parts depends
on the size, as does the time needed for repair. However, for very small sizes the costs
will be relatively higher, since part of the cost does not depend on size, especially the
cost of travel to and from the installation. A reasonable, general assumption for
maintenance and repair costs would seem to be 3% to 5% of the investment per year,
plus a fixed sum of US $ 50.

Cost of operation

The cost of operation of a wind pump is mainly the cost oi attendance. Again, the
amount of the cost depends strongly on the specific situation. In the case of a windmill
used for irrigation on a small farm, the cost of operation of the windmill is practically
zero, since it is part of the regular work on the farm. In the case of a wind pump
incorporated in a rural water supply scheme that is managed by a central authority, the
salary of an attendant must be paid. Often, this same attendant will be responsible for
distribution and sale of the water, meaning that part of the overall cost may be
attributed to distribution instead of pumping.
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Cost of storage

An essential part of a wind pump system is a storage tank. Table 5.4 presents some
guidelines on costs of storage tanks.

STORAGE TANK COST ASPECTS

Investment cost Lifetime Annual maintenance
($ per m3 of storage) (years) (% of investment)

Simple technology:
Earth bund, low head $ 10 - $ 20 10 5%

High technology:
Steel, concrete overhead storage $ 50 - $ 100 30 1%

Table 5A. Approximative cost aspects of storage tanks.

A storage tank adds considerably to the costs of a pumping system. The tank on the left
has cracks in the outer wall. The tank on the right has been reinforced woth steel straps.



Cost component Engine Wind Solar Hand Animal

Diesel Petrol, Kerosene

Total investment US$ 600 per kW US$ 400 per kW Cost/m 2 of swept Cost/peak power output US$ 200 - 300 US$ 250
(incl. installation) rated engine power rated engine power rotor area: (i.e. output in full per pump per animal

Smallest practice Sizes: 0.5 - 10 kW Classical: US$ 400/m 2 sunshine H = 1000 W/m 2 )
size: 2.5 kW Innovative: US$ 200/m 2 Present: US$ 12-18/Wp

Diameter sizes: 1 to 8 m Future: US$ 8-13/Wp
Larger sizes: electrical Long term: US$ 5-10/Wp
systems: US$ 200/m2

Lifetime 10,000 oper.hrs 5,000 oper.hrs 10 to 15 years 15 years 5 years 5 years

Maintenance + repair
- Fixed annual cost - - US$ 50 US$ 50 US$ 10 US$ 10
- Cost/1000 oper.hrs US$ 200 - 400 US$ 200 - 400 - US$ 12
- Annual cost

as % of investment - 3%-5% 1%
-Add for total cost

Operating cost
- Fuel US$ 0.35 - 0.70/ltr US$ 0.35 - 0.70/ltr _
- Operator/watchman US$ 1 - 10/day US$ 1 - 10/day US$ 1-10/day US$ 1-10/day US$ 1-10 per US$ 2.25 per

person per day animal / day o

Output performance Overall efficiency Overall efficiency 6 = P/AV 3 Average daily energy Typical hydr. Typical
?7tot = 10% t7tot = 5% P: avg. hydr. power (W) sub-system efficiency power output: hydraulic

Fuel energy contents: 10 kWh7liter A:rotor area (m 2) (total daily hydraulic Phydr=30 W output per
Derating (= power demanded by pump A = Tr/4 D2 energy output, over animal:

over rated engine power): r = 0.50 V:average wind speed total energy delivered Phydr= 2 0 0 W
Efficiency of pump and lines ?7p,1 in design month by the solar panels)'

low: 30% low: 30% j3: low: 0.05 low: 25%
medium: 40% medium: 40% medium: 0.10 medium 35%
high: 50% high: 50% high: 0.15 high: 45%

electrical systems 0.06 (see Table 4.1)

Use and application 6 - 12 oper.hrs/day 2 - 6 oper.hrs/day Hydraulic power demand in critical month 1-12 hrs/day 4-12 hrs/day
Annual average hydraulic power demand

- Rural water supply 365 days/year 365 days/year 1 365 days/year 365 days/year
-Irrigation 100 days/year __ 100 days year 3 100 dayslyear 100 days/year

Table 5.5. General (approximative) cost aspect of small-ocale pumping systems. The data indicated are based on a variety of references and general
field experience (for storage tanks see Table 5.5).

corresponding overall efficiencies; approximately 2.5 to 6% (see also Section 4.4.2, Chapter 4).
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5.3.2. Costs of other pumping systems

Table 5.5 presents typical information on various cost aspects of small-scale pumping
systems. It also gives information on output performance, which influences the unit cost
of water. The unit cost of water also varies according to the type of application it will be
used for (irrigation or rural water supply) owing to the different demand patterns.

An underlying assumption when drafting the table was that sufficient attention will be
paid to operation, maintenance and repair. In many practical situations one encounters
very short lifetimes and reduced output of engine-driven pumps due to lack of proper
maintenance of the equipment. It would not be fair to assume a long life and high output
for wind and solar pumps, as they may also suffer from inadequate maintenance and
repair.

A sound comparison of technologies must be based on the assumption that all
technologies under consideration are well used and are exploited to a reasonable degree
of their potential.

Table 5.5 comprises the categories of information needed to perform the cost comparison
procedure as described in Section 5.2. It may also be used in combination with the
explicit equations of Appendix C for calculating the specific costs directly (i.e. cost per
unit of useful hydraulic energy produced), as will be discussed in more detail in Section
5.4.

Operating costs for hand pumps depend on the cost attributed to local labor. This cost is
rather difficult to assess, since it is often not reflected in any kind of payment. A similar
problem occurs with animal-driven pumps. The data indicated in the table are based on
a variety of sources, and general field experience. The data for engine-driven pumps are
based on references 1, 2, 13, 18, 22 and 25a.

Cost aspects of wind pumps have been treated in more detail in Section 5.3.1. The
information on solar, hand and animal-driven pumps is based mostly on the solar
handbook (reference 1).

Reliable data on costs of operation and maintenance are extremely limited for all
methods of pumping, including engine-driven pumps. The data presented in Table 5.5 is
useful for the purpose of making comparisons between different pumping systems, but in
specific situations information on actual costs must be collected.
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5.4. General comparison of unit water costs for different
small-scale water pumping techniques

An idea of the current and future water costs of wind pumps, when compared to fuel and
solar pumps, can be obtained from Figures 5.3.a and 5.3.b. The figures have been
prepared, using the equations presented in Appendix C, which are basically the same as
those used in the cost comparison procedure presented in Section 5.2.

In the figures the unit water cost related to the pumping system (i.e. excluding water
source, storage, and distribution) is indicated as cost per unit of hydraulic energy, and is
shown as a function of the annual average pumping requirement per day. On both axes
different units are indicated. Energy may be expressed either as kWh hydraulic, or as m4

(i.e. volume of water in m3 times head in m, see Section 1.2, Chapter 1).

The graphs are based on the data given in Table 5.5. However, inclusion of the complete
ranges of all parameters indicated in the table would tend to fill the graph completely
with very wide bands of cost curves, and the distinction between the technologies would
be lost. Therefore some assumptions were made for the different technologies. In a
situation where these assumptions are not valid, a new set of graphs may be drawn,
using the equations in Appendix C and the blank graph paper in Appendix E. The
assumptions made here are the following:

Engine-driven pumps

Investment: For very small water requirements it was assumed that the
smallest available size of engine is used. If, for large water
requirements, a larger pump set is needed than the largest
available gasoline pump, it was assumed that more pumps
will be used. This is realistic for suction pumps. However, if
the pump is to be installed on a tubewell, this would imply
additional tubewells, which is not realistic.

Lifetime: According to Table 5.5 and number of hours of operation,
see below (use and application).

Maintenance and repair: Both values of Table 5.5 are included in the range indicated
in the figure.

Operating cost: Fuel US $ 0.35 - 0.70 per liter; the band in the figure covers
both values. Operator: zero (this cost is difficult to assess
and in any case similar for different technologies).

Output performance: According to Table 5.5 with efficiency of pump and lines of
40%.

Use and application: Diesel: 2000 hours per year. For 365 days of operation this
means 5.5 hours per day.
Kerosene/gasoline: 1000 hours per year. For 365 days of
operation this means 2.75 hours of operation per day.
For very small water requirements, where the smallest
available size is used, the number of hours of operation is
reduced according to the requirement.
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Wind pumps

Investment: Classical: US $ 400/m2 (total, including transport,
installation).

Future: US $ 200/m2
For very small water requirements it was assumed that very
small wind pumps are available, down to 1 m diameter. For
large water requirements, requiring a wind machine larger
than 8 m diameter, it was assumed that electrical systems
are used, at the same specific investment cost.

Lifetime: 15 years.

Maintenance: Present: 5%,
Future: 3%,
Fixed annual cost: US $ 50

Operating cost: Zero (this cost is difficult to assess and similar for different
technologies).

Output performance: Quality factor /B = P/AV3:
classical: /3=0.08,
future: ,B = 0.15 (see Table 2.2, Chapter 2).

Use and aDplhation: Ratio of hydraulic power demand in design month to annual
average hydraulic power demand: 1.

Note that the wind speed indicated in the figure is the wind speed in the design month.

Solar pumps

Investment: Present: US $ 18/Wp,
Future: US $ 9/Wp,
Long term: US $ 6/Wp

Lifetime: 15 years

Maintenance and repair: See Table 5.5

Operating cost: Zero (this cost is difficult to assess and anyhow similar for
different technologies).

Output Rerformance: Average daily energy subsystem efficiency: 77s = 40%.

Use and application: Ratio of hydraulic power demand in design month and
annual average hydraulic power demand: 1.

The irradiation in the design month was assumed to be 4 kWh/m2/day, or
14 MJ/m2/day.
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Concluding remarks

This chapter has presented a methodology for cost comparison of small-scale water
lifting devices. Typical costs were indicated for engine pumps, wind pumps, and solar
pumps. Finally, a generalized cost comparison was presented (on the basis of more or
less average or typical assumptions) in Figures 5.3.a and 5.3.b. These figures illustrate
much of what was indicated in a qualitative way in Chapter 1 of this handbook.

Engine,driven pumps. A range of costs is indicated, corresponding to uncertainties in
cost of fuel, and of maintenance and repair. Since engine pumps are a well-established
technology, which does not change very rapidly, identical ranges are indicated for
past/present/future.

The cost of pumping water decreases with increasing demand as can be expected owing
to economy of scale.

The curves show bulges, which are due to the way in which the assumptions were made
(see previous pages). For practical purposes the bulges may be disregarded and a
smoother decrease of costs may be assumed.

The bulges in the graphs are somewhat academic. They are related to the minimum
engine size practically available. It was assumed that the smallest gasoline or
kerosene engine has an output power rating of 0.5 kW, and the smallest diesel eng.ine
a rating of 2.5 kW. At pumping requirements below 500 and 2000 m4/ day
respectively, the smallest available engine size is used and operated during a reduced
number of hours. As a consequence the unit capital costs increase because an
oversized pump is used, but decrease due to a prolonged life (lower annuity factor).
The combination of these two factors causes the bulges in the graphs (see equation
C.10 in Appendix C).

The diesel engine pump is the most cost effective of engine-driven pumps, except for
small pumping requirements, roughly below 500 m4/day, where kerosene and gasoline
pumps become competitive.

Wind pumps. For the two sets of curves "past/present" and "present/future" different
values were assumed for output performance and investment costs. "Past/present" refers
to classical wind pumps. Although "present/future" refers to a few modern designs now
in development, it basically points to future developments. Most modern wind pumps
will for the time being lie in between the two sets of curves.

The graphs clearly show the strong dependence on wind speed.

The economy of scale is less strong for wind pumps than for engine-driven pumps. Going
from right to left, wind pumping becomes increasingly economic in relation to engine
pumping: some of the wind pump lines lying within the engine range on the right side
pass below the engine range at the left side.
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The figures illustrate the tendencies indicated in Section 1.6, Chapter 1:

o Wind energy is the best option if the wind speeds in the critical month exceed
5 m/s.

o Below 2 m/s in the critical month, wind energy for water pumping is generally
not economically feasible.

o Wind pumps are especially attractive at low hydraulic power requirements.

Solar pumps. Three different curves are indicated corresponding to different costs of
solar PV panels: present, future and future long-term.

The economy of scale is again less pronounced than for wind pumps, and at very small
pumping requirements it becomes worthwhile to consider solar pumps as an alternative
to wind pumps, say below 500 m4/day, as indicated in Table 1.2 in Chapter 1.

Validity of graphs

It should again be stressed that the assumptions on which these graphs were based are
not necessarily valid in a specific region or country. The reader is therefore advised to
check all assumptions for his specific situation and with the instruments given in this
publication to make his own calculations.

The examples used in the main text and in Appendix D illustrate this point. The
examples are much more favorable for wind pumps than the general graphs (Figure 5.3)
would suggest. In general, when other data are not available, the graphs should be used
for a conservative approach. (Of course it is also possible to identify examples which are
far less favorable for wind pumps).
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Installation of wind pump on Cape Verde.

This bogged-down tank truck in the state of Maranhao, Brazil, illustrates a favorable logistic aspect o.f
wind pumps: inde pence of fuel supply.
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Chapter 6
LOGISTICS AND SUPPORTING ACTIVITIES

This chapter will be most useful to managers of large-scale wind pumping projects, as it
describes the complete range of activities needed for implementing such projects.
Readers who intend to purchase only one or two pumps, or who are interested in local
manufacture and distribution of wind pumps will find that much of the material covered
does not apply to their situation. However, it is useful to read the chapter to obtain an
overview of what is involved in managing a wind pump installation. The section on
operation and maintenance is of general interest, and should not be skipped.

Section 6.1 describes the steps to follow in specification and procurement of a wind
pump. The option of local manufacture is also touched on briefly. Section 6.2 discusses
installation, operation and maintenance. Section 6.3, of special interest to rural
extension services, donor agencies, and managers of large-scale projects, discusses
monitoring and evaluation. Section 6.4 details manpower and training requirements for
installation of large numbers of wind pumps.

6.1. Procurement

This section describes a series of steps to be followed for the procurement of wind
pumps. It will depend on the situation whether it is really necessary to follow all steps of
the procedure. For small orders one may combine some of the steps, or just use the
description presented here as a checklist of aspects to be taken into consideration.

The procurement procedure described below was developed by the World Bank/UNDP
Global Solar Pumping Project, implemented by IT Power and Halcrow and partners,
and published in the solar pumping handbook (reference 1). With some minor
modifications it has proved to be very suitable for wind pumps.

Five stages for the specification and procurement of a wind pump are recommended:

o Assess wind pumping viability and estimate costs.
Before contacting suppliers, an initial appraisal of wind pumping should be made
in accordance with the guidelines given in Chapters 1 and 3, including a
preliminary choice of rotor diameter.

o Prepare tender documents.
A suggested format for tender documents is given in Appendix F.
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o Issue a call for tenders.
Letters may be sent to suppliers with a brief description of the required system.
Interested suppliers will then reply with a request for the tender documents.

o Preliminary evalluation.
Each tender should be checked to ensure that:
a. the system being offered is complete, and includes spare parts and installation

and operating instructions;
b. the system being offered can be delivered within the maximum period

specified; and
c. that an apropriate warranty can be provided.

o Detailed assessment.
A detailed assessment of each tender should be made under the following four
headings with approximately equal importance ascribed to each heading:

a. Compliance with specification
The output of the system should be assessed taking into account any
deviations from the specification proposed by the tenderer.

b. System design
The suitability of the equipment for the intended use should be assessed taking
into account operation and maintenance requirements, general complexity,
safety features etc.

The equipment life should be assessed with regard to safety system, bearings,
and other parts liable to wear and tear.

The content of the information supplied to support the tender should be
assessed, in particular the provision of general assembly drawings and
performance information.

c. Capital cost
Capital costs should be compared, allowing for any deviations from the
specification proposed by the tenderer. This can be done by comparing the
capital cost per unit of hydraulic energy delivered by the system. Also the cost
per unit of rotor area is a useful quantity. However, additional calculations are
needed to determine the useful output and the cost of pumping, as described in
Chapter 5.

d. Overall credibility of tender
The experience and resources of the tenderer relevant to wind pumping
technology in developing countries should be assessed together with the
tenderer's ability to provide a repair and spare parts service should problems
be experienced with the wind pump. A reasonable warranty, at least relating
to spare parts, should be provided.

A more elaborate procedure for organizing a call for tenders has been established by the
FIDIC, International Federation of Consulting Engineers (reference 16a). As it was
developed for large civil engineering projects, it is not very suitable for the procurement
of wind pumps. However, it may be a useful guideline when subcontracting projects
requiring large numbers of wind pumps.
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6.1.1. Local manufacture-an interesting alternative

Local production of wind pumps may be an interesting option for many
countries/regions. Before starting any such activity, however, one must consider
carefully its feasibility. It is especially important to estimate as accurately as possible
the size of the potential market for wind pumps. It does not make sense to start a
production facility to manufacture just a few dozen pumps.

The difficulty in setting up any scheme for local production must not be underestimated.
A reliable design must be used of a size and type appropriate for local conditions, one
that can be manufactured locally, and for which local materials are available and
obtainable at a reasonable price. A production and sales organization must be set up,
training will be needed at all levels, and quality control is essential.

It is outside the scope of this handbook to treat in detail all aspects of local manufacture
of wind pumps. Anyone interested in local production may wish to consult one or two
case studies listed under References (references 18 through 25a).

over head storage tank
above tower top

over head storage tank
below tower top 6 p w p y l

g~~strg tan sucio lin

Figur 6.1. Typical wind pump syskm layouts.
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6.2. Irnstallation, operation and maintenance

An important reference for this section has been an ILO study on manpower profiles in
the wind energy subsector (reference 16). Part of the text of this section consists of
direct quotations from that study.

A distinction needs to be made between different types of installations: suction or deep
well pumps, installation over a hand dug well or a narrow tubewell, delivery of water at
ground level, or pressure delivery. See Figure 6.1 for sketches of some typical system
layouts.

6.2.1. Installation

Site survey

Although a site evaluation may already have been performed (see Chapter 3), the site
should be surveyed by the installation company or whatever organization responsible for
installation. The following aspects should be considered in such a survey:

- Layout of the installation, and future operation of the installation
- Soil (admissible load by the foundation)
- Brickwork of hand dug well (admissible load)
- Water intake (in case of surface water pumping)
- Logistics (access roads)
- Budget
- Time schedule

Civil engineering work

Before the actual installation can be carried out, the civil works should be ready. They
consist of the foundations (of concrete) and the storage tank (plastered brickwork,
concrete or ferro-cement).

The site and size of the storage have been indicated in the site evaluation. The
specifications of the foundations usually will be the same for the same type of machine
and will be described in the installation manual, but differences may occur according to
the type of soil and size of well. These modifications should also have been indicated in
the site survey.

Special attention must be paid to the alignment. The foundation should be made in a
way that the tower will be exactly vertical and - in case of a tubewell - centered
around the tubewell.



- 117 -

~~~~~~-zn~~~~~~~~~~~~L1

6.2.a Assembly on the ground and 6.2.b Assembly from ground
tilting (reference 16) level upwards

Figure 6.2. TYpical methods for erection of wind pumps.
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Erection

The installation of a windmill is a rather specialized job. The procedure might differ per
type of windmill, and sometimes it can be necessary to adapt the erection procedure to
specific conditions.

Two main types of installation procedures are encountered, illustrated in Figure 6.2.

- Assembly of the windmill while the tower is lying on the ground, and tilting the
complete windmill to a vertical position.

- Assembly of the tower in its final position, working from ground level upwards,
hoisting of the head, blades, vane and other parts by means of a gin pole.

Attention must be paid to corrosion protection. In a corrosive environment (salt and/or
sand) all metal parts must be treated with one or two layers of anti-corrosive paint (e.g.
red lead), and a layer of covering paint. After installation all damage to the paint should
be restored. Even galvanized steel may need painting in a corrosive environment. It is
good practice to grease all nuts and bolts.

During installation special attention must be paid to safety. Helmets should be used for
protection against falling objects such as bolts and tools. Safety belts should be used by
persons working in the tower. When hoisting heavy parts, or when tilting the machine,
nobody should be allowed directly under it.

Installation of the pump

Installation of a suction pump is rather simple. It is mounted directly on a central part
of the concrete foundation. If no special syphon pump is used, it may be useful to apply
a bend in the suction line going up and down as high as the pump in order to reduce the
need for priming the pump (see Figure 2.6, Chapter 2).

Installation of a deepwell pump involves a considerable amount of work, depending, of
course, on the depth. The tower of the wind pump itself is normally used as a hoisting
rig. Pipes and pump rods (normally 6 m) are assembled and lowered together. On the
pipe couplings some sealing material is applied (e.g. hemp). On the pump rod couplings,
grease must be applied. Both pipes and pump rods must be tightened very well.

Connecting the pump rod to the windmill's transmission should be done very accurately
in a way that the piston cannot hit the bottom or the top of the cylinder.

Depending on the layout of the installation, one must apply a pump rod sealing, air
chambers, check valves.

A windmill must always have a free outflow. One may never put a valve directly in the
delivery line, and care should be taken that no valve is applied anywhere in the
distribution system which could completely shut off the windmill's outflow. Neglecting
this precaution may result in serious damage to the pump and the windmill's
transmission.
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6.2.2. Operation and maintenance

Operation

Methods of operating a windmill can differ widely for different types of windmills and for
different applications. If a wind pump is owned by a centralized water supply authority,
one person will normally be employed to be responsible for the wind pump and the
distribution of water. On the other hand, when an individual farmer has a wind pump
for irrigation, its operation is integrated in the work on the farm.

The tasks involved in operating a windmill are the following:

- Guard the wind pump against any damage by people or animals.
- Direct the windmill into the wind when water is needed.
- Furl the windmill when the storage tank is full.
- Man the taphouse at the hours of water distribution, or open the storage tank

outlet when irrigation water is needed.
- Take readings of the water meter, for example twice a day, at fixed hours, if

applicable.
- Certify any misfunction, and call assistance for repair.

Simple maintenance

The operator (owner) of the windmill may perform several simple maintenance tasks. Of
course, the tasks the operator will or will not fulfil depend on technical skills,
availability of tools, and availability of outside assistance. The maintenance required
depends on the type of wind pump and the circumstances in which it operates.

Simple maintenance generally includes the following:

- Greasing or oiling moving parts, for example once a month.
- Tightening the pump rod sealing. In case of large delivery heads, stuffing boxes

require frequent tightening every week or every month. Counter pistons are less
sensitive to maintenance.

- Cleaning. In some cases frequent cleaning of the wind pump's structure may be
quite effective in corrosion protection.

Advanced maintenance and repairs

Assistance of qualified mechanics is needed for more advanced maintenance, and for
repairs. The organization of the maintenance may be realized by maintenance teams
visiting wind pumps monthly on a routine basis.

Generally the following tasks can be distinguished:

- Changing the gear box oil, typically once a year.
- Inspection of bolts, and tightening if necessary, typically once a year (more

frequently just after installation).
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- Repair of broken pump rods. Most windmills have a breaking pen in the
transmission, i.e. a part which can easily be replaced, and which has on purpose
been designed to be the weakest point. Sometimes a complete length of pump rod
needs to be replaced.

- Replacement of cup leathers. Typically, cup leathers last half a year to two years,
depending on the quality of the water (e.g. whether it contains sand). If a large
number of wind pumps at considerable distances equipped with deepwell pumps
must be maintained, one should consider preventive maintenance by changing cup
leathers at a fixed frequency (e.g. once a year, when changing oil).

- Corrosion protection. In corrosive environments it may be necessary to clean and
paint a wind pump every year.

- Overhaul. After some 10 or 20 years of operation for imported classical wind
pumps and 5 or 10 years for a locally manufactured wind pump, an overhaul of
the machine may be needed, implying dismounting the rotor and the head, and
replacing bearings and other worn-out parts.

6.3. Monitoring and evaluation (reference 17)

When carrying out a project aiming at the dissemination of a technology characterized
by small installations in large numbers, it is essential to make due allowance for
monitoring and evaluation of the project. Information is collected on the progress of the
activity, the reliability of the technology, and its suitability in the specific situation.
Also the assumptions made when starting the activity should be verified.

Information obtained by monitoring during the course of execution of a project may be
used for adjusting the method of working or even the goals of the project. Information
obtained from an evaluation after completion of a phase of the project or after the end of
a project may be useful in defining a follow-up phase or may lead to conclusions which
are of interest for other new projects.

Monitoring and evaluation efforts are especially important if a new technology is applied
(innovative types of wind pumps, start of local manufacture), but also if the use of an
established technology is expanded into new applications.

6.3.1. Aspects of monitoring and evaluation

When defining the contents of monitoring and evaluation activities, it is important to
keep in mind whom the information is intended for, whether the:

- Owner/operator, e.g. a small private farmer, a large water supply authority
- Promotor/implementor, e.g. an agricultural extension agency, a foreign donor

agency
- Designer/scientist
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A monitoring program or evaluation study will mainly indude the following aspects:

Output performance

Obviously, the amount of water pumped and the time at which it becomes available is of
prime importance. The most important quantities involved are pumping rate, pumping
height, and wind speed. For more background information, see Chapters 2 and 3. As a
reference when performing output measurements, one may use the simple rule of thumb
presented in Chapter 1. For a more detailed evaluation one may wish to refer to the
output model presented in Appendix B, and illustrated in Figures B.1 and B.2.

Wind pump reliability

Another very important issue for the user is the reliability of the technology. Due
attention must be paid to the quality of the machines, not only under ideal testing
circumstances but also in practical operating conditions.

Wind pump applications

Besides inherent engineering aspects of a technology, it is essential to check its
suitability for the application. The main applications of wind pumps are the following:

- Irrigation
- Human water supply
- Cattle watering
- Drainage
- Special applications: fish farms, salt ponds.

Costs

Normally cost estimates are made before introducing a technology. However, in the case
of wind pumps, available estimates on the costs of operation, maintenance and repair of
the pumps are not necessarily reliable or applicable in specific situations (Chapter 5). It
is good practice to keep a careful record of all costs incurred by all parties involved in
operation, maintenance and repair of the pump. This information can be used to
calculate the real cost of the pump in that actual situation.
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Modified water flow meter for
outputinmonitoring at a
teatfield. A Jmal1 magnet is
attached to one of the dials to
trigger a reed switch and
generate pulses (CWD,
Eindhoven, The Netherlands).

Monitoring in actual use.
Storage tank as 'interface'
between windmill and wer
(Cattle ranch of Mr.Alberto
Soares, owner of Mapel wind
pump factory, Saltvador,
Brazil).
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6.3.2. Monitoring and testing

Basically two approaches are followed for monitoring and testing:

- Evaluation and testing of engineering aspects
- Monitoring of wind pumps in actual use

Evaluation and testing of engineering aspects of a certain type of wind pump must be
done prior to any monitoring of actual use. The results concerning these purely technical
aspects will serve as a reference during later monitoring programs in situations of
practical application.

The following two types of tests are to be distinguished:

o Assessment of mechanical and operational quality by an expert.
Analysis of a wind pump's components with special attention for the safety
system and ease and safety of operation. Calculation of stresses in critical parts.
Suitability of construction principles and materials.

o Measurement of output wind speed curve.
It is common practice to present the output of wind machines as power curves,
i.e. the output power as a function of wind speed. This kind of characteristic may
be used for prediction of total energy output, when the wind speed frequency
distribution is known. International standards have been proposed by the
International Energy Agency for measurement of power curves (reference 32).
Unfortunately, it was found recently that no unambiguous power curve exists for
water pumping windmills. Therefore new procedures are being developed, but are
not yet established (see Appendix B).

The evaluation and testing of engineering aspects of wind pumps can be done most easily
and effectively at a special test site.

Monitoring of wind pumps in actual use

By monitoring wind pumps in actual use one may obtain realistic information, directly
applicable to practice.

With respect to output performance, information on cumulative output must be
collected. If a storage tank is included in the system, this can be done in a very simple
way by regularly reading the water level in the tank. More precise information may be
obtained from measurements (Section 6.3.3) on a few selected wind pumps. With respect
to mechanical and operational quality one must gather practical experiences concerning
installation, operation, maintenance, breakdowns, after-sales service. The information
may be obtained from installation and maintenance crews, owners, and operators.

Studies on user-related aspects may be oriented in various ways:

o Storage tank as "interface" between windmill and user.
Information is collected on lack and excess of water.



- 124 -

WIND PUMP PERFORMANCE

Location ....... .onth .

System type ....................................................

....................................................

Day Time Wind run Flow meter Static Average Volume Initials
counter reading head wind speed pumped of
reading m/s m3/day recorder

2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31

Table 6.1. Format sheet for recording wind pump performance.

Note: According to the circumstances and the information required, the frequency of reading
indicated by the first column may be adapted: every ten minutes, daily, weekly, monthly.
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o Influence of the windmill on the application.
Does the use of windmills require changes of irrigation practices?

o Detailed social and socioeconomic studies.

Concerning cost aspects, collection of data on manufacturer's and supplier's prices is
rather straightforward. Also costs of transport, taxes and installation should be
evaluated to find the true cost of investment. During the use of a windmill, information
must be collected on the costs of operation, maintenance, and repairs. Finally it is of
great interest to obtain information on the (expected) life time.

Note that in a more detailed study one would make a complete economic analysis of
both costs and benefits (Chapter 5).

6.3.3 Simple cumulative measurements

The description presented is treated in detail in the Annex to this handbook. The
simplest method of measurement is to take daily readings of:

- Average wind speed (wind run) at hub height
- Volume of water pumped
- Static head

This will enable the hydraulic power and hence output quality factor (Chapter 2) to be
obtained for different values of the wind speed. A format sheet for recording such
measurements is shown in Table 6.1.

Instrumentation selected for performance monitoring should meet the following
requirements:

- Suitable for field use
- Allow on-site assessment of performance
- Have suitable accuracy (better than 5%)
- Require no power or power from a battery with a long battery life before

discharge, (say greater than 1 month)

Three types of instrument are required in order to complete the daily recordings outlined
above:

a. A wind run counter, to determine the average wind speed. This can be either an
electronic or a mechanical counter. Care must be taken to install the anemometer
at hub height at a place where it is not shaded from the prevailing wind direction
by any obstacle (including the wind pump itself).

b. A flow counter to record total flow. The head loss caused by the flow meter
should be kept to a minimum and the device should be capable of measuring flows
in the range expected from the pump. The flow meter should integrate the flow,
so that the volume of water pumped in a day can be obtained.
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c. A well dipper with a water-sensitive transducer that permits measurements of
water level to be obtained easily. If the water source is a tubewell, sufficient
access may need to be made at the well head for measurements of water level.
The well dipping is usually performed manually and a reading is recorded daily.

6.4. Manpower and training requirements for installation of large
numbers of wind pumps

In large dissemination projects aiming at the introduction of hundreds of wind pumps, it
is essential to set up an appropriate institutional framework. All personnel involved in
the project must be adequately trained.

This section describes the tasks and functions involved in wind pump installation and in
operation and maintenance. A variety of manpower will be needed, from unskilled
workers through engineers to managers. Most of the skills required are general skills.
Aspects for which specific knowledge on wind pumps is needed are indicated.

A more extensive discussion of the manpower needs for wind pump installations may be
found in an ILO publication on the subject (reference 16).

Installation

The following tasks can be distinguished in the installation of a wind pump:

- Site survey
- Procurement of wind pumps and components; transport to the site and other

necessary logistics
- Construction of foundation (and storage tank)
- Erection of the wind pump and components
- Finalizing of the system: connection to distribution, test-run and initial painting

(or other corrosion-protection).

In order to fulfil these tasks, the following key functions are required:

- Site surveyor
- Foundation worker
- Storage tank constructor
- Wind pump erector
- Plumber
- Test runner

Besides these key functions some other groups of functions are required:

- Technical support functions: wind data elaborator, procurement officer, store
keeper, draughtsman, designer civil work

- Management functions
- Administrative and managerial support functions
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Note that these are lists of functions. Of course, several functions might be combined in
one person. The functions of site surveyor, wind pump erector, test runner and technical
manager are specific to the installation of wind pumps.

The site surveyor selects and evaluates the installation sites; he gathers all necessary
information, makes a layout of the installation, selects the components of the future
installation and presents a time schedule and a budget. Site survey requires a broad
view, since many disciplines are involved: meteorology, (geo)hydrology, topography,
logistics, civil engineering.

The wind pump erector builds the wind pump and installs its components according to
the installation manual using both skilled and unskilled personnel.

The test runner checks a newly installed wind pump system and carries out a test run.

Preferably all personnel involved should be given an introductory course in wind energy.
Specific training is needed for the site surveyors and their supervisors, requiring a course
of approximately 6 to 9 months at polytechnic level (engineer school).

Specific training is also needed for the technical installations manager. His education can
be as a civil engineer. Additional training should be given in the fields of general wind
energy, forces and moments acting on a wind pump and its components, pump design,
and storage tank construction. The duration of such a program would be approximately
6 months.

The installation personnel (erectors and test-runners) need special training to be given
either in-house, or by the wind pump manufacturer. Depending on the complexity of the
wind pump, this training can take as little as 2 weeks or as much as 6 months. The
contents of the training depend entirely on the type of machine purchased and the
installation procedure.

Operation and maintenance

The following tasks can be distinguished in the operation of wind pumps:

- To administer the (group of) wind pump installation(s) for which the "operation
company" is responsible.

- To have an operator (operators) at each wind pump capable of doing their job.
- To carry out maintenance with the frequency and quality required for successful

operation.
- To carry out repairs immediately when necessary and effectively, in order to keep

breakdown time below a prescribed value.
- To have spare parts available in sufficient numbers.
- To have equipment and tools available and in good condition in order to carry out

maintenance, service and repairs.
- To register the useful quantity of water produced by the wind pump system, and

collect the revenue from the users.
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In order to fulfil these tasks the following key functions are required:

- Wind pump system operator
- Maintenance and repair mechanic
- Painter

Again, some other functions are required besides the key functions:

- Technical support functions: quality supervisor, procurement officer, spare parts
storekeeper, equipment maintenance personnel, instrument maintenance person.

- Management functions.
- Administrative and managerial support functions.

The functions of wind pump system operator, maintenance and repair mechanic, quality
supervisor and technical manager are specific to the operation and maintenance of wind
pumps.

The operator is responsible for all manual operation maneuvers and for checking the
correct operation of the wind pump. This includes starting and stopping, opening and
closing of valves. He takes regular readings, e.g. of water counters. He reports any
malfunctions. In case of rural water supply he will be responsible for water distribution
and revenue collection.

The maintenance and repair mechanic carries out maintenance according to a prescribed
routine and frequency; he carries out repairs when needed.

The quality supervisor is responsible for the quality of the wind pump systems under his
care as well as of the output measurements and the logbook keeping. He instructs and
supervises the wind pump operators, checks the work of maintenance and repair teams.
The quality supervisor is also responsible for any measurements.

Specific training on wind pumps (additional training) is needed for wind pump operators,
maintenance and repair personnel, the quality supervisor and the technical manager.

The training course for operators can consist of a few weeks instruction course, in which
practical work is interspersed with some lectures. The main course material concerns the
wind pump of the type for which the operators are trained. Wind pumps have various
applications, and operation strategies may differ per application. The contents of a
particular course depend on the kind of application in the area. Practical exercise should
have the greatest emphasis, and so the trainees should operate the wind pump under the
guidance of the instructor.

Mechanics with adequate education still have to be trained before they can participate in
a maintenance and repair team. Basic course material should consist of the service and
maintenance manual. Again, practical training is the most important aspect.

The training of the quality supervisor and technical manager runs along the same lines
as indicated earlier for the technical installations manager.
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Local manufacture in Kenya.

Local manufacture in Mozambique.
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Appendix A

WIND RESOURCES

Nature has its indications of prevailing wind speeds; a tree ezposed to the trade

winds on one of the islands of Cape Verde.
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Appendix A
WIND RESOURCES

The accurate determination of available wind resources is a rather difficult and uncertain
task, especially in comparison with solar energy. The reasons are the following:

- A large variety of wind speeds is found for different regions of the world, from an
average of 2 m/s, through 4 m/s to 7 m/s at very windy places. This variety of
wind speeds implies an even larger variety of power availability, from 5 through
40 to 200 W /m2. This variability is huge in comparison with solar power
resources (ranging from 10 to 25 MJ/m2 /day throughout the tropics).

- Large differences in wind speed (and hence power) are observed over small
distances due to varying terrain topography and roughness. Within a few
kilometers the wind power may vary by one order of magnitude.

- It is difficult to measure wind power accurately. Wind is normally measured as
wind speed. The power in the wind is proportional to the cube of the wind speed,
meaning that a small error in wind speed causes a much larger error in the
calculated power. For example, the power in a 5 m/s wind is twice that of a 4 m/s
wind (53/43 = 125/64 - 2). An error of 10% in wind speed means an error of 33%
in average power. On the contrary, solar energy is normally measured as hours of
sunshine or irradiation, both approximately proportional to the available solar
energy.

For these reasons it is not possible to present a simple straightforward procedure for the
assessment of wind energy resources. This appendix will give an introduction to the main
aspects and terminology involved.

The first section of the appendix describes general phenomena of wind flow. The second
section deals more specifically with wind resource assessments, paying attention to
desirable data format and site evaluation. The final section presents some useful
conversions, graphs, and units.

A. 1. Wind on a worldwide scale

An excellent text book on wind energy resources is the Technical Note 175 by WMO, the
World Meteorological Organization, which was used as a source for this section
(reference 7).

Ultimately, the origin of wind energy is solar energy. Temperature differences caused by
solar radiation give rise to a variety of circulation patterns in the earth's atmosphere,
which are strongly influenced by the rotation of the earth.
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The total solar power flow absorbed by the earth is of the order of 1017 W, which is
roughly 10,000 times the total human energy consumption rate. A small portion of this
solar power flow (approximately 1%, or about 1015 W, or 100 times the total human
energy consumption rate) is converted into atmospheric motion or wind (reference 26).

On a global scale the regions around the equator receive a net gain of energy while in the
polar region there is a net loss of energy by radiation. This implies a mechanism (in
reality very complex) by which the energy received in the equatorial regions is
transported to the poles.

The air masses heated in the equatorial regions rise (causing the formation of clouds and
thunderstorms) in a relatively narrow band of about 100 km wide called the Inter
Tropical Convergence Zone, ITCZ, lying more or less parallel to the equator around the
earth (with an interruption in Asia, where a monsoon circulation prevails. See below). In
the upper atmosphere these air masses split, one part moving away from the equator
southwards, the other northwards. Near the equator these masses have roughly the same
speed (west to east) as the surface of the earth, owing to its rotation. However, moving
away from the equator the speed of the earth's surface decreases and as a result the air
masses develop an excess speed (relative to the earth) in an eastward direction.
Therefore, the motion of air away from the equator is not purely north and south, but
has a component in an easterly direction.

Moving away from the equator, the air cools and becomes heavier. At approximately
300 N and S it starts sinking, causing a dry and cloudless climate. At these latitudes one
finds large deserts all around the world.

The air moves towards the equator again as trade winds. Due to the rotation of the earth
the wind direction deviates clockwise on the northern hemisphere, and anticlockwise on
the southern hemisphere. Therefore, the direction of the trade winds is not N and S, but
rather NE and SE.
This circulation pattern, called the Hadley circulation, is tied to that of the ITCZ which
moves north of the equator during the summer (in the northern hemisphere) and south
in the winter. It is very stable and hence the trade winds are very persistent. In the
ITCZ itself the winds are light, interrupted by thunderstorms. This region is referred to
as "the doldrums" because of the long periods of calm experience there.

At subtropical latitudes one finds a jet stream from west to east in the upper layers of
the atmosphere, which is caused by the excess speed of air masses moving away from the
equator, as indicated above.

Outside the Hardley circulation westerly winds are predominant. This circulation is
rather unstable and is characterized by wave-like structures and the formation of
depressions generally moving from west to east.

Figure A.1, taken from reference 7, gives a schematic picture of this general circulation
on a global scale.

Deviations from the general symmetrical pattern of air movement occur due to the
uneven distribution of land over the globe. On the average, more land is concentrated in
the northern than in the southern hemisphere. Since land is heated more easily by the
sun than the oceans, the average position of the ITCZ is about 50 North of the equator.
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In Asia one finds the Asian Continent to the north and the Indian Ocean to the south.
The continent is heated strongly during the summer, giving rise to the moist and hot
SW monsoon, basically an extension on the northern hemisphere of the SE trade winds
of the southern hemisphere. In the winter the continent cools and one finds the NE
monsoon, which is related to the NE trade wind.

Figure A.1. Schematic picture of the general circulation of air around the globe. North and South of
300 N and 300 S, respectively, a westerly circulation psists, while in the tropics one
finds NE and SE trade winds (reference 7).

Cyclones and depressions are important disturbances of the general circulation pattern.
In specific tropical regions one finds devastating tropical cyclones (called typhoons in SE
Asia, and hurricanes in the Carribean). In such tropical cyclones wind speeds of over 60
m/s are observed frequently. Depressions in other tropical regions and in moderate
climates give rise to storms which are less severe, with wind speeds rarely exceeding
40 m/s.



- 135 -

Macro-scale wind (100 - 10,000 klm)

The wind flow originating from the global circulation is often referred to as macro-scale
wind. The horizontal scale involved runs from a hundred to several thousands of
kilometers. The macro-scale wind (undisturbed by the detailed surface features of the
earth except for mountain ranges) is found at altitudes above 1000 m.

Apart from the macro-scale wind it is usual to distinguish two more scales: meso-scale
and micro-scale.

Meso-scale wind (5 to 200 kim)

Variations of the features of the earth's surface with a horizontal scale from 10 to
100 km have an influence on the wind flow between 100 and 1,000 m height above
terrain. Obviously, topography is important, e.g. the wind tends to flow over and around
mountains and hills. Any large-scale roughness of the earth's surface decelerates the air
flow.

Close to shores one may observe land-sea breeze patterns. During the day the land is
heated more than the water (sea or lake), the air over the land rises, and a sea breeze
develops. During the night the land is cooled to temperatures below those of the water,
causing a land breeze. This is usually weaker than the sea breeze.

Another example concerns mountain-valley winds. During the daytime, the slopes of
mountains are heated, the air rises and the wind tends to blow through the valleys up
along the mountain slopes. During the night the reverse happens: cold air moves down
from the mountain slopes, forcing the wind to blow down through the valleys. Figures
A.2 and A.3 give a schematic illustration of these two examples.

In tropical regions thermal winds are very common. These winds, which are caused by
temperature gradients along the surface of the earth, can be quite strong in day-time,
especially in desert like regions.

Micro-scale wind (up to 10 kim)

On the micro-scale surface winds (below 60 to 100 m above terrain), which are of course
the most interesting for direct application for wind energy conversion, are influenced by
local surface conditions, such as terrain roughness (vegetation, buildings) and obstacles.

For flat terrain some very helpful general concepts have been developed.

The wind profile, i.e. the wind speed as a function of the height above the surface, can be
expressed in a very simple relationship. The shape of this profile depends mainly on the
roughness of the terrain. The greater the roughness (related to the average height of
obstacles), the more the wind is decelerated close to the surface. General classification
methods have been developed to quantify this roughness (see Table A.4). The roughness,
as observed from a specific site, may be different in different directions; hence the wind
profile will also depend on wind direction.
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Figure A.2. Simple schematic picture of sea-breege circulation (reference 7).
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Figure A.3. Schematic ilustration of mountain (A) and valley (B) wind (reference 7).

Another important concept is the potential wind speed, i.e. the wind speed which would
be observed in completely flat and open terrain, usually specified for 10 m height above
terrain. The potential wind speed is basically a meso-scale quantity. Because of its
definition it does not depend on local (micro scale) roughness characteristics. Through
the profile for flat and open terrain it is related directly with the wind speed at 60 to
100 m height above terrain. It is a suitable quantity to be indicated in wind maps. Being
a meso-scale quantity it is fairly constant over reasonable distances (a few kilometers).
In order to find the actual wind speed at a specific site one must apply corrections to the
potential wind speed, which depend on the site's roughness characteristics. For detailed
formulas and graphs, see Section A.3.
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In so-called "complex" terrain (mountains, hills, valleys) the situation is quite different.
Flow of wind over and around mountains is very complex, and so far no simple
analytical concepts (like wind profile, roughness, and potential wind speed) exist for
modeling such flows.

Global map of wind resources

The WMO, World Meteorological Organization, has put considerable effort into wind
energy meteorology by developing a global map of wind resources, which is included in
the technical note mentioned earlier (reference 7). The result is shown in Figure 1.4. on
page 8.
As indicated by the WMO, this map must be used with great care, since locally very
large differences may be found. It cannot be used to predict in a straightforward way the
wind regime at any spot on the globe. However, it does provide useful and
comprehensive information needed for making preliminary assessments of wind
resources.

Typical ezample of an anemometer location that is inappropriate for data collection for wind energy
applications. The anemometer is shielded off by buildings and its height above the ground is
insufficient.
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A.2. Wind data requirements

This section provides additional information relevant to the utilization of wind energy
for water pumping. It starts with an overview of the data ideally required for sizing and
evaluating wind pump installations, then gives a brief overview of methods for collecting
the data in a generalized way on a regional or national level. Finally, site selection and
site evaluation are treated.

Data requirements

The following classes of information are of interest in relation to the application of water
pumping windmills. (For more details, see references 3 and 8).

o Average wind speed: The long-term average wind speed may be used as a first,
general indication of the feasibility of the application of wind energy.

o Seasonal variations: Data on seasonal variations of wind speed (normally
presented as monthly averages) are of importance to estimate the seasonal
variations of windmill output, and to determine the "critical" or "design" month
for which a wind pump installation must be designed.

o Diurnal variations: Diurnal variations (variations during the course of the day)
may have a great influence on the feasibility of wind energy application. For
example, in a region having a constantly low wind speed of 2 m/s 24 hours each
day, feasibility would be doubtful. However, in a region having no wind 16 hours
per day, and a wind of 6 m/s over 8 hours per day, water pumping windmills
could be cost-effective. Yet in both cases the average daily wind speed is identical
at 2 m/s.

o Storms, gusts: Data on storms and maximum gusts are used to define the
maximum wind speeds that wind machines must be able to withstand. For
moderate climates and for tropical climates without typhoons, 40 m/s is often
assumed to be a safe value, and in a few cases 50 mfs is considered safe. In
typhoons wind speeds may exceed 70 m/s.

o Calms: Information on long periods of low wind speeds is needed to calculate the
dimensions of storage tanks to store water at times when the wind pump is not
operating.

o Wind speed frequency distribution: For an accurate estimate of the probable
energy production of any wind machine, the frequency distribution of wind speed
("percentage of time that each wind speed occurs") is needed.

Figure A.4 contains some illustrations of this information, all referring to the speed of
the wind. As indicated in Chapter 1, the power contained in the wind is proportional to
+pV3. By far the most important factor involved is the wind speed V. However, one may
not neglect the influence of p:

- Air density: The density of the air varies with temperature and barometric
pressure. Especially at high altitudes a considerable reduction of p may be found.
(Table A.3).
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Figure A.4. Information relevant to the utilization of wind energy for water pumping (reference 3).



- 140 -

Wind resource assessments

A brief description of possibilities for wind resource assessments has been given in a
paper prepared under the GWEP (Global Wind Pump Evaluation Programme) for
which this handbook was written (reference 8).

The first approach to wind assessment should be to use existing information. In most
countries data may be obtained from the climatological department of the national
meteorological service. Airports are also a useful source of data. They collect data which
are often quite useful since airport wind is normally measured at 10 m height above flat,
open terrain.

It is not generally advisable to take data from agro-meteorological services. Much of
their wind data are normally of little interest for wind energy applications since
measurements are performed at 2 m height or lower at sites that are not always well
exposed to the wind.

While available data on a region or country is useful for a first impression of wind
resources, one should be careful not to draw detailed conclusions from these data. In
practically all detailed surveys of wind regimes carried out in industrialized and
developing countries, reliability and accuracy of data have proved to be limited or even
poor. Errors occur related to the exposure of the anemometer (buildings, growing trees),
calibration and functioning of the anemometer, and to data collection.

For more reliable information a wind energy expert (if he is available) should be asked to
perform a detailed survey. The work would include:

o Desk study of type of climate, seasonal variations to be expected, overall
movements of air masses, contour maps.

o Field trips to study landscape features relevant for wind flow such as hills, plains,
valleys, ridges, and biological indicators of wind speed such as bending trees; and
to talk with local people.

o Visits to meteorological stations, paying attention to the exposure of the
anemometer to the wind, condition of the equipment, and methods of data
collection used.

o Collection of data from selected meteorological stations, either from the stations
themselves or from some supervisory service.

o Analysis and interpretation of data.

Sufficient information is usually obtained from the survey for a general feasibility study
and to permit a decision on whether to initiate a pilot project.

It is also desirable to take new measurements to verify existing data, to investigate
specific or representative sites, and to collect data in a more suitable format.

The contents of any measuring program will depend strongly on the situation and the
purpose for which the information will be used. Some general features of such a program
are:
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- Classification of typical regions and landscapes according to the type of wind
regime.

- Detailed (time sequential) measurements at a limited number of sites
characteristic for the typical regions or landscapes.

- Simple cumulative measurements at a larger number of sites, representative for
future wind pump installations.

- Comparison of data with data obtained from existing meteorological stations that
have acquired records over a long period of time.

In order to obtain complete and accurate measurements, a period of several years would
be required. Of course, this is not always feasible. However, it is important to obtain the
most accurate information possible. This is why it is best to consult a wind energy
expert.

Site selection

An excellent text book on siting of small wind machines is the handbook by H.L.Wegley
(reference 6).

When selecting a site for installation of a wind pump, one should obviously try and
select a site that is as windy as possible. Of course, there must be an adequate source of
water at the site. An existing well may be used, or a new one may be constructed.

The site should be free of large obstacles. "Behind" an obstacle, as seen from the main
wind direction, the wind flow is disturbed in an area twice as high as the obstacle and
extending horizontally 10 or 20 times the obstacle height. In this area the wind speed is
lower and wind turbulence (rapid variations of wind speed and direction) is strong. The
low wind speed causes reduced output, while wind turbulence puts stress on the
windmill, shortening its lifetime. If possible, one should install any windmill in such a
way that the rotor is completely clear from the region of disturbed flow, as indicated in
Figure A.5.

The effect of surface roughness is important. A high roughness tends to decrease wind
speed. One should try and install a wind pump in flat terrain that is open up to a
distance of 1 or 2 km, especially in the main wind direction.

In complex terrain (valleys, mountains, etc.) one should consider the general flow of air
over the terrain in order to find the windiest sites. For example the middle of a valley
may be a good site. If some kind of remote transmission is applied, the top of a smooth
hill can be a good site. (Figure A.6).

region of highly
/disturbed flow

prevailing wi 2d

Figure A.5. Zone of disturbed flow over a sall building (reference 6)
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Figure A.6. Siting of wind pumping systems in complex terrain (reference 6).

Site evaluation

Once a site has been selected, the wind potential of the site should be evaluated.

In flat terrain, ideally, a wind map would be available. By studying detailed maps and
by visiting the site it should be possible to establish its roughness characteristics. The
appropriate corrections can then be applied in order to find the site's wind
characteristics. (Section A.3 gives details on the calculation).

Often no wind map will be available, and one will have to use data from nearby
meteorological stations. In this case one should estimate the potential wind speed using
the roughness characteristics of the meteorological station, and convert it to the site's
wind speed using the roughness characteristics of the site. If large distances are involved,
one will have to consider the problem on a meso scale. For example, at an inland site the
wind speed is generally lower than at a meteorological station situated near the coast.
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If the estimate obtained is considered to be insufficiently accurate, one may wish to
perform on-site measurements for a short period, e.g. a few months. Comparing the data
thus obtained with simultaneous data of a nearby meteorological station, one may try to
find a correlation (which may be different for different wind directions!). If a consistent
correlation is found, one may estimate the long-term wind characteristics at the site
using long-term data from the meteorological station and the correlation derived from
the short-term measurements.

In complex terrain, it is much more difficult to make any general estimates. One may
use data from comparable sites, although it will be difficult to assess what a
"comparable" site is. Short-term measurements may be useful, trying to establish a
correlation with a nearby meteorological station, as indicated above. A problem may be
that the wind direction is affected by the topography of the terrain.

A.3. Wind in graphs and numbers

This section contains the following information needed for wind evaluation:

1. Conversion of units
2. The Beaufort scale
3. Density of air
4. Height and roughness corrections
5. The Weibull distribution.

A.3.1. Conversion of units

m/s km/hr mph knots

1 m/s 1.000 3.600 2.237 1.944
1 km/hr 0.278 1.000 0.622 0.540
1 mph 0.447 1.609 1.000 0.869
1 knot 0.514 1.852 1.151 1.000

Table A.1. Conversion of units of wind velocity.
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A.3.2. The Beaufort scale

Beaufort knots MPH m/second km/hour seaman's World estimating wind speed
number term Meteorological by

Organization effects observed on land
(1964)

0 under 1 under 1 0.0-0.2 under 1 calm calm Calm; smoke rises vertically.

1 1-3 1-3 0.3-1.5 1-5 light air light air Smoke drift indicates wind direction,
vanes do not move.

2 4-6 4-7 1.6-3.3 6-11 light light Wind felt on face; leaves rustle;
breeze breeze vanes begin to move.

3 7-10 8-12 3.4-5.4 12-19 gentle gentle Leaves, small twigs in constant
breeze breeze motion; light flags extended.

4 11-16 13-18 5.5-7.9 20-28 moderate moderate Dust, leaves and loose paper raised
breeze breeze up; small branches move.

5 17-21 19-24 8.0-10.7 29-38 fresh fresh Small trees in leaf begin to sway.
breeze breeze

6 22-27 25-31 10.8-13.8 39-49 strong strong Larger branches of trees in motion;
breeze breeze whistling heard in wires.

7 28-33 32-38 13.9-17.1 50-61 moderate near Whole trees in motion; resistance felt
gale gale in walking against wind.

8 34-40 39-46 17.2-20.7 62-74 fresh gale Twigs and small branches broken off
gale trees; progress generally impeded.

9 41-47 47-54 20.8-24.4 75-88 strong strong Slight structural damage occurs;
gale gale slate blown from roofs.

10 48-55 55-63 24.5-28.4 89-102 whole storm Seldom experienced on land; trees
gale broken or uprooted; considerable

structural damage occurs.

11 56-63 64-72 28.5-32.6 103-117 storm violent
storm

12 64-71 73-82 32.7-36.9 118-133 Very rarely experienced on land;
usually accompanied by widespread

13 72-80 83-92 37.0-41.4 134-149 damage.

14 81-89 93-102 41.5-46.1 150-166

15 90-99 104-114 46.2-50.9 167-183 hurricane hurricane

16 100-108 115-125 51.0-56.0 184.201

17 109-118 126-136 56.1-61.2 202-220

Table A.2. Beaufort scale, used for cladifying wind speeds (reference 36).
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A.3.3. Density of air (reference 3)

Height above sea level Density of dry air at 200C Density of dry air at 00C

0 1.204 kg/m 3 1.292 kg/m3
500 1.134 1.217

1000 1.068 1.146
1500 1.005 1.078
2000 0.945 1.014
2500 0.887 0.952
3000 0.833 0.894
3500 0.781 0.839
4000 0.732 0.786
4500 0.686 0.736
5000 0.642 0.689

Table A.3. The density of dry air at different altitudes under standard conditions (reference 3).

A.3.4. Height and roughness corrections

Wind speed profile at one location under neutral atmospheric conditions (reference 3).
If the wind speed V (Zr) is known at some reference height Zr, the wind speed V(z) at
any other height z up to 60 m at the same location can be estimated as follows:

V (z) = In (z/zo)
V (Zr) In (zr/mo)

z height (m)
Zr reference height (m)
zO roughness length, see below (m)
ln the natural logarithm

The roughness height is related to the type of terrain according to Table A.4.

flat beach, ice, snow landscape, ocean zo =0.005 m
open low grass, airports, empty crop land, zo =0.03 m

high grass, low crops ZO =0.10 m
rough tall row crops, low woods zo= 0.25 m
very rough forests, orchards zo =0.50 m
closed villages, suburbs zO > 1.0 m
towns town centers, open spaces in forests zo >2 m

Table A.4. Roughness claification (reference 3).
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Conversion of wind speed at a reference location (e.g. meteorological station) into wind
speed at a site (reference 3):

If the wind speed V(zr) is known at a reference height Zr at one location with a
roughness height Z0 r, then the wind speed V(z) at a height z at a nearby site with a
roughness height z0 is calculated using:

V (z) I in (60/zor) In (z/zo)
V (Zr) In (60/zo) In (zr/zor)

z height at site (m)
zO roughness height of site (m)
Zr height of data of reference location (m)
Zor roughness height, reference location (m)
In the natural logarithm

This formula is graphically shown in Figure A.7. Note that the potential wind speed (at
10 m height) which is the same for both sites should be calculated as an intermediate
step.
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Figure A.7. Average wind speed at hub height of rotor (reference 28).
See Table A.4. for values of roughnews height.
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A.3.5. The Weibull distribution (reference 3)

Most of the frequency distributions of all wind regimes of the world can be approximated
by using the Weibull distribution, which is calculated as follows:

F (V) = 1 -exp [{C}k]

Vwind speed
k shape factor
c parameter, related to average wind speed:
V 0.89
c

The Weibull distribution is shown in the graph below for various values of the shape
factor k.

1.4 A__ __ _ _ k__ _ _ _ =__ __ _ _ 4 ____ _
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Figure A.8. The Weibuar distribution.

A small value of k corresponds to a variable wind, a large value to a more constant wind;
roughly the following k values are found for different dlimates.

k = 1.5 strongly variable wind: polar regionst, thermal winds; (land/sea,
mountain/valley), winds having a strong day/night variation.

k = 2.0 moderately variable wind: moderate climates.
k = 3.0 constant winds: trade winds, tropical regions.
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The practical procedure to find the Weibull shape factor from a given set of data starts
with establishing the cumulative distribution of the data. The cumulative distribution
refers to the total number of hours during which the wind speed was below a given value.
If the number of hours in a specific interval is included in the cumulative number of
hours belonging to that interval then it is clear that we refer to the upper value of the
interval for our calculations. The procedure now consists of plotting the percentages of
the cumulative distribution as a function of the upper boundaries of their respective
intervals on Weibull paper (Figure A.9). The result will be a number of dots lying more
or less on a straight line. If the line is totally straight, the distribution perfectly fits a
Weibull distribution. In many cases, however, the line will be slightly bent. Then the
linearization should be focussed on the wind speed interval that is most interesting for
our wind energy applications, i.e. between 0.7 V and 2 V.

In order to find k, draw a second line through the "+", marked "k-estimation point",
and perpendicular to the Weibull line. The intersection of this second line with the linear
k-axis on top of the paper gives the desired k-value. The c-value, if required, is simply
the intersection of the Weibull line with the dotted line, marked "c-estimation".
Ideally this procedure should be applied to the data for a number of years, not to data
from one month only. If monthly k-values are required then the use of wind data from a
number of identical months of subsequent years will give more reliable results.

If a considerable percentage of calm is found in the frequency distribution, the Weibull
analysis should be applied only to the percentage of time during which the wind is
blowing (reference 29).

For the reader's convenience a sheet of Weibull graph paper is included in Appendix E.
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Appendix B
DETAILS OF THE SIZING METHODOLOGY

(output prediction)

In setting up a wind pumping sysotem, great care should be taken
in sizing the system -wind pump, storage tank, pipelines -

correctly for the required output. Oversizing would lead to
unduly high water costs. Correct sizing implies that reliable

methods are available to predict the hydraulic ouput of the system.



- 152 -

Appendix B
DETAILS OF THE SIZING METHODOLOGY

(output prediction)

Before reading this appendix, the reader should become familiar with the contents of
Chapters 2 and 3 of this handbook. The appendix is organized as follows: Section B.1
presents the equations and definitions underlying the sizing graphs of Chapter 3.
Section B.2 presents a more complex method for reaching a compromise between output
and output availability than the one given in Chapter 3. Section B.3 describes the
output prediction model underlying the sizing methodology. Section B.4 discusses
storage tank sizing.

B. 1. Equations used for sizing method of Chapter 3

Output and rotor size (Figure 3.3)

Figure 3.3 in Chapter 3 represents the basic relationship between average power
production and the rotor diameter (see reference 3).

Phydr = CE (CP 77)max p A V3 (1)

where Phydr averge hydraulic power W)
CE energy production coefficient _
(Cp ?7)max maximum overall power coefficient _
p air density, usually 1.2 kg/m3)
A rotor area = i 7r D2 m2)
D rotor diameter m)
v average wind speed m/s)

Matching of windmill and pump (Figure 3.4)

Figure 3.4 in Chapter 3 represents the matching of windmill and pump, which is most
conveniently expressed in terms of the design wind speed (reference 3). The design wind
speed can be calculated by equating the torque of wind rotor and pump in the design
point:
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Vd - vJ vol Vs Pw g H Ad i (2)
Vd - p Wr2 R3 (Cpl7)max

where: Vd design wind speed
Ad design tip speed ratio
i transmission ratio,

i<1 for back geared windmills (-)
Pw density of water 1000 kg/m3)
H pumping height m)
7lvol volumetric efficiency, 0.8 to 1.0 ()
Vs stroke volume m3)

= i Xr Dp2 S

Dp pump cylinder diameter m
s pump stroke m)
g acceleration of gravity 9.8 ms2)
R radius of rotor = i D m)

B.2. Complete sizing anid output prediction methodology

In the description of the sizing methodology of Chapter 3 it was recommended - based
on a reasonable compromise between power output and output availability - to match
wind machine and pump according to Table 2.2 in Chapter 2. The table quantifies the
matching in terms of Vd, the design wind speed. It presents the output in terms of CE,
the energy production coefficient.

In specific situations one may wish to deviate from this design, and apply a different
matching, i.e. a different Vd. For such cases one may use the graphs in this appendix
(Figure B.1) to determine the resulting CE .

While Figure B.1 is a graph of the energy production coefficient CE, Figure B.2 is a
graph of output availability. Both graphs must be taken into account before choosing a
final value for Vd. As already explained in Chapter 2, the matching of a windmill and a
pump is always a compromise between output and output availability.
The output availability is defined as the percentage of time during which the windmill
delivers more than '/10 of its average output.

The quantitative values of availability should be used with great care. For example, an
availability of 75% may seem high, but if it means continuous output during 9 months of
the year and 3 consecutive months of zero output, it would be absolutely unacceptable
for drinking water supply. An availability of 25% may seem low, but if it means 6 hours
of output for each and every day, it may be adequate. In other words, the variation of
availability over time must be considered specifically for each case.

Once the best compromise between output and availability has been determined, the
procedure for sizing a windmill is rather straightforward. With the values for Vd/V and
CE found in this appendix, one can readily apply the graphical sizing method of
Chapter 3, or apply the formulas of Section B.1 of this appendix.
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Figure B.2. Output avsability of 10% of average output as a function of design wind speed over
we wImd Wqned. P)oW: woable design according to Table 2.2, Chapter 2.
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Note that the "reasonable" design as specified in Table 2.2 of Chapter 2, has been
indicated with dots in the graphs. The Vd values lie somewhat below the values for
maximum output. It is reasonable to sacrifice some output for a better availability.

Of course, the graphs in this appendix may also be used for output prediction. Especially
for the other month than the design month this is interesting. The design wind speed of
the windmilll is known; the average wind speed for each month is known. Calculate the
ratio Vd/V for each month. Determine the CE value for each month (Graph B.1).
Determine the output for each month with the corresponding CE value using the
nomogram in Figure 3.3 in reverse order.

B.3. Output prediction model

The description of the model will be based on the concepts treated in the main text of
this handbook, especially Chapter 2, Section 2.4 on the matching of windmills and piston
pumps. The subject matter treated in Chapter 2 will not be repeated here.

The background to the model presented here, and a general description of it have been
published earlier as contributions to conferences on wind energy (references 30 and 31).

Conventional method of output prediction of wind turbines (wind electric generators)

The total energy output of a wind turbine over a longer period of time depends both on
the characteristics of the turbine and those of the site where it is installed. It is usual to
separate the wind machine's characteristics and the site characteristics in the following
way:

o Output curve of the wind turbine, the relationship between power output of the
turbine and wind speed. This is assumed to be a unique characteristic of a given
wind turbine (with load), independent of site characteristics, universally
applicable.

o Wind speed frequency distribution, summarizing information on the wind regime
of a certain site.

The total output at a certain site is calculated in two steps by "multiplying" the output
curve and the frequency distribution, i.e. multiplying corresponding points and
integrating the result (Figure B.3).

Recommendations of the International Energy Agency (IEA) for output performance
testing (reference 32), which are generally accepted by the wind energy community, are
based on this concept.
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t T(hours) P(kW) E(kWh)

L
800 _ 4- 2000 -

600 _ _ _ _ _ 3- 1500 _

200 500 1 
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0 2 4 6 8 10 0 2 4 6 8 10 0 2 4 6 8 10

V (m/s)--m V (m/s) -. V (mIs)-e

Figure B.3. Calculation of total output of a wind machine from the wind speed frequency
distribution and the output curve (reference 3).

Problem encountered with windmills driving piston pumps

As explained in Section 2.4, Chapter 2 and illustrated in Figure 2.9, the output curve of
a windmill coupled to a piston pump has two branches between Vstop and Vstart. In
other words it has a hysteresis loop.

For wind speeds between Vsto,p and Vstart, the windmill will sometimes be running and
sometimes be standing still. In a specific situation the result will be an average,
determined by the probability of either situation (Figure B.4).

This probability can be found by considering the history of the wind speed: Once the
windmill is running it will continue doing so when it enters the hysteresis region. Once
standing still, it will remain standing still when entering the hysteresis region. Therefore,
the probability of either situation depends on the wind speed distribution. In strong
winds the windmill will be running most of the time and the system will follow more
often the upper branch of the hysteresis loop than the lower one. In weak winds the
opposite is expected.

q 1k cp77

q average in / average in
strong winds / strong winds

/ average in /0 t zvrwin
S / wak winds

average in/ 
/ / ~~weak winids/ /

Figure B.4. Output performance of a windmill coupled to a piston pump.
Output behaviour and average output curves.
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This means that the output curve of a water pumping windmill depends both on the
characteristics of the machine and on the wind regime of the site where it is installed. It
is not possible to separate machine characteristics and site characteristics, as is usually
done for wind turbines (see above).

New method for output prediction of windmills driving piston pumps

Because of the problem depicted above, one must abandon the concept of a unique
output curve generally applicable for any site. This conclusion is supported by results of
field measurements (see references 30 and 31).
Instead of the conventional two-step procedure for output prediction (see above), a
three-step procedure will be required for the calculation of total output of windmill
driving piston pumps to lift water:

o An output curve is determined including the two branches of the hysteresis loop. A
theoretical model to do this can be rather simple (see below). A measuring procedure
will be more complicated.

o Using the actual wind speed frequency distribution of a certain site one calculates the
probability of pumping in the hysteresis region and corrects the output to find a curve
which is only applicable for this very site.

o One then multiplies the (site specific) output curve with the site's wind speed
frequency distribution.

The three-step procedure outlined briefly below has been executed in a generalized
manner in order to obtain results that can be applied to various sizes and configurations
of machines. It is described in detail in reference 35.

Step 1. Output curve with hysteresis loop

A more or less standard curve for the overall power coefficient (Cp77) as a function of the
wind speed V was derived for a wind pump with a conventional piston pump, or a pump
with a starting nozzle (the latter designed for 10% energy loss at the design point, see
reference 3). Both curves are shown in Figure B.5.

The problem of determining Vst0 p and Vstart has been discussed extensively in references
30 and 31. Values of VstDpfVd and Vstart/Vd pertaining to various systems are given in
Table B. 1.

Step 2. Site-pecific output curve

In reference 31 a simple model is given to estimate the probability of pumping between
Vstol? and Vstart, assuming that the frequency distribution of the wind speed is a Weibull
distrnbution with k=2 (Appendix A). In the model the average wind speed V can be
varied with respect to Vgop and Vstart (and Vd).
With this model it is now possible to calculate a site-specific output curve for the
different types of wind pumps indicated in Table B.1.
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conventional piston pump

(CP77)/(CP?7)max pump with sarting nozzle
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1 2 3 4
VIVd

Figure B.5. Output curves useed for the computations.

Vstop/Vd Vstart/Vd

Classical slow running windmill with deep well pump 1.2 1.8

Classical slow running windmill with shallow well pump
or balanced pump rod 1.0 1.6

Recent design with starting nozzle in pump and balanced pump rod 0.8 1.2

"Ideal" windmill, variable stroke, floating valve 0.7 0.7

Table B.A. Values of start and stop wind speeds related to design wind speed for various types of wind
pumps.
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Step 3. Calculation of total output

Using the procedure illustrated in Figure B.3 and assuming a Weibull distribution for
the wind speed, we can calculate the total output of the wind pump. The output
availability can also be calculated.

The results on output are presented in a general form in Figure B.1, indicating the
energy production coefficient CE as a function of the choice of the design wind speed,
expressed as the ratio Vd/V for different types of wind pumps. Figure B.2 shows the
corresponding values of output availability.

B.4. Storage tank sizing

The sizing of the storage tank has been treated in a rather simplified way in Chapter 3.
When considering the full problem a compromise has to be established between wind
pump size and storage tank size. This can be easily understood by taking an extreme
case: If the wind pump were chosen large enough to supply all water required
instantaneously, no storage would be required. However, this solution would hardly be
economic, since the wind pump's capacity would not be fully exploited most of the time.
It is more appropriate to use a smaller wind pump, and add a storage tank to supply
water at times of peak demand.

Simulation studies have been performed concerning this problem (reference 33). Hour by
hour simulations were made of wind pump output, water consumption, and storage of
water in the tank, or retrieval of water from the tank. After performing several
simulations for different tank sizes, a minimum tank size was determined on the basis of
criteria for acceptable water deficits. This procedure was repeated for a range of wind
pump exploitation factors fe,,,, i.e. the ratio of total yearly demand and total yearly
output. The simulations were done for two quite different cases, with quite different
wind regimes: Cape Verde, and Sri Lanka. Yet the results were rather similar, and are
summarized in Figure B.6.

The graph in Figure B.6 may be used as the basis for an economic optimization of a
wind pump system, once the specific costs of wind pump and storage tank are known. In
the case of a relatively cheap windmill but an expensive storage tank, one will tend to be
in the left part of the graph. For an expensive wind pump and a cheap tank one will shift
to the right.
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Figure B.6. The relationship between required storage tank capacity (in days) and the
wind pump exploitation factor fwe (reference 33).
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Appendix C
SIMPLE METHOD OF CALCULATING COSTS

OF WATER PUMPED BY A WIND PUMP,
ENGINE-DRIVEN PUMP AND SOLAR PUMP

I _ RI 

At times the vazlue of water is incalculable. A Mapel compressor windmill pumping
from 80 meters by the air lift principle during a drought in the Northeast of Brazil.
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Appendix C
SIMPLE METHOD OF CALCULATING COSTS

OF WATER PUMPED BY A WIND PUMP,
ENGINE-DRIVEN PUMP AND SOLAR PUMP

In this appendix some simple formulas are derived to calculate and compare the costs of
pumping water by a wind pump, an engine-driven pump and a solar pump. The costs are
calculated in US $ per kWhh, the latter being used as the unit for the effective hydraulic
energy output. 1 kWhh is equivalent to 367 m4 (see Section 1.2, Chapter 1). The costs of
the water source, storage and distribution are not included in the calculations.

For calculating costs use is made of the annuity method. The method is simple and
sufficiently accurate for small capital investments with a life time of 10 to 15 years or
less (see Section 5.1 and 5.2, Chapter 5).

The capital costs of all three pumping systems are related to their specific investment,
i.e. the investment per m2 rotor area for a wind pump and per kW rated for an
engine-driven pump (diesel or kerosene), and per W peak for a solar pump.

Maintenance and repair costs are split into three categories:
1. A fixed annual amount (e.g. travel costs of repair crew).
2. Annual costs proportional to the investment.
3. Annual costs proportional to the number of operating hours per year (e.g. of a

diesel pump).

The costs of an operator have been left out of the calculations as they are more or less
the same for all systems.

The reader who wants to skip the derivation can go directly to the final results (C.5,
C.10 and C.15). Each is illustrated by an example, in which the parameters coincide
with those from Section 5.4 and Figure 5.3, Chapter 5.

C.1. Costs of water pumped by a wind pump

Consider using a waterpumping windmill:
Eh,an = annual hydraulic energy output requirement in kWhh/year
Ph,an = average annual hydraulic power output requirement in kWh:

Eh,an = 8760 x Phian in kWhh (C.1)
vi = average monthly wind speed in month i (i from 1 to 12)
Ph,i = average hydraulic power output requirement of wind pump in month i (in

kWh).
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Using "rule of thumb" (1.4a, Chapter 1)

Ph,i = ,B V3 A.10-3 kWh (C.2)

where A is rotor area
,B is quality factor (Table 2.2, Chapter 2)

The most critical month is that in which (Ph,i/V3i), i.e. the energy demand in relation to
available wind energy, is maximum. We will indicate these values in the critical month
by an asterisk.

vi* = the average wind speed in the critical month
Ph*,i = the average hydraulic power requirement in the critical month

Using (C.2), these values determine the rotor area Ad (design value)

,B (Vj*)3 Ad . 10-3 = Ph*,i (C.3)

with which the requirements in the critical month are met.

Capital costs per kWhh:

I is investment in $.
Assume annual costs are given by annuity.
Annual costs a.I, in which a is annuity factor, dependent on economic lifetime L,
discount rate d and inflation rate i (see Table C.1).
Annual costs are a.I or equal to (a.SI.Ad $/year)
in which SI is the investment per m2 rotor area ($/m2)
C, is capital costs per kWhh ($/kWhh )

a (SI) Ad
Cc = ; substituting (C.1) and (C.3) gives

Eh ,an

a! (SI) rPh*, i 1
Cc = 0.114 a (SI) P $/kWhh (C.4)

P (vi*) 3 Ph,XanJ

Costs of maintenance and repair (MR) per kWhh:

Assume annual costs of MR can be split up into a constant part M and one proportional
to the investment. So costs are (M + i.I), in which A indicates cost of MR per $
investment. In the same way as with the capital costs we find a similar expression as
(C.4) for CM p,
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The total costs Ctot (= Cc + Cm i are

(a + A) (SI) Ph*, i M. 10 - 3

Ctot = 0.114 + $/kWhh (C.5)
,B(Vi j)3 Ph, an r)h) an

Fample:

Capital: Specific investment: US $ 400.-/m2

Life time: 15 years I annuity factor a = 0.1315
Real interest rate: 10% j (see Table C.1)

Maintenance and repair:
M = US $ 50.-fyear (fixed annual cost)
A = 5% (percentage of investment)

Quality factor of performance: /3 = 0.08
Demand: Ph,i*/Pan = 1 (constant demand throughout year)

Results are plotted in Figure 5.3.a, Chapter 5, e.g. Ph,an = 0.042 kWh (equivalent to 1
kWhh per day) and V* = 3 rn/s -_ US S 3.97 per kWhh -

C.2. Costs of water pumped by an engine-driven pump

Consider a diesel or kerosene pump:

Per = rated power of the engine in kW
Pe = power level at which engine actually operates
r = Pe/Per = derating factor
77e = efficiency of the engine (from fuel to shaft power)
Pp = power output of the pump in kW
71p = P /Pe = efficiency of the pump
Ph = eWective hydraulic power output in kWh (P, = p . g, . q. X`s iW ik 

q = volume flow rate in m3/s)
Pi = power losses in suction and delivery lines
Pp = Ph + PI = Ph (Ph + PI) /Ph
x11 = Ph /(Ph + P1) = "efficiency" of suction and delivery lines
Ph = 71p . 711- Pe in kW
Tan = number of hours that engine operates per year
Eh,an = Ph Tan = 1p . 771 - Pe. Tan =

annual hydraulic energy output in kWhh per year (C.6)
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Fuel costs per kWhh:

Ef = energy contained in fuel in kWh
= Vf.SEF in which Vf = volume of fuel in liters and SEF is eneTgy content of

1 liter of fuel
Eh = effective hydraulic energy output in kWhh from Vf liters of fuel with energy

content Ef
= 11e . ?1p * nj . Vf . SEF in kWhh

Fuel costs are: Vf.SFC in which SFC = specific fuel costs in $ per liter
Cf = costs of fuel per kWhh

Cf SF0 1 (0.7)
SEF 77e 77p 711

SEF is approx. 10 kWh per liter

1 SFC Skh
Cf lW1tothh

in which i7tot = 71e * * 771 = the total efficiency of conversion from fuel energy to
effective hydraulic energy

Costs of maintenance and repair (MR) per kWhh:

Assume costs of MR are directly proportional to hours of operation of the engine. The
engine operates Tan hours per year. r is cost in $ of MR per 1000 hours.

Annual costs of MR: r.Tan 10-3 ; with annual energy output according to (C.6), we find
for the costs of MR per kWhh:

T 10-3
Cm - $/kWhh

71p 771 Pe

Capital costs per kWhh:

I is investment in $.
Assume annual costs are given by annuity (see Table C.1).
The annual costs Cc of the capital investment per kWhh are:

aI
CC = $/kWhh (C.9)

Eh,an

or expressed in Tan with the aid of (C.6)

cc (SI)
Cc =

71P ~71l r Tan
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in which

SI = = specific investment ($ per kW rated)
Per

Summarizing: total costs Ctot per kWhh are given by:

1 SFC ,-.10-3 a I
Ctot = - + + $/kWhh (C.lOa)

10 ito t i1p 111 Pe Eh,an

or

1 SFC r.10-3 a (SI)
Ctot = - + + $/kWhh (C.10b)

10 7it o t 71p 71 Pe 7p n7i r Tan

Example:

Assume: Annual average daily hydraulic energy requirement is 1 kWhh per day.
Consider diesel or kerosene/gasoline pump.
Rating and life time: r = 0.5; 77p nli = 0.4.
250 days operation per year _ 1.4 kWhh per operating day.

Diesel: 2.5 kW (smallest available) -Pe = 1.25 kW _ Ph = 71p 171 Pe
Ph = 0 .5 kWh -_ 2.92 hours/day - 730 hours/year _
lifetime 13.7 years.
Take 14 years.

Kerosene: 4 hours/day _ Pe ?77 1 = 1.4/4 Pe = 0.9125 kW-
Per = 1.825 kW 1000 hours/year - lifetime 5 years.

Fuel costs: Assume SFC = $ 0.35/1.
Diesel: 77tot = 0.1 4 Cf = $ 0.35/kWhh
Kerosene: 77tot = 0.05 b Cf = $ 0.70/kWhh
Costs maintenance and repair: assume r = $ 200/1000 hours.
Diesel: Cm 1t= S 0.40/kWhh
Kerosene: Cm IL= $ 0.55/kWhh.
Capital costs: assume real interest is 10%.
Diesel: a = 0.136, SI = $ 600/kW _ Cc = $ 0.56/kWhh
Kerosene: a = 0.264, SI = $ 400/kW Cc = $ 0.53/kWhh
Total costs: diesel $ 1.31/kWhh ; kerosene $ 1.78/kWhh (See Figure 5.3, Chapter 5,

lowest values for diesel and kerosene).
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C.3. Costs of water pumped by a solar pump (reference 1)

Consider a solar pump:

Per is by definition the (electric) peak power output in kWp of a solar cell array at
250C ambient temperature at a solar irradiation intensity of 1 kW/m2.

Hs is the solar irradiation per m2 in a day expressed in kWh/m2.day
Ts is the total solar irradiation expressed as the equivalentnumber-of-hours-per-day

of solar irradiation at a value of 1 kW/m2. In other words the value of T. is equal
to the value of H,, if the latter is expressed in kWh/m2.day.

The total electric energy output of the solar cell array in a day is (Per.Ts.1/c) kWh/day,
in which c is a correction factor for higher ambient temperature ± 400C and impedance
mismatch (reference 1).

= daily energy subsystem efficiency, i.e. the ratio of hydraulic output energy to
electrical input energy over a day.

Eh = hydraulic energy requirement in kWhh per day

To fulfil these requirements we find:

Eh = 77s Per Ts 1/c kWhh/day (C.11)

In a similar way as shown for a wind pump, the critical month, indicated by an asterisk,
is the month for which Eh/HS is maximum, or Eh/Ts is maximum.

Using (C.11) the rating of the array needed is determined by the values of Ts and Eh in
the critical month

Per C Eh} 177 kW (C.12)

Capital costs per kWhh:

I = investment in $

Assume annual costs are given by annuity.

Ccc = Ea I $/kWhh (C.13)

Eh,an = total hydraulic energy requirement in a year
Eh = annual average daily hydraulic energy requirement per day; Eh,an = 365-Eh

Substituting (C.12 and 14) in (C.13) and taking c = 1.2 (reference 1),

a (SI) Eh* 1
Cc = 3.3 .$/kWhh77s Eh Ts

in which (SI) is the specific investment in $ per peak Watt.
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Costs of maintenance and repair (MR):

Assume costs can be split up into three parts:

a. Constant annual cost M ($/year).
b. Annual cost proportional to the investment (and so to the rating): A I.
c. Cost of MR of the motor/pump proportional to the number of running hours:

KS per 1000 hours

With n = number of running hours per year we find

M + i4.I + K.n 10-3
Cm R = $/kWhh

Eh , an

n can be estimated using

365 Eh c
n -

?is Per

n being the equivalent number of hours that the installation operates at peak power with
an efficiency 77s.

Relating Per to the critical month via (C.12), and adding capital costs (C.14), the total
costs are:

( + A) (SI) Eh* 1 M
'^tot = 3.3 ~~ 1-1 -*+ 2.74 x 10-3

7's Eh Ts* Elh

K Eh 1
+ l Ts* - $/kWhh

10 00 Eh*l Eh

Example:

Life time: 15 years l annuity factor a! = 0.13147
Real interest: 10% J
Specific investment SI: US $ 18.- per W peeak
Solar irradiation in critical month: 4 kWh/m2 day -_ Ts* = 4 hours
Daily energy subsystem efficiency 'is = 0.40.
Demand: Eh*/Eh = 1 (constant demand throughout the year).
Fixed annual cost of maintenance and repair: M = US $ 50.-/year.
Maintenance and repair per 1000 hours of operation: K = US $ 12.-/1000 hours.
Maintenance and repair as percentage of the total investment: ,. = 0.01.

We find for annual average daily demand Eh = 1 kWh/day:

Ctot = 5.25 + 0.137 + 0.048 = US $ 5.44/kWhh. (See Figure 5.3.a, Chapter 5).
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Appendix D
EXAMPLES

Small scale wind pump irrigation in Sr-i Lanka.
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Appendix D
EXAMPLES

Two examples are presented, based on information from practical experience. The
procedures outlined in Chapters 3 (site evaluation) and 5 (financial assessment) are
elaborated for both examples.

Exxample D.1. Irrigation in the dry zone of Sri Lanka

This example concerns a typical small farm in the dry N.E zone of Sri Lanka. The
information presented here is based on the practical experiences of a series of windmill
pilot projects, especially that at Morawewa (north-east coast). The information was
derived mainly from references 19, 20, 21, and 22.

Two different pumping devices are considered:

a. a wind pump, as applied in the pilot projects
b. a kerosene pump, commonly applied in the dry zone.

The following technical and economic information is to be used:

Cropping pattern: See figure D.1 (from reference 20).
During the wet Maha season (October to January) no lift
irrigation is needed, and paddy rice is cultivated.
During the dry Yala season (February to September) lift
irrigation is practiced for growing "subsidiary food
crops". Note that only part of the farm is used during
this season in order to minimize risks.

Crop water requirements: See Table D. 1 (from reference 20).
Note that the indicated crop water requirements are
conservative estimates, since fully developed crops were
assumed for the calculations, whereas crops in their
initial phase of development will consume less water.

Water distribution: Earth channels.

Irrigation method: Furrow or basin.

Overall irrigation efficiency: 60%.

Water source: Open well, water level at 5 m below ground level.
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Usual type of tank: Low round tank of bricks, lined on the inside with
bitumen, and strengthened on the outside by earth bund,
height approximately 1.5 m.

Wind regime: In the area of interest only one station has long-term
records: Anuradhapura. However, the anemometer there
is poorly exposed to the wind.
Short-term measurements have been performed
(reference 19).

Terrain, landscape: Flat, isolated trees.

Pumping options: Windmill or kerosene pump

Cost of windmill: Type: WEU II/3, 3 m diameter, Ad = 2,
manufactured in Sri Lanka.

Purchase: 13,000 Rs US $ 570*
Installation: 3,000 Rs US $ 130
Lifetime: 10 years
Maintenance: 5% of total investment per year

Cost of storage tank: Type: earth-brick-bitumen, capacity: 23 m3

Investment: 5,000 Rs US $ 220
Lifetime: 10 years
Maintenance: 3% of investment per year

Cost of engine-driven pump Type: 1.9 HP kerosene motor, driving a
centrifugal pump, capacity 9.1 m3/hr at
T m head, kerosene consumption 1.3 lIhr.

Purchase: 3,700 Rs US $160
Pipes, misc.: 680 Rs US $ 30
Installation: 820 Rs US $ 40
Lifetime: 5,000 operating hours
Maintenance: 20% of investment per 1,000 operating

hours
Kerosene: 6.7 Rs/l US $ 0.29/1

Well: Investment: 3,000 Rs US $ 130
Lifetime: 10 years

Interest rate: 12.5% *

* All costs (and interest rate) indicated here are for mid 1983 (1 RS = US $ 0.044)
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paddy rice nurs. chilies (Mi 35)
0.8 HA (3.5 month)

onions

pulses

V t | vegetables vegetables

Oct INov Dec Jan Febr Mar IApril [May June July Aug Sept

Figure D.1. Cropping pattern of a typical small farm in the dry zone of Sri Lanka, using either a wind
pump or a kerosene pump during the dry season (February to September), reference 19.

J F M A M J J A S O/N/D

reference evapotransp.(mm/day) 3.4 4.1 4.9 4.9 5.4 6.5 6.6 6.7 5.9 rains

75% probability rainfall (mm/day) 2.0 0.5 0.6 2.3 1.7 0.3 0.3 0.3 0.6 -

NIR (m3/day/ha) 14 36 43 26 37 62 63 64 53 -

GIR (m3/day/ha) 23 60 72 43 62 103 105 107 88 -

actual cultivated area (ha) - .10 .10 .20 .25 .40 .40 .30 .15 -

cropping pattern of Figure D.1

Table D.1. Irrigation requirements and cultivated area of small farm in dry zone of Sri Lanka,
reference 19.
NIR = net irrigation requirement, GIR = grn irrigation requirement
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The procedures for sizing and cost estimation of the windmill have been carried out by
filling in the format sheets as indicated in Chapters 3 and 5. The completed format sheets
are shown on the following pages, Tables D.2 to D.6.

Hydraulic power requirements

The last two lines of Table D.1, gross irrigation requirement and cultivated area, are
multiplied to find the pumped volume requirement, which is filled in in the first column of
the format sheet, in Table D.2.

The pumping height is found by adding the depth of the water level in the well and the
height of the tank, total 6.5 m.

Since the distance between wind pump and tank is very short, the pressure loss in the
delivery pipe is very low.

The average hydraulic power requirement is calculated with the formula given in
Section 3.1.3, Chapter 3.

Wind power resources

Reference 19 presents reasonable estimates for the actual wind speed at 10 m height above
terrain, obtained from short term measurements.
Since an estimate of the actual wind speed is available, the first column of the data sheet in
Table D.3 (concerning potential wind speed) is used to indicate the actual wind speed at
10 m height above terrain. The roughness of the terrain (isolated trees, tall crops) is
estimated to be 0.25 m. Using the formula of Appendix A.3, the data for 10 m above terrain
height are converted into 12 m data (tower height, see below). In the last column the
specific wind power is calculated using the formula of Section 3.2, Chapter 3. Since the
example site is at sea level the density of air is 1.2 kg/m3.

Identification of design month

As explained in Section 3.3, Chapter 3, the data of the previous format sheets are filled in in
the format sheet for design month identification, Table D.4. Subsequently the ratio of
average hydraulic power to specific wind power is calculated to give the reference area. The
highest value is found for April, which is therefore the design month.

Wind pump system sizing

The five steps indicated in the format sheet of Table D.5 must be carried out.

The tower must be high enough to lift the rotor over the isolated trees in the surroundings.
A height of 12 m is chosen, which is the standard height for the type of windmill involved.
From Table 2.2 one finds values for the energy production coefficient of 0.9 and for the
maximum overall power coefficient of 0.18. Using the graph in Figure 3.3, Chapter 3, one
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finds a rotor diameter of 3.4 m. For practical application, one chooses the standard
diameter of 3.0 m, thereby accepting some lack of water in April.

Subsequently one must decide on the design wind speed. A value of 2.5 m/s is chosen,
somewhat higher than the average wind speed in the critical month. By this choice the
output is somewhat increased, but also the percentage of standstill is increased. This is
acceptable since a strong diurnal variation of the wind speed was found during the low wind
period of February to April. This means that the windmill will often be standing still during
the night, but will mostly run during the day.

Using the graph of Figure 3.4 one finds a stroke volume for the pump of 0.41 1. This may be
realized by taking a pump of 100 mm diameter and a stroke of 50 mm (giving a stroke
volume of 0.39 1.).

Since the design wind speed was not chosen exactly according to the procedure of chapter 3
(see above), it is wise to check the energy production in the design month (April) and the
month of highest demand (July). This may be done using Appendix B.2.

In April one finds a strong diurnal variation of the wind speed: relatively strong wind
during the day (about 3 m/s), and calm during the night (about 1 mi/s). For the daytime
one finds a ratio of design over average wind speed of 0.83, an energy production coefficient
of 0.76, and an average power of 16 W. During the night the wind pump will be standing
still. Hence, the overall average power will be some 8 W, which is sufficient.

For July one finds a ratio of design over average wind speed of 0.53, an energy production
coefficient of 0.39 and an average energy production of 31 W, which is approximately as
required.

For the storage tank one chooses a storage capacity of half a day of water requirement
during the month of highest need, July, giving 20 m3 . This allows all water pumped during
the night to be used the following day. For practical application one takes 23 m3 which is
the size of a standard design.

Wind pump performance specification

Using the information above, the performance specification sheet may be completed in a
straightforward way (Table D.6).

Unit water cost for a wind pumping system

Using the information presented above, the last sheet may be completed in a
straightforward way (Table D.7).

Note that the annual water requirement is found by multiplying the last two lines of Table
D.1 (gross irrigation requirement and cultivated area), multiplying by the number of days
in each month, and adding the two totals. The cost of operation is taken to be zero, since it
is part of the normal work on the farm, involving no additional costs.

Finally a water cost of 4.6 Scts/m3 is obtained.
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Unit water cost for a kerosene pump

Subsequently the water costs of a kerosene pump are calculated using the format sheet for
unit water costs (Table D.8).

In this case the design month is the month of highest hydraulic power requirement: July.

Assume 6 hours of operation per day, a derating factor of 0.5 and a pump efficiency of 25%.
From the graph of figure 4.3, one finds a rated power of 1.1 kW. Practically one takes the
usual type of pump: 1.98 HP or 1.4 kW.

The efficiency of the pump seems rather low (1.4%), but it is justified by the data of the
1.98 HP pump (see above), which were derived from practical tests. It is assumed that the
same cropping pattern is applied as for the wind pump. Hence the annual water
requirement is similar: 5060 m3 . In order to pump this amount of water the kerosene pump
will be operated 560 hours per year (at a flow rate of 9.1 m3 /hr). Therefore the lifetime of
5,000 hours is equivalent to 9 years. The cost of operation represents the fuel consumption
of the pump. Finally the water cost is found to be 6.0 $ cts/m3.

It may be concluded that wind pumps are somewhat more economic than engine-driven
pumps. This is due to special circumstances in the example: the windmill is extremely
cheap (about $100/M2), owing to the cheap local labor and steel prices far below world
market prices. Over the last years the prospects for wind pumps have improved further as a
result of a considerable increase in the cost of engine-driven pump sets.
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HYDRAULIC POWER REQUIREMENTS

Location.;PYAZOV!f. S LA.N. ..M ^y .................................

Delivery pipe head loss..f...% Delivery pipe length. ..... m

Month Pumping Pumping Head Total Average hydraulic
requirement height loss head power r^uirement
(m3/day) (m) (m) (m) (W)

Jan O 6.5 40.5 0T 

Feb 6 6.5 40.5 S'

March 6.5s .5 7 6
April 6.5 40S5 7

May 6.4 405s j 13

June 41 65 .os _ 33
July 42 6.5 "'. 33
Aug 32 6.5 7 25
Sept 13 6.5 (O 10

Oct 0 65 o.5 j0

Nov 0 6.5 0.5 7 0

Dec 0 6.5 (0.5 7 0

Total yearly water requirement m060 m 3/year

Tabel D.2. Completed sheet on hydraulic power requirements, dry zone, Sri Lanka.



WIND POWER RESOURCES

Location. P.Rr .:°.'f ........ Height above sea level.4.k
9
... m

Hub height m.Terrain..oughness...A?47 DESIGN MONTH
Hub height .......... .2 m Terrain roughness . . .. . .. Lo a in ; W 4 R 4,1 ........................°.5

Combined correction factor for hub height and roughness.}l:° ..
Month Average Average Specific Reference Design

Average Average wind Density Specific hydraulic wind speed wind power area month

potential wind speed at hub of air wind powe power at Pwind Phydr/Pwind

Month speed at 10 m height (m/s) (kg/m
3
) (W/m

2
) P hub height

(m/s) (Wi (m/s) (W/m
2
) (M2)

Jan 1.5 1.6 1.2 2 Jan 0 1.6 2 0

Feb l.5 2.0 122 5 Feb 2.0 1.0

March 2.1 2.2 1.2 6 March 6 2.2 6 1.0

April 2.0 2.0 1.2 5 April 2.0 1.4 4-

May 2.T 2.8 1.2 13 May 13 2.8 13 1.0

June 4.4 4.6 t.2 S8 June 33 4.6 58 0.6

July 44 44' 1.2 62 July 334 62 0. 

Aug 4.4 4.6 1.2 iS Aug 25 4.6 iS 0. 4

Sept 2.8 2.9 1.2 l5 Sept 0 2._ 15°

Oct 7 1.2 ' Oct 0 O

Nov ' 1.2 Nov 0 7 7 0

Dec z _ 1.2 ? Dec O 7 7 O

Table D.3. Completed sheet on wind power resources, Table D.4. Completed sheet on identification of design month,

dry zone, Sri Lanka dry zone, Sri Lanka.



WIND PUMP SYSTEM SIZING

Location. Pa$ w .......R' ° Height above sea level.'!4... .m

Design month... A iL..........................................
WIND PUMP PERFORMANCE SPECIFICATION

Design month water requirements
ff 3 ~~~~~~~~~~Loocation . . ........... .Height above sea level ................... 3. m

Pumping rate .............. m /day ..... M..A4M
Pumping height .............. m 1. Water source Type .... h4'.. . . .

I W Distance (for surface pumping). m
Hydraulic power requirement, .Wdr .......................... . Diameter (for wells). mm

Water level (when pumping). m
Design month wind power resources

2.0 2. Delivery system Type. '. !.. r.... ............r.5
Average wind speed ................. m..............i..m.s... Length. .... IA.m

,.2 3 .Pipe diameter . (.mm
Air density (standard 1.2) . .................... kg/m

3 Efficiency ........ pf ...

Specific wind power Pwild ............ .................. W/m2 3. Storage system Type.l.4MO. k.i.. B'£4RrN# AfD
Volume . .Z................. ms

Design month reference area Phydr/Pvwld ...... .kk ........... Height .......... ..... m

Type of wind pump o Classical deepwell 4. Design month details Month. A ....
o Classical shallow well, balanced pump rod End use water requirement.,. .. m

3
/day

J Recent design, starting nozzle, balanced Pumped water requirement ... m
3

/day
pump rod Hydraulic power requirement.......jw

Average wind speed at
Step Calculations hub height ........... Z.-.°. .. m/s

1. Tower Height .; .......... m 5. Wind regime and water requirement

2. Rotor Energy production coefficient ........ ..... Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Maximum overall power coefficient... .h05…………. _
Diameter . . m average wind

'44 ~~~~~speed at hub I.S 2.0 2.2 2.0 2.9 4.6 4j 4, .a 7 '7
3. Pump Design wind speed . ......... ............. m/s height (m/s) 1

Design tip speed ratioo. .. A -............... I
Transmission ratio . . ...... pumped water
Stroke volume 1................ :... requirement O s 6 z 13 33 33 2s lo o o o
Stroke ................ mm (m per day)
Diameter ....... ......... m 

6. Windmill specification Tower height 2m
4. Storage tank Volume ..... ;. ml Machine type.V. .4 Df.S.....m

Height .. .. m rotor diameter ....... .......... m
stroke ..... N 0.......mm

5. Pipe work Diameter ........ 0 . mm Pump type ..... .
Total length. 4 . m cylinder diameter .... }f ° ... mm

Table D.5. Completed sheet for wind pump system sizing, Table D.6. Completed sheet for wind pump performance,

dry zone, Sri Lanka dry zone, Sri Lanka



UNIT WATER COST FOR A SMALL-SCALE PUMPING SYSTEM UNIT WATER COST FOR A SMALL-SCALE PUMPING SYSTEM

System description y ZoVE 5; ZAMA System description DRY ZOFU SRI LANKA
Location ...................... ................................ o at n............. ......... ................................. .

Design monthAf;I' .... Design month g m3/day Design month. .A .... Design month g

pumping requirement ............. pumping requirement ....... m3
/day

Total head ..... I..... m Design month hydraulic Total head .......... m Design month hydraulic

power requirement .......... w......... W power requirement .......... F........W

Annual water requirement. .°f°. .... Annual water requirement. O ..m3

Power source . ........... .. .... . Size .3..n. */i.t./. re"f ....... Power source. wM 0 , .. . Size..4.4. '

Storage tank size ..... A 3........ m3 Storage tank size .. m
3

Economiq information Economic information
Interest rate .......... Real interest rate. .

1 A.5Ao InerstrteRelsnerstrae

Inflation rate . Inflation rate.

Costs Costs

System component i:. . ..... System component 1: .K
Investment .... 4..w ........... Investment ..... ...............

Lifetime ............... years Lifetime ......... years

Annuity ......... . . Annuity .'.. _

Average ~ ~ ~ ~ ~ ~ ~~~~~12fAverage annual capital cost ........ 4
Aeaeanacaia ot............................ .26.......Average annual capital cost .. .................. ................ .4.4

Average annual cost of maintenance and repair... 3....... Average annual cost of maintenance and repair ...............

System component k .T-6 k ra ^* System component 2: . W.

Syvestmcopent..3.................. Investment. ..... .130A.
Invstmnt .... Investmen........

Lifetime year..Lifetime10 yearsLietme....... s2 ................. years Lifetime ........... ......... ar

Annuity ........ Annuity .- 23...

Average annual capital cost ..................... f. ........ Average annual capital cost ................................

Average annual cost of maintenance and repair .... $. ........7 Average annual cost of maintenance and repair ..............

Annual cost of operation of the system ............... Annual cost of operation of the system ......... $.2.1

Total annual costs 1231 Total annual costs g O4

Unit water costs fCdawr/^, 4$6 Unit vater costs ,cawr,/mz 6.0

Table D.7. Completed sheet of unit water costs for a Table D.8. Completed sheet of unit water costs for a kerosene

wind pump, dry xone, Sri Lanka pump, dry zone, Sri Lanka
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Dempster 8' windmill operating at Achade Sao Filipe in 1982. At the time of
installation Achade Sao Filipe was a desert.
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Example D.2. Water supply to the village of Sao Filipe,
Cape Verde

This example describes one of the wind pump installations integrated in a larger wind
pump water supply system at Achada Sao Filipe, Cape Verde. The information
presented here was derived mainly from references 23 and 24.

Figures D.2 and D.3 (both from reference 24) give an overview of the complete water
supply system.

Southern Cross 25'

tank 300 m3

Dempster 14' prototype 5 m

tank 50 m3 - rr iriaion 2.5 ha E

Dempster 8'

Village MDR offices
of Sao Filipe DER workshoo L

ank m3 tree nursery wrso

water level 42 m_ _

water level 3 5 m

Figure D.2. Layout of Achada Sao Filipe water supply system (cross section), reference 24.

The example concerns the wind pump closest to the village of Sao Filipe, in the figure
indicated by "Dempster 8' ". It is representative for windmill installations on Achadas
("plains"), characterized by deep water levels and very high wind speeds.

Two alternative pumping options will be considered:
a. a classical windmill
b. a diesel motor driving a deep well turbine pump, through a belt and vertical

shaft.
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tank 300 m3

= \ ,5; u Southern Cross 25'

\ irrigation 2.5 ha _ p
'I, / / / fiDempster 14'

/ ) \ \ ~~~~~~~~~~tank 50 m3/

ACHADADESAO FILIPE

0~~~~~~~~~~~~~~~~~~~~~

s° g || / ~~~~~~tank 40 m (3 

tz > R~~~~~~~ER i

I 4 s}-J<D~~~~~~~empster ' ,,

\ | . 4 gree ~~~~~nurserV 8,

g \ % ~~~~~~S. FILIPE DE CIMA \ t

> 0 < ~~~~~~~~~~~~~~~~tap house **

Figure D.3. Layout of Achade Sao Filipe water pumping system
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The following technical and economic information is to be used:

Water needs (for the complete interconnected system):
Domestic water supply for 500 persons in Sao Filipe
(12.5 m3/day). Livestock watering: unknown, highly
variable number of cattle and goats.
Tree nursery of reforestation project (5 m3/day during 5
months of the year).
Offices and workshop (approximately 100 persons).
Water for civil works, taken by tank trucks, or in drums.
Irrigation (2.5 ha, approximately 100 ms/day)

Well closest to the village of Sao Filipe:
Tubewell: internal diameter 150 mm.
Depth: 75 m
Static water level: 35 m below ground level
Dynamic water level for a pumping rate of 0.5 l/s: 37 m

Water distribution: Galvanized steel pipes.

Usual type of tank: Heavy masonry, covered with concrete slab in case of
drinking water; height above ground level: about 2.5 m.

Wind regime: Long term data are available from Praia airport, a few
kilometers from Sao Filipe, situated on an Achada, very
well exposed to the wind.
By means of short term measurements at Achada Sao
Filipe, correlations have been established (see reference
24). The results are summarized in Table D.9 below.

Terrain, landscape: Achadas (gently sloping plains), intersected by Ribeiras
(deep valleys).
Achada Sao Filipe: covered by bushes and low trees.
Praia airport: flat, covered by stones, hardly any
vegetation.

Pumping options: Wind pump, or a diesel engine driving deep well turbine
pump

Cost of windmill: Type: classical multiblade windmill, back geared (i=0.3),
manufactured in the USA, 8' diameter, or 2.4 m.
Purchase and transport: 133,000 $CV, US $ 1750*
Installation: 26,000 $CV US $ 350
Lifetime: 15 years
Maintenance: 12,000 $CV/year, US $ 160/year

Cost of storage tank: Type: heavy masonry with concrete slab cover,
capacity 40 m3

Investment: 275,000 $CV US $ 3620
Lifetime: 30 years
Maintenance: virtually zero
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Cost of engine pump: Type: Not exactly indicated in the references,
approximately as follows:
Diesel engine of 5 kW, fuel consumption 2 1/hr (25%
efficiency).
Multistage turbine deep well pump, nominal rating:
- output 14 m3/hr at 40 m head
- mechanical power demand: 2.5 kW
- efficiency 60%
Investment: 136,400 $CV US $ 1800
Installation: 20,000 $CV US $ 260
Lifetime: 10,000 operating hours
Maintenance: 10% of investment per

1,000 operating hours
Diesel fuel: 20 $CV/1 US $ 0.26/1

Tubewell: Investment: 13,000 $CV/m US $ 170/m
Lifetime: 30 years
Maintenance: virtually zero

Cost of operator: Annual salary: 36,000 $CV US $ 470

- All costs indicated here are for end 1983, (1 US$ = 75 $CV).

Month J F M A M J J A S O N D year

Measured wind speed
(m/s) at 7.5 m 7.2 7.9 7.8 7.4 8.0 6.7 5.2 4.8 5.1 6.4 6.4 7.1 6.7
Calculated wind speed
(m/s) at 10 m 7.6 8.3 8.2 7.8 8.4 7.0 5.5 5.1 5.4 6.7 6.7 7.5 7.0

Table D.9. Wind speed data of Praia airport (reference 24) measured at 7.5 m height, converted to
standard 10 m height, assuming a terrain roughness o of 0.03 m.

The procedures for sizing and cost estimation of the wind pump have been carried out by
filling in the format sheets as indicated in Chapters 3 and 5. The completed format
sheets are shown on the following pages, Tables D.10 to D.16.

Hydraulic power requirements

In this particular case the hydraulic power requirements are not determined by the need
for water. As indicated above, water is needed for a variety of purposes, and the need
exceeds the availability of water in this arid region.

The pumping requirement is rather determined by the capacity of the well: Since the
well is very expensive, it should be exploited to its full capacity, but care should be
taken not to over-exploit it.
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In this particular case a pumping rate of 0.5 I/s seemed acceptable, leading to the values
indicated in Table D.10.

The head loss in the delivery pipe is very low, since quite a large size is required in order
to minimize shock forces in the pump rod.

Wind power resources

The long term data for Praia airport (see Table D.9) were measured at 7.5 m height.
The terrain roughness of Praia airport is approximately 0.03 m. Using this roughness the
data were converted to 10 m height.

Since the roughness of the terrain around the airport is approximately equal to the
standard roughness of 0.03 m, the second line of Table D.9 directly indicates the
potential wind speed at Praia airport.

Achada Sao Filipe, at a distance of a few kilometers, will have the same potential wind
speed (see first column of format sheet in Table D.11). The roughness of the terrain at
Achada Sao Filipe is approximately 0.50 m. Using the methods described in annex A the
sheet is completed to find the wind speed at hub height.

Comparing the results with the original data of the airport yields a ratio of 0.89, in
reasonable agreement with the ratio of 0.85 found from short term measurements.

The site is close to sea level, therefore the density of the air is taken to be 1.2 kg/M2.

Subsequently the specific wind power is calculated.

Identification of design month

The data of the previous format sheets are filled in in the sheet for design month
identification, Table D.12. The ratio of hydraulic power to specific wind power is
calculated to give the reference area.

In this particular case, in which the system is not designed to meet a demand but to
avoid over-exploitation of the well, the design month is the month having the lowest
reference area, i.e. May.

For this month a reference area of 0.8 m2 is found. From Table D.12 one sees that a
wind pump designed on this basis is large enough to exploit the well at close to the
desired capacity throughout the year, except for the months of July, August and
September, for which a reference area of around 3 m2 would be required.
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Wind pump system sizing

The five steps indicated in the format sheet for wind pump sizing must be caxried out
(see table D.13).

A standard tower height of 12 m is chosen.

From Table 2.2, Chapter 2 one finds a value for the energy production coefficient of 0.40,
and for the peak overall power coefficient of 0.30.

Using the nomogram in Figure 3.3, Chapter 3, one finds a rotor diameter of 2.9 m. For
practical purposes one chooses the closest size in the standard range, i.e. 8 ft or 2.44 m.

From Table 2.2, Chapter 2 one finds a value for Vd/V of 0.6. With the average wind
speed in the design month of 7.3 m/s, one would find a design wind speed of 4.4 m/s.
However, the type of wind pump is structurally not strong enough to allow a higher
design wind speed than approximately 3 m/s. Using the nomogram of Figure 3.4,
Chapter 3, one finds a stroke volume of 0.55 liters.

This may be realized with a pump of 24" diameter (63.5 mm) and a stroke of 74"
(191 mm), giving a stroke volume of 0.60 1.

A storage tank of 40 m3 is chosen, corresponding to 2 days of consumption for the village
and some consumption for livestock. The relatively large size of the tank is justified,
since water is a vital resource in this dry region.

The diameter of the pipes is chosen to be 2". This was found to be a minimum in order
to reduce shock forces in the pump rod, and avoid breaking of pump rods.

Note that the relatively low value chosen for Vd leads to a lower output than aimed at
originally. For calculating the actual output, one must use the output prediction method
of Appendix B.2. This will be needed in the financial analysis.

Wind pump performance specification

Using the information obtained above, the specification sheet can be completed in a
straightforward way.

Unit water cost for a wind pumping system

First the annual water output must be established. It is assumed that all water pumped
will be put to some use. Therefore one should calculate the total volume of water
pumped by the windmill. This may be done using the graph in Figure B.1.

The annual average wind speed can be calculated from the sheet in Table D.11 to be
6.1 m/s. Now, one finds a ratio of design over average wind speed of 0.49, an energy
production coefficient of 0.35 and an average power production of 67 W, corresponding
to 5400 m3 per year (which is close to what has been measured in practice, reference 24).

For the interest rate a value of 10% is taken.
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For the rest, the sheet in Table D.15 may be completed in a straightforward way.

The extremely high costs of storage tank and tubewell, US $ 16,370, are to be noted. The
well is particularly expensive: US $ 12,750!

The result is a water cost of US $ 0.50/m3.

Unit water cost using a diesel pump

Subsequently the cost of the alternative, using an engine-driven pump is examined by
filling in the data sheet for unit water costs of a diesel pump (Figure D. 16).

In this particular case the size is dictated by the capacity of the well, 0.5 I/s (see above).
Normally diesel pumps are operated for 4, 6, or 8 hours per day. However, in order to
pump as much water as possible it will be assumed that the pump is used for 10 hours
per day, leading to the indicated monthly and annual pumping rates.

For this purpose the smallest available diesel pump set may be used (see specifications
above). In order to reduce the pumping rate a regulating valve will be used on the outlet
of the pump and adjusted in a way as to give a pumping rate of 0.5 1/s. Doing this the
power demand of the pump will slightly decrease, the diesel motor is not fully loaded,
and the fuel consumption will decrease somewhat, assume approximately 1.5 1/hr. As a
result the efficiency of the engine pump is very low (less than 2%).

Operating the diesel pump for 10 hours per day leads to a lifetime (10,000 hours) of
3 years. Now, the format sheet may be completed further. The cost of operation includes
an operator and the fuel costs.

A unit water cost of 80 $cts/m3 is found, considerably higher than for the windmill.

In this particular case the use of a wind pump is far more attractive than a diesel pump.
This is partly due to the high wind speeds at the site, but also to the low capacity of the
well; even the smallest size of diesel pump is under-utilized on this well.
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HYDRAULIC POWER REQUIREMENTS

LocationA4IrPA P.L.$AO fi .... ..........................

Delivery pipe head loss..A Delivery pipe length4.;?+.m

Month Pumping Pumping Head Total Average hydraulic
reqpirement height loss head power requirement
(m /day) (m) (m) (m) (W)

Jan 43 33.40 is5
Feb 43 4.5 O.f 40 1

March 43 l 9S. 0.5 40
April 43 3.5 405 4O0 1Z5

May 43 53.5 4O.S 40
June 43 3g.5 0as 40 _ g5
July 43 39.5 40.5 40 1gs
Aug 43.5 4as 40 I 0

Sept 43 36.5 40.5 40 _i

Oct 43 3g.s (0as 40 __

Nov 4____ 3g. OS 40 Lg5
Dec 43 5s.s s 40 1__ _

Total yearly water requirement 15,tOO m3 /year

Table D.10. Format sheet for assement of hydraulic power requirements.



WIND POWER RESOURCES

LocationAMALP -SAO . ....... Height above sea level.A....m

DESIGN MONTH

Hub height ...... . .m Terrain roughness .............. Location !APAV. .f. f ePf

Combined correction factor for hub height and roughness.oq.. ...................................
Month Average Average Specific Reference Design

Average Average wind Density Specific hydraulic wind speed wind power area month

potential wind speed at hub of air wind power power at Pvind Phydr/Pviind
Month speed at 10 m height (m/s) (kg/mi) (W/m

2
) Phidr hub height Y

(m/s) (WJ (m/s) (W/m
2
) (m2)

Jan 7.6 6. 1.2 172 Jan 'q5 6.6 71t2 1.1

Feb 8.3 7.2 1.2 ZZ4 Feb 1i5 7.2 224 o_.9

March 8.2 7.1 1.2 21S March zis 7.1 215

April g6.8 1. 185 April 235 6.9 1S9 1.0

May 8.4 7.3 1.2 May 7.3 233 o.8

June 7.0 6.0 1.2 1;30 June 135 6.0 1230 i.S

July f.5F 4.8 1.2 66 July I35 4. 66 .5.0

Aug S.1 4.6 1.2 8 Aug liS 4.6 S8 3.4

Sept i.4 4.7 1.2 62 Sept 135 4.- 62 3.1

Oct 6.7 5.8 1.2 11a Oct 135 5. 11i 1.?

Nov 6.7 S.8 1. 14 Nov IS S. 117 1.7

Dec 7.5 6.6 1.2 112 Dec j95 6.6 1 2.1

Table D.11. Completed sheet on wind power resources, Tabel D.12. Completed sheet for identification of design month,

Achada Sao Filipe, Cape Verde Achada Sao Filipe, Cape Verde.



WIND PUVP SYSTEM SIZING

Loocation.A.F.A41.$'A .61i4.I ....Height above sea level.<A". m
... 1.4K.................

Design month.. *NA.............................................
WIND PUMP PERFORMANCE SPECIFICATION

Design month water requirements ,
7 Location.4fj ..... A ...... Height above sea level ............. m

Pumping rate ............................... . .m
3
/day ..... . AMD......

Pumping height........... 4 ......... m 1. Water source Type. .Tf ...... ELL
~~~~~ac ~~~~~~~~~~Distance (for surface pumping) ....

Hydraulic power requirement, Phyd....... Al2$" ..... W Diameter (for wells) ..... ng . mm
Water level (when pumping)..-....m

Design month wind power resources _ _ ___

A'. arage wind speed.m/s~^ 2. Delivery system Type. C*4ALK4NI.zfOD sr^g . ! sA-esrage wind speed ................... ..........;. H.. ms.... Pipe diengthe W .. t... . ..... n .@m
3 ~~~~~~~Pipe diameter ... mm~?.::.

Air density (standard 1.2) .......... ............... kg/min Efficiency ...... } .

Specific wind power P.Ind .. . . W/m2 3. Storage system Type ... IM°OV.Y TANA.
Volume ... .. . .

Design month reference area Phydr/PwInd .... ...... m2 Height ... 2tf .............. m

Type of wind pump ,f Classical deepwell 4. Design month details Month .. ...........
o Classical shallow well, balanced pump rod End use water requirement. ... .m3/day
o Recent design, starting nozzle, balanced Pumped water requirement.0 .... m3/day .

pump rod Hydraulic power requirement.J.. ... W
Average wind speed at

Step Calculations hub height ........... i: .. m/s

1. Tower Height . ........ a -... m 5. Wind regime and water requirement

2. Rotor Energy production coefficient ...... °. Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Maximum overall power coefficient ....... …:.

Diameter ............ ... .............. m average wind
speed at hub 6.6 {. '.i 6.8 . 6.o 4.8 4.6 4.1 S.8 5.8 6.6

3. Pump Design wind speed . . . m/s height (m/s)
Design tip speed ratio .…................ _
Transmission ratio . pumped water
Stroke volume . ....... rel uirement 4.43 4t3 (45 -43 -43 43 443 03 4343 -03 443
Stroke ............. n ........... mm (m per day)
Diameter U4S4 ...... .............. mm

6. Windmill specification Tower height ......... S.............. m
4. Storage tank Volume ................. ............ 5.. m3 Machine type 44iJ:if44. tt6irI/pft4...

Height a................ f .................... m rotor diameter... t ..... m
stroke........ 'A 1 . . mm..

5. Pipe work Diameter .............. .-. so mm type ... .. .0 ......
Total length ............ I :..... cylinder diameter.aW .:3>...mm

Table D.13. Completed sheet for wind pump system sizing, Table D.14. Completed sheet for wind pump performance
Achada Sao Filipe, Cape Verde specification, Achada Sao Filipe, Cape Verde



UNIT WATER COST FOR A SMALL-SCALE PUMPING SYSTEM UNIT WATER COST FOR A SMALL-SCALE PUMPING SYSTEM

System description SystemP(Ve'o,description
Syte dscitinS;*S°f/R LPfi.^ ................... I........................Lo a i n ....... ............ ecrpincp S4 //F AfVRf

Design month...... .... Design month Design month ... . .... Design month

pumping requirement .... 4A .. m./day pumping requirement ..... 8...... 1.m/day

Total head ... 4.0 . m Design month hydraulic 19 . Total head .... IQ 40 ..m Design month hydraulic 82

power requirement .................... power requirement W.....2w

Annual water requirement .... in..M
3 Annual water requirement..f ..m3

Power source ..?m. Size.2
4 iA . ;.{.... Power source. .DG.. .4 .. F Size.. 5

Storage tank size . . . m3 Storage tank size .m
3

Economic information 
Economic information

Interest rate .................. Real interest rate .... . ° Interest rate .................. Real interest rate..A1Z'...

Inflation rate ....... Inflation rate.

Costs Costs

Systeu component 1: . System component 1 . . ?UP.P 5(f

Investment ...... . ....... Investment ..... .......

Lifetime ....... ?5 years Lifetime ..... 3......... years 

Annuity ...... 0:13 Annuity ....... 0.40

Average annual capital cost ..................... ....... Average annual capital cost . . 824

Average annual cost of maintenance and repair ... ....... Average annual cost of maintenance and repair ..... ...... i.

Systeu component 2: . 4!.L£ S.45JM r System component 2 )'.. 4.PD.S.VO.%/ frANX

Investment ...... . .. ....... Investment ...... + O* Rq .........

Lifetime .......... 30 ........ years Lifetime ........ . .0 .......... years

Annuity ......... I Annuity ...............

Average annual capital cost ...................... 4 . .. ...... Aver age annual capi tal cost ....................... .

Average annual cost of maintenance and repair . ...... Average annual cost of maintenance and repair ...............

Annual cost of operation of the system... Annual cost of operation of the system........ 15

Total annual costs 2 F00 Total annual costs $ £270

Unit water costs U5 4;jhr/m 5° Unit vater costs s5 i/g' 80

Table D.15. Completed sheet on water cost for a wind pump, Table D.16. Completed sheet on water cost of a diesel pump,

Achada Sao Filipe, Cape Verde Achada Sao Pilipe, Cape Verde
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Appendix E
BLANK FORMAT SHEETS

A winpmpadusngvilagtehnlog.- .- Peru

A unind pump made using village technology at Miramar, Peru.
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Appendix E
BLANK FORMAT SHEETS

Contents

- Format sheet for assessment of hydraulic power requirements (page E-2).

- Format sheet for assessment of wind power resources (page E-3).

- Format sheet for identification of design month (page E-4).

- Format sheet for wind pump system sizing (page E-5).

- Format sheet for specification of wind pump performance (page E-6).

- Format sheet to calculate the unit water cost of a small-scale pumping system
(page E-7).

- Format sheet for determining Weibull parameters of wind speed distribution
(page E-8).

- Format sheet for generalized cost comparison (page E-9).
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HYDRAULIC POWER REQUIREMENTS

Location.......................................................

Delivery pipe head loss ...... % Delivery pipe length ....... m

Month Pumping Pumping Head Total Average hydraulic
requirement height loss head power requirement
(m /day) (m) (m) (m) (W)

Jan

Feb

March

April

May

June

July

Aug

Sept

Oct

Nov

Dec

Total yearly water requirement m3/year

Format sheet for assessment of hydraulic power requirements.
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WIND POWER RESOURCES

Location ....... Height above sea level ........ m
........................

Hub height ......... m Terrain roughness.

Combined correction factor for hub height and roughness........

Average Average wind Density Specific
potential wind speed at hub of air wind power

Month speed at 10 m height (m/s) (kg/m3 ) (W/m 2)
(rn/s)

Jan

Feb

March

April

May

June

July

Aug

Sept

Oct

Nov

Format sheet for assessment of wind power resources.
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DESIGN MONTH

Location:.......................................................

Month Average Average Specific Reference Design
hydraulic wind speed wind power area month
power at Pwind Phydr/Pvind
Phdr hub height (/ 2) (i2)

(Wy (m/s) (W/m_ _ (m

Jan

Feb

March

April

May

June

July

Aug

Sept

Oct

Nov

Dec

Format sheet for identification of desgn month.
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WIND PUMP SYSTEM SIZING

Location ........................ Height above sea level ........ m
........................

Design month...................................................

Design month water requirements

Pumping rate ........................ m3/day

Pumping height ........................ m

Hydraulic power requirement, Phydr .... W

Design month wind power resources

Average wind speed .... m/s

Air density (standard 1.2) .... kg/m3

Specific wind power Pwind .... W/m 2

Design month reference area Phydr/Pwind................m2

Type of wind pump o Classical deepwell
o Classical shallow well, balanced pump rod
o Recent design, starting nozzle, balanced

pump rod

Step Calculations

1. Tower Height .................. m

2. Rotor Energy production coefficient.
Maximum overall power coefficient.
Diameter ...... ..... m

3. Pump Design wind speed .................. m/s
Design tip speed ratio........................
Transmission ratio........................
Stroke volume ................... l
Stroke .................. mm
Diameter .................. mm

4. Storage tank Volume .m 3

Height. m

5. Pipe work Diameter .mm
Total length .n

Format sheet for wind pump yten sizng.
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WIND PUMP PERFORMANCE SPECIFICATION

Location ....... Height above sea level .............m
...................

1. Water source Type.
Distance (for surface pumping) .....m
Diameter (for wells) .mm
Water level (when pumping) . m

2. Delivery system Type.
Length. m
Pipe diameter. mm
Efficiency .

3. Storage system Type.
Volume ...... ..
Height ..... m

4. Design month details Month.......................
End use water requirement ..... m3/day
Pumped water requirement ..... m3/day
Hydraulic power requirement ...... W
Average wind speed at
hub height ..... m/s

5. Wind regime and water requirement

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

average wind
speed at hub
height (m/s)

pumped water
requirement
(m per day)

6. Windmill specification Tower height. m
Machine type.......................
rotor diameter. m
stroke .mm
Pumnp type.....................
cylinder diameter .mm

Format sheet for specification of wind pumnp performance.
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UNIT WATER COST FOR A SMALL-SCALE PUMPING SYSTEM

System description
Location.......................................................

Design month .......... Design month
pumping requirement ............. m3/day

Total head .......... m Design month hydraulic
power requirement ................... W

Annual water requirement ......... m3

Power source ....................... Size.

Storage tank size ................ m3

Economic information
Interest rate .................. Real interest rate.

Inflation rate..................

Costs

System component 1:...............

Investment......................

Lifetime ....... years

Annuity.........................

Average annual capital cost..................................

Average annual cost of maintenance and repair................

System component 2:................

Investment.......................

Lifetime ....... years

Annuity..........................

Average annual capital cost..................................

Average annual cost of maintenance and repair................

Annual cost of operation of the system.........................

Total annual costs

Unit water costs

Format sheet to calculate the unit water cost of a small-scale pumping system.
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Format sheet for generalized cost comparison.
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Appendix F
EXAMPLE TENDER DOCUMENTS FOR THE

PROCUREMENT OF WIND PUMPS

Local design of low head wind pump in Thailand, used for
pumping water into salt ponds.
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Appendix F
EXAMPLE TENDER DOCUMENTS FOR THE

PROCUREMENT OF WIND PUMPS

The tender document presented here was developed by the Global Solar Pumping
Project of the World Bank and UNDP, carried out by IT Power and Halcrow and
partners and published in the solar pumping handbook (reference 1). With some minor
modifications it has proved to be very suitable for wind pumps.

A more elaborate procedure for organizing a call for tenders has been established by the
FIDIC, International Federation of Consulting Engineers (reference 16a). As it was
developed especially for large civil engineering projects, it is not very suitable for the
procurement of wind pumps. However, it may be a useful guideline when subcontracting
projects requiring large numbers of wind pumps.

Contents

1. Instructions to tenderer
2. System specification
3. Questionnaire for tenderers
4. Price and delivery

Notes for purchaser

The following tender documents are given for guidance only and may need modification
for a particular purchaser's needs.
The items listed below must be completed by the purchaser prior to issue of the
document:

- F.1.1. Complete dates for tender procedure.
- F.2. 1. Specify application and location of system.
- F.2.2. Specify maximum sizes for containers in the shipment.
- F.2.3. Insert environmental conditions for application.
- F.2.6. Details of the site and application to be provided. Table 1 should

specify the month by month water requirement, and Figure 1 should
indicate the layout of the proposed site for the system.

- F.2.9. Specify the language in which installation instructions are to be
submitted.
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F.1. Instructions to tenderers

F.L.1. Tender procedure

Tenders are required for a wind pump system as described in the specification. The
schedule for purchase of the system is as follows:

Tender forms issued by *-.-.--(day). -.--.(month).... (year)

Completed tenders to be returned by ....... (day) . (month) .... (year)

Tenders awarded by *------(day). -.-.--.(month)... .(year)

Systems to be delivered by.................................................................

The original tender shall be in the ................ language and shall be filled out in ink or
typewritten and will be made a part of the awarded contract.

F.1.2. Adjudication process

Tenders will be primarily considered for:
- Performance
- Durability
- Cost effectiveness

The purchaser will not be bound to award a contract to the lowest, or any tenderer.

F.2. Specification

F.2.1. Scope

This specification is for the design, manufacture, supply and delivery of a complete
self-contained wind pump system suitable for irrigation*/water supply* use in

........... --a-s............r...........--t-e...........................................................(* delete as appropriate)

The system to be supplied shall include:
- Windmill: head, rotor, transmission, vane, safety system
- Tower
- Well top and related parts such as pump rod sealing, air chamber(s), check valves
- Pump with pump rods and connection parts
- Pipework (inside/outside well)
- All fixings and auxiliaries necessary for complete construction and commissioning
- Tools needed for assembly and maintenance
- Spare parts
- Documentation

The clauses which follow outline the design parameters and other requirements to be
observed for the fulfilment of the contract.
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F.2.2. Design

The complete system shall be robust, and capable of withstanding hard usage in a harsh
environment. It shall be resistant to damage from accidental misuse and reasonably
resistant to vandalism and the attentions of animals, wild or domestic.

The system shall be designed for assembly, operation and servicing by unskilled
personnel under the guidance of a trained technician. The requirement for special tools
or instruments to install and maintain the system shall be minimized and all special
tools needed for installation shall be supplied with the system except for the hoisting
tools, for which the specifications must be clearly indicated. Foundations or other
preparatory work shall be as simple as practicable, and will be clearly specified by the
tenderer.

The system shall be designed for assembly from units which can be packed in containers
small enough to be easily handled and transported. The maximum permitted dimensions
for any one unit are:.................................................................

The system shall be designed to operate for a long lifetime with minimum deterioration
of performance. The design life of the whole system shall be at least ten years with a
minimal need for replacement of moving parts and wearing components such as cup
leathers and pump rod sealings. Routine maintenance shall be minimized and
maintenance work necessary shall be as simple as possible, requiring only a few basic
tools for its execution.

F.2.3. Environmental conditions

The system shall be resistant to the following environmental conditions:

- Wind speeds up to ...... m/s (e.g. 40 or 50 m/s)
- Typhoon or hurricane winds up to ...... m/s
- Sand storms
- Salty atmosphere
- Water containing particles up to ...... mm (e.g. 0.3 mm)
- Water containing dissolved solids up to ...... mg/l (e.g. 500 mg/l)

Main type of dissolved solids: ............. (e.g. NaCl)
- Overnight freezing temperatures

...........................................................

The contractor shall state the limits of environmental conditions under which the system
is designed to operate.

F.2.4. Materials and workmanship

All materials used shall be of first class quality in accordance with relevant national
standards, carefully selected for the duty required, with particular regard given to
resistance against corrosion and long-term degradation. Workmanship and general finish
shall be in accordance with the best modern practice.
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F.2.5. Standards

The design and construction shall comply with current standards for mechanical
constructions. Any performance tests shall comply with the IEA recommendations for
wind turbine testing.

F.2.6. Performance requirement

F.2.6.1. Location

The pumping system to be supplied by the contractor is to be located as detailed below:

- Name of nearest village/town
- Country
- Latitude
- Longitude
- Water source (river/canal/open well/borehole)
- Height of location above sea level

F.2.6.2. Required performance

The required performance of the system is summarized in Table 1 , along with the typical
environmental conditions for the location. The system should provide average daily
outputs as specified in Table 1 for each month, provided that the specified monthly
mean average wind speed for the month is met or exceeded. The tenderer shall complete
Table 1, item 6, using performance data for the system offered.

F.2.6.3. Installation details

A sketch of the site is shown in Figure 12. The total static head at the site is detailed in
Table 1 and includes ........ meters head for discharge above ground level (Figure 1).
The well/borehole details are (when applicable):

- diameter ....... m
- lining/casing depth ........ m
- drawdown ....... m at . 1 /sec
- location of intake filter

Alternatively, if installation details are not yet known, the tenderer may indicate
recommended pumps for different pumping heights and different wind regimes.

I See page F-11.

2 See page F-10.
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F.2.7. Spare parts

The contractor shall supply with the system sufficient consumable items such as cup
leathers, and pump rod sealing material, which may need replacement to last for 10,000
hours of operation. Spare nuts, bolts, washers etc. likely to be lost during shipment and
erection shall also be supplied at the time of shipment.

F.2.8. Pacling for shipment

All equipment shall be carefully and suitably packed for the specific means of
transportation to be used, so that it is protected against all weather and other conditions
to which it may become subject.

Before despatch all equipment is to be thoroughly dried and cleaned internally. All
external unpainted ferrous parts and machined surfaces shall be protected by an
approved proprietary preservative, all openings shall be covered and all screwed
connections plugged unless otherwise agreed.

Where moisture absorbants have been used for protection from corrosion during storage
or transit, adequate information of their location and warning as to their removal shall
be clearly indicated.

F.2.9. Documentation

Prior to shipment of the equipment, the contractor shall submit to the purchaser the
following documents: (Copies should also be shipped with system.)

- A list of components and assemblies to be shipped including all spare parts and
tools.

- The size, weight and packing list for each package in the shipment.
- Specifications for the foundation.
- Assembly instructions.
- Operating instructions.
- Instructions for all maintenance operations and the schedule for any routine

maintenance requirements.
- Sufficient descriptions of spare parts and components to permit identification for

ordering replacements.
- Revised drawings of the equipment as built if different from the approved

proposals.

All documents shall be in the ................ language.

F.2.10. Tools

The contractor shall provide with the pumping system two sets of any special tools and
other equipment that are required for operating, maintaining and repairing the
equipment. Clear specifications will be provided for hoisting equipment, such as gin pole
and winches.
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F.2.11. Technical support after shipment

The contractor shall be prepared to provide advice during the instaHlation and warranty3

periods of the equipment supplied under the contract. For this purpose he shall nominate
a member of his executive or technical staff who may be contacted during normal office
hours.

F.2.12. Insurance

The contractor shall arrange for the equipment to be comprehensively insured for its full
value from the time it leaves his premises until clearance from customs at the point of
entry into the country of installation/until arrival at the site of installation.

F.2.13. Warranty 3

The contractor shall specify the period of the warranty together with a list of items
covered under the warranty.

F.2.14. Service by others

The following services after delivery of the equipment will be carried out by others:

- Clearance of the equipment through customs.
- Transport to a location specified by the purchaser, (induding insurance).
- Storage prior to erection if necessary.
- Construction of foundations.
- Erection and setting to work of the equipment.
- Operation of the equipment.
- Routine maintenance (as distinct from any repairs or maintenance required under

the terms of the warranty) 3.

3 A fully effective warranty will probably only be given if the system has been completely installed
and commissioned by the contractor. Otherwise it will be difficult to distinguish whether a
breakdown was caused by the equipment or its installation.
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F.3. Questionnaire for tenderers

Tenderers are asked to supply the following information to demonstrate their ability to
meet the requirements of the project. All information will remain confidential.

F.3.1. General information

F.3.1.1. Name of tenderer

Individual contact...........................................................................................

F.3.1.2. Address..........................................................................................................
....................... Tel .Telex.

F.3.1.3. Legal status (e.g. limited company).................................................................

F.3.1.4. Country in which registered.............................................................................

F.3.1.5. Total number of employees..............................................................................

F.3.2. Associated or subsidiary companies

F.3.2.1. Briefly describe relationship with associated or subsidiary companies.

F.3.2.2. Overseas manufacturing/assembly subsidiaries (location and scope).

F.3.2.3. Licensees overseas for products (location, products).

F.3.3. Experience of tenderer

F.3.3.1. Number of years of experience with wind pump systems.

F.3.3.2. Products developed.

Experience with water pumping windmill systems:

F.3.3.3. Number of years involved................................................................................

F.3.3.4. Number of systems installed worldwide............................................................

F.3.3.5. Number of systems installed in developing countries.........................................

F.3.3.6. Number of systems now operational.................................................................

F.3.3.7. Special feature(s) of systems developed............................................................

F.3.3.8. List of attached literature on systems currently available.
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F.3.4. Source of supply

F.3.4.1. Items manufactured by contractor

F.3.4.2. Items bought in from suppliers

F.3.5. Maintenance requirements (detail and frequency)

- Machine, windmill head
- Yawing and safety system
- Transmission
- Pump
- Pipework and ancillaries

F.3.6. Spare parts and tools

Tenderer to list all spare parts supplied as required to last for 10 years of operation.

Tenderer to list all tools or equipment supplied for erecting, operating, maintaining and
repairing the equipment.

F.3.7. After sales service

Tenderers to list names, addresses, telex and telephone number of persons and
organizations who may be contacted for advice during the period of installation and
operation of the equipment:
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F.4. Price and delivery

Terms of payment:

Item Description Currency Price

1. Wind pump system, including packing
ready for despatch.

2. Transportation (from place of manufacture
to point of entry) of complete pumping
system, including insurance.

3. Other .........

Total contract price .........

4. Spare parts

- cup leathers
- pump rod sealing
- pump rods and couplings
- bearings
- springs
- others

Delivery of complete pumping system to be .......... weeks from receipt of order.

Annexes

Table 1 For format, see page F-11 (see also example Table 3.8).

Figure 1 For examples of typical layouts, see Figure F.1 (page F-10).
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7-7 -

Figure F1.-1 Examples of layout of wind pumping systm.
IndicaLte distances and heights for tender document.
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WIND PUMP PERFORMANCE SPECIFICATION

Location ....... Height above sea level .... ......... m
...................

1. Water source Type.
Distance (for surface pumping) .m
Diameter (for wells) .mm
Water level (when pumping). m

2. Delivery system Type.
Length. m
Pipe diameter .mm
Efficiency .

3. Storage system Type.
Volume .m 3

Height. m

4. Design month details Month.
End use water requirement ..... m3 /day
Pumped water requirement ..... m3 /day
Hydraulic power requirement ...... W
Average wind speed at
hub height ..... m/s

5. Wind regime and water requirement

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

average wind
speed at hub
height (m/s)

pumped water
repuirement
(m per day)

6. Windmill specification Tower height ........ m............. m
Machine type.......................

rotor diameter. m
stroke .mm

Pump type..........................
cylinder diameter .mm

Table 1. Format sheet (E-6) for specification of wind pump performance.
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Appendix G
GLOSSARY

LIST OF SYMBOLS
CONVERSION OF UNITS

t

Wind electric pumping syjstem (WEPS) on Cape Verde. A Lagerweyj wind
turbine of 10.6 m rotor diameter is installed on an lachada', well
ezposed to the wind, and drives an electric deep-well pump in the

valley. Note the h.draulic jack at the tower base for erection
without the need for a crane.
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Appendix G
GLOSSARY, LIST OF SYMBOLS
AND CONVERSION OF UNITS

G.1. Glossary

Anemometer Instrument to measure wind speed.

Average annual capital cost Fixed annual amount to be paid to make a
certain amount of capital available.

Annuity factor Multiplication of the cost of investment by
this factor yields the average annual capital
cost.

Annual recurrent costs Costs which occur every year in more or less
the same way, related to operation and
maintenance.

Availability
- Output availability Percentage of time during which sufficient

wind is available to operate a wind pump at
more than 10% of its average output.

- Technical availability Percentage of time that the wind pump is
fully operational, and ready to pump water if
sufficient wind is available.

Back-geared wind pump Wind pump having a gear box to reduce the
rpm of the pump.

Balanced A wind pump with a balanced pump rod is
equipped with some kind of counterweight
(on a lever, or on the spokes of the rotor) to
counterbalance the weight of the pump rod,
and sometimes (part of) the weight of the
water column.

Darrieus rotor Type of a vertical axis wind machine with
two or three aerofoil shaped blades, looking
like an "eggbeater".
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Deep well turbine pump Multistage centrifugal pump, to be installed
in a tubewell and to be driven by a long
rotating shaft, guided inside the delivery
pipe.

Derating factor Ratio of mechanical power demanded by a
pump and the rated mechanical power of the
engine used to drive the pump.

Design month The "worst" month, i.e. the month with the
highest ratio of power demand (for pumping)
to power resources (such as wind and solar).
A pumping system must be designed for this
month.

Design tip speed ratio Tip speed ratio at which a wind rotor delivers
its maximum power.

Design wind speed of a wind Wind speed at which the wind pump has the
pump highest overall power coefficient.

Diurnal wind pattern Average course of the wind speed during the
day.

Doldrums Region of low wind speeds around the
equator.

Drawdown Lowering of the water table inside a well due
to pumping.

Dynamic head Total pumping head, including static head,
drawdown and pressure loss in pipes.

Dynamic level Water level in a well below ground level when
pumping, i.e the sum of static level and
drawdown.

Efficiencies
- Field application efficiency Ratio of useful water taken up by the crop to

water delivered to the field.

- Mechanical efficiency of a wind Energetic efficiency of the transmission and
pump pump, i.e. the ratio of hydraulic power

output and mechanical power delivered by
the wind rotor.

- Subsystem daily energy - Ratio of hydraulic energy output over a day
efficiency of a solar pump to electrical energy output of a PV array.

- Volumetric efficiency of a - Ratio of water delivered per stroke to
piston pump volume displaced by the piston.
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- Water conveyance efficiency Ratio of water delivered to the field to water
provided at the outlet of the pump or storage
tank (if installed).

Energy production coefficient of a Coefficient used in calculating the average
wind pump output of a wind pump. It reflects the

matching of a wind machine and pump in
relation to the wind regime.

Evapotranspiration Loss of water through the leaves of a crop;
water requirements for crops are calculated
based on the evapotranpiration rate.

Field capacity The maximum amount of water held in the
soil that is useful to the crop.

Headloss Pressure drop over pipes (transporting water)
due to friction.

Hub height Height of center of rotor of windmill above
ground level.

Hydraulic power Power needed to pump water.

Hysteresis The dependence of the state of a system on
its previous history, generally in the form of a
lagging of a physical effect behind its cause.

Matching of a wind machine and Choosing the size of the pump in relation to
pump the size of the wind machine in such a way

that a good compromise is obtained between
the conflicting demands of high output and
high output availability.

Nomogram Graphical representation of a calculation
prcedure.

Output of a wind pump Amount of water pumped.

Overall power coefficient Coefficient indicating the instantaneous
effectiveness of a wind pump in converting
wind power into hydraulic power.

Peak watts (Wp) The output of a PV module or array under
reference conditions, a.o. a solar irradiation of
1000 W/m2.

Permanent wilting point Quantity of water held in soil, below which
the crop dies.

Potential wind speed Wind speed which would be observed in
completely flat and open terrain.
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Power coefficient of a wind rotor Coefficient indicating the instantaneous
effectiveness of a wind rotor in converting
wind power into mechanical shaft power.

Prime mover The power source for a pumping system.

Pumping head Pressure difference to be overcome by a
pump, expressed in units of equivalent height.

Pumping height Vertical geometric distance over which a
pump has to lift water.

PV or solar cell A semi-conductor device which can convert
solar radiation directly into electricity.

Quality factor, or output quality Factor relating average hydraulic power
factor output of a wind pump to its rotor size and

the average wind speed. It summarizes the
effects of overall power coefficient and energy
production coefficient.

Roughness or terrain roughness Parameter related to the type of terrain and
used to calculate the retardation of wind flow
above the terrain.

Rural water supply Includes water supply for drinking, washing,
cooking, general domestic use, and for
livestock.

Savonius rotor Type of a vertical axis wind machine having
two or three blades in the shape of "half oil
drums".

Safety system of a wind pump System to protect the machine in storms. For
mechanical wind pumps it is usually
combined with the system to direct the
machine into the wind at lower wind speeds.

Sensitivity analysis If a quantity (e.g. a price) which depends on
a number of parameters has been calculated
for a base set of prescribed values of these
parameters, then a sensitivity analysis aims
at calculating the relative change of the value
of the quantity by varying each of these
parameters separately relative to their base
value.

Solar irradiation Power received per unit area from the sun.

Starting nozzle Small hole in the piston of a piston pump,
facilitating starting of a wind pump in light
winds.
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Start wind speed Wind speed at which a wind pump just starts
running in a gradually increasing wind.

Static head The vertical height over which water must be
pumped.

Stop wind speed Wind speed at which a wind pump just stops
running in a gradually decreasing wind.

Stroke volume Geometric volume displaced by the piston of
a piston pump in each stroke.

Submersible pump Assembly of centrifugal pump (mostly
multistage) and electric motor together
installed under water.

Tip speed ratio of a wind rotor Ratio of the speed of the tip of the blade of a
wind rotor to the wind speed.

Transmission of a wind pump Complete system transmitting the shaft
power of the wind rotor to the pump.
Including shafts, gear box, excentric, pump
rods, pump rod guides.

WEPS Wind electric pumping Stand-alone wind electric generator, driving
system an electric pump.

Wind machine Prime mover driven by wind power. It may
be used to drive any kind of load: pump,
electric generator, etc.

Windmill General term, meaning wind machine, wind
electric generator, wind pump, etc.

Wind pump Water pumping device driven by wind power.
The most common type is the classical wind
pump in which a piston pump is driven
through a mechanical transmission. The term
is general, and is also used to indicate wind
electric pumping systems, systems with
pneumatic or hydraulic transmission, etc.
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G.2. List of symbols

A Rotor area (m2)
A=- IrD 2

AAC Average annual cost

AACC Average annual capital cost

ANN Annuity

ARC Annual recurrent cost

CE Energy production coefficient (-)
Phydr

CE =
W p A V3 (CP n7)iax

Cp Power coefficient (-)
Cp~~

(op =
2 p A V3

Cp 77 Overall power coefficient (-)
Phydr

Cp n=
4p AV3

CQ Torque coefficient (-)
Q

CQ =
j p A V2 R

D Rotor diameter (m)

Dp Pump diameter (m)

E Energy (J) or (kWh)

g Acceleration of gravity (m/s2)
g = 9.8

H Height (m)

I Investment

i Transmission ratio (-)
i < 1 for back-geared wind pumps

n Number of years

P Power (W)
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Phydr Hydraulic power (W)
P = pw g q H with Pw= 1000 kg/m3

Pwind Specific wind power (W/m2)
p= j pV 3

q Flow rate, pumping rate (Ils) or (m3/s) or (m3/day)

Q Torque (Nm)
Volume of water (m3)

R Radius of rotor (= . D) (m)

r Interest rate (%)

s Stroke (m)

T Time duration (s) or (hrs)

V Wind speed (mWs)

v Average wind speed (m/s)

Vd Design wind speed (mWs)

Vstart Start wind speed (mWs)

Vstop Stop wind speed (m/s)

zO Roughness height (m)

Output quality factor (-)

r3hydr
,By= = I p (Cp 1)max CE
A V3

71 Efficiency (H

7?mech Mechanical efficiency (-)

71vol Volumetric efficiency (-)

Vs Stroke volume (1)
Vs = I rDP2 s

A Tip speed ratio (H

Ad Design tip speed ratio (-)

7r 3.14

p Density of air (kg/m3)
Common value: p = 1.2
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Pw Density of water (kg/ml)
p = 1000 kg/m3 = 1 kg/l

Q Angular velocity (rad/s)

G.3. Conversion of units

Power

W kWh/day MJ/day m4 /day*

W 1 0.024 0.0864 8.816
1 kWh/day 41.67 1 3.6 367.3
1 MJ/day 11.57 0.2778 1 102.04
1 m4/day* 0.1134 0.002722 0.0098 1

* Conversion based on 9.80 m/s2, an average value between latitudes from -500 to + 500.

Pumping rate

I/s m3/hr m3 /day

l/s 1 3.6 86.4
m3 /hr 0.2778 1 24
m3/day 0.01157 0.4167 1

1 US gallon = 3.785 1 1 Imp. gallon = 4.546 1

Wind speed

m/s km/hr mph knots

1 m/s 1.000 3.600 2.237 1.944
1 km/hr 0.278 1.000 0.622 0.540
1 mph 0.447 1.609 1.000 0.869
1 knot 0.514 1.852 1.151 1.000
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Water supplyJ Of a small community in the dry interior of Paraiba state, Brazil,

by means of a Vida Eterna wiind pump of conventional design.
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Chapter 1
INTRODUCTION

1.1. The "Handbook for comparative evaluation of technical
and economic performance of water pumping systems"

This Annex deals with procedures for testing and monitoring wind pumps used by the
owner and supplying drinking water or water for irrigation under field conditions.

The recommendations presented here have been derived from the "Handbook for
Comparative Evaluation of Technical and Economic Performance of Water Pumping
Systems" (reference 1). This Handbook deals with the evaluation methodology for six
alternative pumping techniques:

- Grid Connected Electric Pumps
- Fuel Engine Pumps
- Solar Pumps
- Wind Pumps
- Hand Pumps
- Animal Traction Pumps

At the moment the Handbook is being prepared as a joint-donor effort (CIDA, Canada;
DGIS, The Netherlands; FAO, United Nations; GTZ, Federal Republic of Germany;
USAID, United States of America). Draft versions have been presented and discussed at
a workshop in West Sussex (England, January 1986) and at the Botswana Conference on
Water Pumping and Water Lifting (April 1987). Although formulated and commented
on by a broad group of experts in the field of rural energy supply, the monitoring
procedures given here have not yet been tested in the field; their try-out is planned to
start at the end of 1988 and should lead to a final version of the Handbook.

The methods laid down in the Handbook are aimed to standardize the collection of data
on alternative pumping systems in field conditions. The data gathered are primarily
meant for local use. However they should also be collected in one central point for the
sake of comparison, analysis and distribution of results.

For these reasons the user is kindly requested to mail to the editors any comments
he she may have regarding the procedures given here together with a copy of the data
collected. Comments and data should be addressed to:

CWD, Consultancy Services Wind Energy Developing Countries
PO BOX 85

3800 AB AMERSFOORT
The Netherlands
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1.2. Overview of the test procedures

The evaluation procedure starts off with a System Description. During this activity the
system in its "as-found" condition is described. System Description is dealt with in
Chapter 3 of this Annex.

The next step, treated in Chapter 4, is the so-called Short-Term Test. This test
primarily provides technical performance information about the pumping system (i.e. the
windmill, the transmission and the pump). Moreover it is a diagnosis of the technical
condition of the system at the start of the evaluation that can be repeated during the
testing period as often as desired, e.g. after repairs, overhauls or when the pumping
system seems to fail. As a reference, performance data from the manufacturer or designer
may be used. Where possible ranges within which values of important parameters
normally lie are indicated.

If the Short-Term Tests do not generate contra indications, such as obvious
malfunctioning of the system, a Long-Term Test is the next step in the procedure.
During a longer period of time (at least one year) information on system performance,
operation, quality and costs will be gathered. Long-Term Testing produces information
on the long-term overall system performance expressed in values averaged over longer
periods of time, e.g. a pumped water volume of X cubic meters per month at a monthly
average wind speed of Y m/s. Long-Term Testing also includes recording chronologically
all relevant occurrences during the test such as system breakdowns, repairs, well running
dry, expenses for operation and maintenance of the system, benefits, etc.

The owner/operator will be the major resource person during Long-Term Testing. He
takes care of the windpump system daily and he will be asked to keep a regular logbook
of all relevant data. The owner/operator needs to be properly motivated to perform this
task. Some training might be required to ensure proper logbook keeping. This is an
important issue, because an owner/operator will often not be convinced of the need and
usefulness of the data to be collected or of the accuracy required. Also recording data
may interfere with his own priorities. Establishing a contract with him might be a
solution. Regular visits by the team leader and/or the technician will be required to
assess which logs are being kept properly and to assure that inadequate records will not
be included in the data analysis.

Other resource persons may be the mechanics/technicians taking care of maintenance
and repair and extension staff providing guidance/advice in the use of the water. Such
persons may fill in relevant information in the logbook and comment on the quality and
functioning of the system.

Long-Term Testing is dealt with in Chapter 5.

The tests and procedures are described basically for wind pump systems without
back-up systems. If a wind pump system including a back-up system is to be evaluated,
there are two possibilities:

1. If the back-up system is very small and is only rarely used it should be neglected.
Describe its effects qualitatively in the logbook.

2. If the back-up system produces a substantial output compared with the main
system, it is recommended to carry out a simultaneous evaluation of the back-up
system. In most cases the back-up system consists of a diesel pump or a hand
pump. See reference 1 for the test procedures.
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Chapter 2
PERSONNEL AND EQUIPMENT REQUIREMENTS

2.1. Personnel qualifications

Table 1. gives a survey of the staff required for the system evaluation. It is assumed
that the persons working with the recommended procedures are sufficiently educated in
the related fields.

For the technician the following skills are required:

- general knowledge of water lifting systems,
- experience in measuring techniques and in the installation, calibration and use of

measuring instruments,
- experience in simple data reduction techniques.

It is recommended to appoint someone as team leader during the testing activities. An
important task of the team leader is to organize additional training for the technician
and owner/operator, if necessary.

Activity Qualification

Data Collection at the start of the Tests
- General information Team leader
- System description Technician
- Description of the site Technician

Short-Term Testing
- Data collection Technician
- Technical data reduction Technician

Long-Term Testing
- Daily observations Owner/operator
- Periodical visits to the site Team leader
- Technical data reduction Technician

Table 1. Personnel requirements.
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2.2. Measurement equipment required

In this section the measurement equipment required for Short-Term Testing and
Long-Term Testing is described. The selection is based on accuracy, reliability,
availability and ease of operation of the equipment.

Apart from the recommendations given in this section, one should consider thoughtfully
the instructions for installation, calibration and use provided by the manufacturer of the
instruments.

The various instruments are arranged according to the quantities to be measured.

Time

To time the start and completion of each measurement a clock should be used. For the
timing of the 10-minute periods during Short-Term Testing a clock with a second hand,
a digital watch or a stopwatch is required.

Head

a. suction head
For surface water sources or dug wells, the suction head should be measured directly
with a measuring stick or tape. Where the horizontal distance between water source
and pump is long, a level should be used to get a more accurate reading of the
vertical distance. For example a U-shaped transparent hose partly filled with water
can be used to indicate points of constant height, even at large distances apart. For
bore holes where the water surface is not accessible, a well dipper should be used to
measure the suction head.

b. discharge head
The discharge head should be measured directly using a measuring stick or tape.
During Short-Term Tests, particularly for systems with long or narrow discharge
lines a pressure gauge at the pump discharge should be used.

c. pressure head
The pressure head should be measured at the boundary of the pumping system by
means of a bourdon type pressure gauge.

Water volume pumped

Water flow should be measured using an integrating flow meter that is able to measure
irregular and pulsating flow. Because meters of this kind are usually rather sensitive to
clogging, they have to be checked, cleaned and calibrated regularly to prevent errors,
especially when the water is not too clean (e.g. when pumped from open dug wells).
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In order to avoid these problems as much as possible, it is strongly recommended to use
a turbine flow meter of the dry running type, characterized by a turbine axis parallel to
the piping in which the water flows more or less straight without change of direction.
This will reduce sensitivity to pollution to a high degree. Finally, in order to keep
friction losses as low as possible it is important to select a flow meter with a capacity
that can easily meet the maximum water flow.

To ensure proper functioning of the flow meter it is very important to prevent air from
entering it. The piping should be such that the flow meter cannot run dry when the
pumping system is in operation.

As an example Figure 2.1 shows two flow meters (indicated by "F") installed in such a
way that when measuring they are always full of water. For this reason flow meters
should never be installed at positions "A" or "B". Please note the length of straight pipe
upstream of the flow meters.

When there is a risk of a certain air content in the water being pumped (e.g. when part
of the system is sub-atmospheric or when an air chamber is fitted with an air supply
system), a deaeration vessel is recommended (Figure 2.1). Its diameter should at least be
three times the diameter of the discharge pipe in order to generate a sufficiently low
vertical water velocity for the air bubbles to escape. In order to minimize turbulence in
the vessel, the pipe entering it should be bent at the end towards the wall (see "C" in
Figure 2.1).

DEAERATION
-VESSEL

(OPTIONAL)

STORAGE
TANK

FROM F TO
WINDPUMP USER

Figure 2.1. Insntallation of flow meters
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When the pump is of the reciprocating type, the deaeration vessel might serve a second
function of reducing the flow fluctuations in the meter. As a result a smaller flow meter
can be used (selected on maximum average flow instead of maximum peak flow) and the
accuracy of the meter will be improved.

Note: For wind pumps with a storage tank two integrating flow meters are required.

Pump strokes or rotations

a. reciprocating pumps
For a reciprocating pump a stroke counter attached to the pump rod should be used.
This could be done by means of a simple button-actuated mechanical counter, driven
by a disk mounted on the pump rod. Also an internal powered electronic
LCD-counter could be applied (at least 8 digits). Alternatively the number of strokes
can be obtained by visual observation.

b. rotational Dumps
For centrifugal or screw pumps a revolution counter should be used (e.g. a car
odometer attached to any shaft. Take into account the transmission ratio between
that shaft and the pump shaft).

For pumps with an essentially constant speed, the rotational speed should be
measured by means of a vibrating reed or other mechanical tachometer.

Wind speed

An integrating rotating cup anemometer (e.g. wind-run meter) should be used. It should
be positioned at the height of the rotor shaft and at such a place that it is outside the
wake of the wind pump during most of the time. This can be achieved by two different
methods:

1. If the terrain is flat and without major obstacles (resulting in wind speeds not
varying very much over larger distances), place the anemometer at a distance of
about 20 times the rotor diameter away from the wind pump: then wake effects for
all wind directions can be considered negligible.

2. If the terrain does not meet these conditions, place the anemometer at a distance
between 2 and 8 times the rotor diameter away from the windpump and at such a
place with respect to the wind pump that it is outside the wake of the wind pump for
the predominant wind directions.

To avoid disturbance of the wind speed measurements by the tower in which the
anemometer is mounted, the tower height should be chosen such that the anemometer
can be installed on top of it.
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Chapter 3
DATA COLLECTION AT THE START OF THE TESTS

This chapter describes data collection prior to carrying out the tests. The chapter deals
with information that is available at the start of the tests; no measurements are required
at this stage.

3.1. General information

Through completion of Data Sheet 3.1. a general identification of the system under
consideration and the persons assigned to carry out the tests will be obtained.

General
Type of pumping system ....................................................
Year of installation ....................................................

Owner of the Pumping System
Name .............................................................
Address .............................................................
Telephone .............................................................

Location of the Pumping System
Town/village ........................... Latitude ...............
District ........................... Longitude ...............
Country ........................... Altitude ...............

Supplier of the Pumping System
Name .............................................................
Address .............................................................
Telephone ........................................................

Institution supporting the evaluation
Name .............................................................
Address .............................................................
Telephone .............................................................

Names of persons in charge of the tests and evaluation
Team leader .............................................................
Technician .............................................................

Data sheet 3.1. General information on pumping system (to be completed by team leader).
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Persons Function Experience

1. Name : (see data sheet 3.1.) Owner
Address
Telephone:

2. Name Operator
Address
Telephone:

3. Name : Guard
Address
Telephone:

4. Name
Address
Telephone:

5. Name
Address
Telephone

1. 2. 3. 4. 5.
Owner Operator Guard ................... ...................

Operation

Guarding

Maintenance

Repair

Selling of water

Cleaning of site

.................

.................

Basis of involvement

Data sheet 3.2. Persons involved in daily care for the system (to be completed by team leader).
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3.2. Persons involved

It is important to determine the persons involved in keeping the pumping system in
running order and their respective tasks and responsibilities. Such information will be
noted in Data Sheet 3.2. It contains three suggestions for functions and six ideas on
tasks. Others may be added if deemed appropriate. Further information relates to the
basis on which persons involved contribute to the operation of the system (direct
beneficiary, family member, paid, etc). In the logbook more information on the types of
tasks of the various persons involved may be noted down.

3.3. Water source and well construction

Data sheet 3.3. gives a summary of quantitative information on the water source. Not all
items are relevant for all types of water sources; please skip them if not applicable.

Source type : dug well/river/tube well/ ........... *
Identification Number .....................................

Diameter : .......... [m]
Depth .i]......... [m

Static ground water level (i.e. without water extraction)
Maximum value : .............. [m below ground level]
Minimum value : .............. [m below ground level]

Capacity : .............. [m3/hour] or [m3/day] *
Corresponding lowering
of ground water level : .............. [meter draw down]

* circle or complete the correct answer

Data sheet 3.3. Water source (to be completed by technician).

Because every water source or aquifer has a limited recharge capacity, its capacity
should be recorded together with the corresponding lowering of the groundwater level, if
available.

To enable a proper assessment of longer-term developments and the use of the water
additional information is required that does not refer directly to the pumping system but
may provide a framework for explanation of certain aspects. Information on the
following items may therefore be useful and added into the logbook.

- Quality of the water
Salt contents (taste!). Include a copy of lab tests, if available.
Temperature.
Presence of solid particles.
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- Variations of the water level
What are the normal seasonal variations in water level?
Reasons for these variations.

. Long term variations of the water level over the past years, if any. Known or
possible causes.
Is the well at times pumped dry?
Does salt content change appreciably if water level drops?

- Source construction
Please add a drawing of the source. In case special filters or filter pipes are used,
specify their length, diameter, depth and porosity, kind of filter gravel used, etc.
Describe the protection of the well against pollution of different origin, such as
spill water return flow into the source, non-hygienic treatment of water carrying
equipment, pollution by natural, human or animal waste or contamination of the
aquifer by dung pits, latrines etc.

3.4. Summary of operating experience

A serious attempt should be made to describe the history of operating and maintenance
experience in the logbook, covering, if possible, the past operating years. Any routine
inspections and maintenance carried out should be noted, describing the type of
maintenance and how frequently it was done.

The history should summarize any breakdowns and repairs to the pumping system. If
possible, it should include for each failure its description, the date of occurrence, time
that the system was out of service, descriptions of the cause of failure (if known), and of
the maintenance action (repair, replacement, or modification) that was carried out.

A note should be made in the logbook as to whether the average water flow rate or the
system efficiency may have changed over time from the nominal values supplied by the
manufacturer, or as measured when the system was new.

3.5. System description wind pumps

Data Sheet 3.4. serves to describe the pumping and storage system. The capacity of the
storage tank may be calculated by L x W x H for rectangular tanks or by j7r x D2 x H for
cylindrical tanks. Use the line "Capacity" for deviating shapes.

In addition to Data Sheet 3.4. supply the following information:

o Make a sketch or drawing of the pumping system. The sketches should indicate the
distance above or below a reference ground level of the water intake, the windmill,
the mechanical transmission, the pump, the water storage tank (if used) and the
water discharge pipe. The sketches should show the dimensions (lengths and
diameters) and locations of piping fittings, including valves, tees, elbows, etc.
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Windmill
Year of manufacture :.
Make, type Name....................
Rotor diameter :. [meters] Address . :
Tower height :. [meters] Serial no. 
Control/safety system automatic/manual*

on-off/continuous*

Transmission Manufacturer
Make, type : ............... Name :.
Gear ratio ...... [rotor revs per pump stroke] Address :.
Stroke of pump rod :. [meters] Serial no. -

Pump
Year of manufacture :.
Make :. ............. Manufacturer
Type Piston/Centrifugal/Mono/ * mName ...
Position :. [meters below ground level] Address :.
(Only for piston pumps) Serial no. 
Pump diameter : [mm]
(Only for centrifugal pumps)
Nominal rotational speed: ...... [rev/min]
Nominal capacity .. [kW]

Storage tank (if any)
Year of manufacture : Manufacturer
Type, structure . . . Name :.
Length, Width, Height x x . x. = . [m3] Address :.
or: Diameter, Height : 0.7854 x ( ... )2 x .... =.....[in 3 ] Serial no. 

or: Capacity :. [m3 ]

Minimum water level :. [meters above ground level]

Back-up system (if any) Manufacturer
Year of manufacture ........... Name :.
Make, type : ............... Address :.
Capacity :. [kW] Serial no. .

* circle the correct answer (continued on nezt page)

Data sheet 3.4. System description wind pump (to be completed by technician).
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Initial investments (specify currencies:)

(a) (b) (c) (d) (a+b+c-d)
ITEM Cost, Import Handling, Subsidies Total

insurance, duties, storage,
freight (CIF) taxes overheads
OR: off-works etc.

Pump
Windmill & tower
Piping/rising main
Above ground piping
Pumphouse and works
Storage tank
Installation/
site preparation:
-low skilled labour
-high skilled labour
-local transport
Other

Total investments

(continued) Data sheet 3.4. System description wind pump (to be completed by technician).

NOTE: in case of local manufacture of pump, windmill, etc. one may distinguish where possible
between: material, low skilled labor, high skilled labor and overhead cost to enable the
different economic calculations as mentioned in Chapter 6 of reference 1.

NOTE: if changes in the well construction are needed, because of the choice of this particular
technology, the additional costs for well adaptation need to be included. Common costs for the
well construction that would also be needed for other technologies are not to be included (see
also Chapter 6 of reference 1).

o Add photographs showing details of the components of the system as mentioned in
the previous paragraph.

o Describe the measurement equipment applied during the tests. Give relevant
parameters like make and type, (maximum and minimum) capacity, resolution
(smallest unit indicated), accuracy (%) and address of supplier. Indicate the position
of the instruments in the drawing of the pumping system mentioned above.

o Give a listing and the location of available documentation, describing the system,
e.g. assembly drawings, instruction books, performance test results, etc..



- 246 -

3.6. Description of the site

A detailed map of the surroundings of the wind pump system shall be provided,
including location, size and height of any major obstacles like hills, valleys, trees, forests,
houses or buildings. Add a series of 8 to 10 photographs taken at the wind pump site in
various directions (panoramic view).

Source of wind data 0 Meteo Station in .........................................
O Other source .........................................
O References .........................................

Height of measurements : .. ,,.-.-- [m]
Type, make of equipment
Exposure 0 Good

O Remarks .................................................
Units: [m/s] .................................................

Year J F M A M J J A S 0 N D Average
19..
19..
19..
19..
19..
1988
Average

Data sheet 3.5. Summary of wind data (to he completed by technician).

Give information on wind and climate conditions including a description of the wind
conditions prevailing over the year at the test site. This can be in the form of seasonal
probability distributions of wind velocities and directions obtained from meteorological
stations, if present. Data on daily fluctuations are also of interest. If wind data are
available from a nearby site with similar terrain, these should be added to the logbook,
along with the name and location of that site.

Because the form of the data available may vary strongly for different sites, Data Sheet
3.5. serves only as an example on how to summarize available information.

Specify the end-use of the wind pump system:
- Number of people using the system for drinking water.
- Area of land irrigated by the system.
- Number of cattle watered by the system.
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Chapter 4
SHORT-TERM TESTS

4.1. Objectives
The objective of the Short-Term Tests of the windpump system is to obtain curves
showing system water pumping rates, energy inputs and outputs, and efficiencies as a
function of ten-minute average windspeeds covering the normal range of wind speed
expected at the site.

Additional data will be obtained on the performance of the windmill and of the pump.
These include rotor speed characteristics as a function of windspeed and load, and water
pumping rate as a function of rotor speed.

4.2. Test Protocol

4.2.1. Data collection prior to the start of the tests

Before the short-term tests are begun, the data collection described in Chapter 3 should
be completed.

4.2.2. Pretest inspection and preparations:

The following inspections should be carried out prior to field tests. The results should be
included as comments in narrative form in the logbook, with notations as to which
component or part was inspected and the results of the inspection. If a component listed
below is not inspected, that fact should be noted. However, unless the system is not in
operating order, do not carry out any maintenance at this time based on the pretest
inspections.

Inspect the windmill rotor, the transmission and the pump assembly visually. Determine
the condition of the blades, shaft and bearings, both those used for transmitting power
and for yawing. Note changes from the original form or spacing of the blades. Comment
on the visible wear of all the moving parts including bearings and transmission gears.
Note whether lubrication appears adequate.

Observe the windmill during operation. Note whether the rotor turns freely in its
bearings and whether it turns easily with the changes in the wind direction. Note
excessive vibration of windmill shaft or transmission, if any, while the rotor is rotating.
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Listen to the pump during operation. Note if the system does not appear to be in
satisfactory physical condition (e.g. look for excessive corrosion, lack of lubrication,
lubricant leaks, worn seals) or if the system performance during operation appears to be
clearly unsatisfactory (e.g. very low water flow rate, excessive leaks, excessive pump
vibrations, noises).

Inspect system piping and valves visually. With the windpump furled, open and close all
valves. Note valves which do not operate. Note on a sketch the location and severity of
leaks in valves and piping, if any. Also where possible, note the physical condition of the
interior surfaces of piping and valves. Determine whether a build-up of scale or other
deposits has formed that reduces the effective diameter of the pipe or that causes the
interior surface to be extremely rough. Note where the wall thickness has been reduced
significantly by corrosion.

Note: Following inspection of the valves, it should be determined that all of the valves
leading to and from the pump are set in their open position prior to beginning the
tests.

Inspect the storage tank if included in the system. Note any leak. Clean the sight glass if
present.

Inspect the water intake. Examine screens if they are accessible and note their condition,
i.e. whether they are intact or have visible holes, whether they are clogged, etc.

Install test equipment as described in Section 2.2. and ensure that the equipment is
calibrated and functioning properly. Enter in the logbook a description of the test
equipment used.

For bore hole wells, measure the static suction head (vertical distance from the water
level in the borehole to the pump inlet when no water is being pumped and the pump
has been off for at least two hours).

4.2.3. Pumping performance

The pumping performance tests will consist of sets of measurements taken during ten
minute time intervals. It is recommended to take the sets of measurements as a
continuous series. The measurements then just reduce to recording every 10 miinutes the
readings of the various instruments. Accuracy will greatly improve when the integrating
instruments (time, wind speed, flow and stroke/revolution counter) are read in the same
order every time.

Data Sheet 4.1. (column "MEASUREMENTS") gives a layout to be used for noting
down the results of the measurements and an example of how to fill in the sheet. When
the ten-minute measurements are consecutive, the end of a measurement coincides with
the beginning of the next one (see lines 0 to 6). Single measurements need two lines in
the sheet (see lines 10 and 11). After every interruption a new measurement or block of
measurements requires a new "O"-line (see lines 0, 10 and 13).

A total of 100 sets of ten minute measurements should be taken over a period of several
days. If wind conditions warrant, the sets of measurements should cover periods when
the wind speed is high as well as periods when the wind speed is low. If the rotor does
not rotate at all during a 10-minute period, that period should be omitted.
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Engage the rotor and pump early in the morning (just after sunrise) of a day with
expected normal wind speed. After the wind speed has become so high that the rotor is
turning steadily, take a series of ten-minute measurements as follows:

SET OF TEN-MINUTE MEASUREMENTS:

The following constitutes a set of measurements:

Time
Record the time t (hour, minute, second) of the beginning and end of each ten-minute
measurement period.

Windrun
Record the readings (kilometers) of the integrating anemometer (windrun meter) Rw at
the beginning and at the end of each ten-minute measuring period.

Water volume Dumped
Record the readings (cubic meters) of the integrating flow meter QB at the beginning
and at the end of each ten-minute measuring period.

Rotor rotations
Record the readings (revolutions) of the integrating rotation counter attached to the
rotor N, at the beginning and the end of each ten-minute measuring period.

PumD strokes
(Only as an alternative for rotor rotations; Pump strokes and rotor rotations are related
by the transmission ratio).
For reciprocating pumps, record the readings (number of strokes) of the integrating
stroke counter Ns at the beginning and the end of each ten-minute measuring period.

Suction head
Record the reading (meters) of the suction head Hin at the beginning of each ten-minute
period.

Note: If the pump is below the water surface in the well the suction head should be
recorded as a negative number. See Figure 5.1. and the discussion on head
measurements on page 27.

Discharge head
Record the reading (meters) of the pressure gauge at the pump discharge Hdis at the
beginning of each ten-minute period. During Short-Term Tests the discharge head is
defined as the head the pump "sees", including pipeline friction losses (see Chapter 6).

Note: Not all pressure gauges read in meters. Other possibilities are bar, At
(atmosphere), psi (pound per square inch) and kPa (kiloPascal). The following
conversion factors should be used:

Pressure equivalent head
1 bar -4 10 (m)

I at -e 10 (m)

1 psi - 0.69 (m)
1 kPa -. 0.1 (m)
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Location: Date : EYY/MM/DDI

District: Start time : [HH:MM:SS]

Owner : End time : [HH:MM:SS]

I Pressure head H [ml Rotor Diameter: 8 [ml

I MEASUREMENTS CALCULATIONS

(see section 4.4.2.) I (see section 4.4.2. and 4.4.3.)

I I * I I I I I I
No Time Wind Water Rotor Suction Discharge|Length of Average Flow Rotational Perform.|

run meter rotations Head Head period Wind rate speed factor

reading

I t R 0 N or N H H T speed Y q n or n C Cp
g ~~~w P R S in dis T PT RT ST P'

| [HH:MM:SSI [km] Em I -i Em] E[m) [seconds] Em/si Wl/s] [rev/si [-]

o 0 :3-3 i , -Ttz,31 is?.9 )4 t 11111111111111111111111
1 I I I- I W1 65 3.5 - b55 3.I 6-9o 0.51 O.9 1
2 : * S iIo I 9 &1Ž5 -2LIItL4 1 3 . 5 3 L. !1 0L5 o. io8 I
3 a: 40o 411.53 112,M 2z 3 4. 31.5 1.55 3 2i .. q34 0L O8 .A I

I 4 6 : _L6%o: A1.1 I 301E 1 ... 1 31.5 I .5&c 3.J .4.ia 6.54 o.095
5 8:j: Eo. IT1 l-9 wLS. 5f 13 L 4. 31.5 CIAL 3.95 6.4 65 bs 0. 03l
6 S:3IjI; 655 I L3f 3111 3.I1 31.J 640 3.81 iL , 44 0.5s 5 0. t8f

I IIII I I I I I I 
1 7 _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ __ I
18 I ___ _ 2_ _ __7 _ __

11 9:. .311:05 11 }I5.?. 5 4 15 3 31.-5 | Lzo 3.4 .q)z 1 0 35 a.S (. 953
12 _

I I I I 1II I I
113 9 : 5 A U : 1 1 ili L 5 & _ _ _ _ _ _ _ _ x I _ _ _ _ _ _ _X 

14 10 Itoo: 4 l@9.1 21tUB p 3- .1. 5 L15 Ij . } 9 0.1 6.S ,o84 
114 o: o:o 1919s TL6.i L113 I 31.5 1 0 LI 3. 1±o 0.3s fl .L 0

I 1 I I I I I I I I I I
19 7:51:oo 195h 7?91 1L .,L 31-5 _z I 3.zA b.33 0t±12 o.1i35
120 lo bo 1: 3A219 3L 6 31.5 1- 1 3. 1 0Q33 O.39 2.A

1 21 \j: lrtlo St3b LLL35 &2t4L .AL 315 I .o1 ')° t.X t> .o3A! o.lnAo122 1 _U_aO-3o %b1.} TLI.5 a14-1 -3 31.5 h So 0 L. LO1>, 0.z9 o 8 ^. I 41

23 _1k1: D_5 IANii 1 .LI1 .. IT 0L ? 1. I 5 .5 L.5L 0 33 Q.M4 o. 014oJ
J 24 I1 _40:te(o 'o?{.A 14aY a ,9 9L S.s 6GT 2-43 o2i 23 o._1611

fi *) t*I
Change into Pump strokes if applicable. Change into pump stroke rate if applicable. |

Data sheet 4.1. Measurements and calculations Short-Term Tests (to be completed by technician).
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Preliminary calculations:

Length of )eriod T
Calculate the exact length of the "ten-minute period" T. T simply equals the difference
in time (seconds) between the start and the end of the measuring period.

Example: If the first measurement starts at 7:30:30 and ends at 7:41:25, the length of the
period T equals 655 seconds (see lines 0 and 1 of Data Sheet 4.1.).

Average wind speed
Calculate the average windspeed for each ten-minute period:

VT = 1000 . (Rw,e - Rw,b) (m/s)

where: Rw,b is the integrating anemometer reading (kilometers) at the
beginning of the measuring period.

Rw,e is the integrating anemometer reading at the end of the
measuring period.

T is the length of the measuring period.

Example: If Rw,b = 162.53 (km) and Rw,e = 164.69 (km), the average wind speed is
VT= 3.72 (mWs) (see lines 3 and 4 in Data Sheet 4.1.).

Average water flow rate
Calculate the average water flow rate for each ten-minute period:

qBT 1000 . (QP,e - QP,b) (/s)

where: QP,b is the integrating flow meter reading (cubic meters) at the
beginning of each ten-minute period.

QP,e is the integrating flow meter reading at the end of each
ten-minute period.

T is the length of the measurng period.
1000 is the conversion factor (liters per cubic meter)

Example:If QP,b = 764.98 (m3) and QP,e = 765.20 (m3), then the average flow rate is
qPT = 0.35 (l/s) (see lines 10 and 11 in Data Sheet 4.1.).

Average rotational rotor speed
Calculate the average rotational speed of the windmill rotor for each ten-minute period:

nuzc N1Ne - Nsdb (revs/s)
= ~T

where: NRb is the integrating rotation counter reading at the beginning of the
measuring period.

Nle is the integrating rotation counter reading at the end of the
measuring period.

T is the length of the measuring period.
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Exmple: If N%,b = 6773 (-) and N%e = 6999 (-), then the average rotational speed
nu= 0.39 (rev/s) (see lines 15 and 16 in Data Sheet 4.1.).

Average stroke rate (optional)
Calculate the average stroke rate nsT of the reciprocating pump for each ten-minute
period:

ns Ns,e - NS,9b (strokes/s)
T

where: NS,b is the integrating stroke counter reading at the beginning of the
measuring period.

NS,e is the integrating stroke counter reading at the end of the
measuring period.

T is the length of the measuring period.

Average effective plunger capacity (optional)
Calculate the average effective plunger capacity of the reciprocating pump:

PC = qpT (liter/stroke)n ST

4.3. Data Reduction

Data reduction will make use of the results of the preliminary calculations to arrive at
estimates of the overall performance of the windmill system which can be compared to
what would be expected based on the manufacturer's information or to earlier or later
data.

The data reduction will consist of the preparation of the following curves based on the
experimental measurements:

Water Output Curve

For each of the ten-minute measurement sets, plot the average water flow rate qBT along
the vertical axis versus the average wind speed VT along the horizontal axis. Figure 4.1.
gives an example.
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03 . 4 0 - A^+>
0 40 -.

Average +0 -
flow rate 0.. 2 0 -

(/s) 0.10

000.-0 1.0 2.0 3.0 4+.0 5.0

wind speed (m/s)_

Figure 4.1. Example of water output curve

Rotor Rotational Speed Curve

For each of the 10-minute measurement sets taken with the rotor engaged, plot the
average rotational speed nil of the windmill rotor along the vertical axis versus the
average wind speed VT along the horizontal axis. Figure 4.2. gives an example.

0. 5 0 - 4+--+
0.90 

0.340 -+

Rotor 0.2 0 -
rotational 0. 10 

speed
(rev/s) 0.0 1.0 2.0 3.0 4.0 5'0

wind speed (m/s) -

Figure 4.2. Example of rotor rotational speed curve.

Hydraulic power output curve

For each of the ten-minute measurements sets, calculate the hydraulic power output
Ph,Tfrom qpt, Hin and Hdis using the following equation:

Ph,T = 9.81 . qpT. (Hi, + Hdis) (Watt)

where: 9.81 is the acceleration due to gravity.

Example: If qpT = 0.29 (1/s) and Hjn and Hdis are 3.6 (m) and 31.5 (m) respectively,
then Pl,,T= 99.9 (Watt) (see line 20 of Data Sheet 4.1.; result not recorded).

Plot the hydraulic power output Ph,T as calculated for each ten-minute measurement
along the vertical axis versus the average wind speed VT along the horizontal axis.
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Power input

For each of the ten-minute measurements sets, calculate the power input Pi,T using the
following equation:

Pi,T= 0.393 . Pa. D2 . VT3 (Watt)

where: 0.393 is conversion factor equalling 7r/8,
D is rotor diameter (m),
VT is average wind speed (m/s),
Pa is density of air, obtained from the table below.

Example:If D = 8 (m), VT= 2.91 (m/s) and Pa = 1.23 (m3/kg), then Pi,T= 762 (Watt)
(see line 20 of Data Sheet 4.1.; result not recorded).

Altitude above Air density Pa (kg/m3)
sea level (m) 150C 250C 300C

0 1.23 1.18 1.15
1000 1.09 1.05 1.02
2000 0.96 0.93 0.90
3000 0.85 0.82 0.79
4000 0.75 0.72 0.70
5000 0.65 0.63 0.6

0. 3 5+
0.. 30 4- 4+

Cpx1 (~) 0. 2 5 - >+ +

0.05 -
0.00- , I- X, .

0.0 1.0 2.0 3.0 140 5.0

wind speed (m/s)

Figure 4.3. Example of overall windpump performance factor curve.
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Overall windpump performance factor curve

For each of the ten-minute measurement sets, calculate the overall windpump
performance factor Cp1 from the following equation:

Cp7 = Ph,T ( )
P i,T

where: Ph,T is hydraulic power output,
Pi,T is power input, both as calculated above.

Example: If Ph,T = 99.9 (Watt) and Pi,T = 762 (Watt), then Cp?7 = 0.13 (see line 20 of
Data Sheet 4.1.).

Plot the wind pump performance factor Cpi1 for each ten-minute measurement set along
the vertical axis versus the average wind speed VT along the horizontal axis. Figure 4.3.
gives an example. The large scatter in the region with average wind speeds between 1.2
and 2.8 (m/s) is caused by the so-called hysteresis effect; Within this range of wind
speeds a running wind pump will continue to run and a not-running wind pump will not
start.
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Chapter 5
LONG-TERM TESTS

5.1. The "System" during Long-Term Tests

During the Long-Term Tests the system under observation includes the following parts:
1. Windmill
2. Transmission Technical system as considered during Short-Term Test.
3. Pump
4. Storage tank, if any
5. Back-up system, if any
6. Resources: - Manpower

- Water
- Wind
- Money

7. Output: - (Useful) water.

In most cases a back-up system, if any, consists of a diesel pump or a hand pump.
According to the considerations in Chapter 1 it might be subjected to a Long-Term Test
simultaneously. See reference 1 for test procedures or other pumping techniques.

5.2. Measurements and data collection during Long-Term Tests

5.2.1. Measurements

Measurement equipment required and recommendations with respect to its installation
have been described in Section 2.2.

Within the framework of Long-Term Testing measurements shall be performed on a
regular basis. The maximum period of time allowed between two measurements depends
on the capacity of the storage tank that usually is part of a windpump system. The time
between two successive measurements should be about equal to the time during which
the end-use system can function without major problems when it starts with a storage
tank full of water, while no further water is being pumped during that period. Given the
most common storage tank sizes for the various applications for irrigation purposes
usually a period of one week between the measurements is sufficient. For drinking water
systems this period will vary between one day and half a week.

It is recommended to choose fixed times in the week to carry out the measurements; by
doing so their regular performance is guaranteed and the chance of forgetting
measurements is minimized. Possible schemes could be for an irrigation system every
Monday morning, for a drinking water system every Tuesday and Friday at noon, etc.
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Location: Start Date : lo I 0 .3 CYY/MM/DD]

District: End Date : ilo1 4 lYY/MM/DD]

Owner :

I I
IDischarge head H :I 9[mIlPressure head H :__ [m]|Horizontal distance L: - [ml|Rotor Diameter: iI [mil

dis: p

I MEASUREMENTS CALCULATIONS

I (see section 5.4.2.1) I (see section 5.4.3.)

I I 1 I I I I I I . I

No Date and time Wind Volume Volume Suction|Length of Average VoLume Volume Exploitation Quality

| run pumped used Head I period Wind pumped used factor factor

t R O Q H I T speed V Q Q f ew P U in T PT UT we
1 ~~ ~~~~ ~~3 3 13 3I

| [YY/MM/DD;HHI [km] lm I [m I [m] [hours] Em/si [m I [i I [- [ -1

I II III I I I i I I I
10 oL ±7olo31 to3 l 35 2ooo ,,IS I
1'1 lo- 8 j 5 AG I 15 SoZ -t1 A38 0.85 0.o7 1

I~- 1~ IL ~ __~I M21 2 L, 1. - I
21JA 2,I16 '363 -1,2 lk -awZ9 ~ ~J . LL II3 32.:2b 151} 1ti | 'II 4.L 2J..V ..L>o L2.o3 QwJa I4 I4 945 11. I O 8 oso I

5 .12,o:l .35ilS3 31hO 5 Id 2,oo0 161 1 19 -2 I . O .t |
6 ASto 3_1_' 3I, 15I2 FE 3 3.2 Z 5 I. 3 0 I

7 &kii 221i 32"~ S51: 3 ..A.25 I 163 3I.. 't2 Lj6 0.68o 0, 2
. 8 2,Blt -L. 3114 9is } 26 Io M6 43 2S0 _=3 0.93 o.1

Lo I Flzi:l - hw31153 3934% 95v9 2F 25 l4.1 130 6 .52, OJo 
j10 1- :13 AU 41}4 1 19 3.o L 1to I Q .w o. L I
Ill 11:11 -8o' 4184 'ILl -t.6 IL, A 5 to 4 0.9 3 oI - i
112 - 8: 4%44 4I 561 3 At o I, - 6 3 0.ps 0- 

113 l 1415D1}1 53 4 17 l 'A- I- - .03 o . 13-1
114 11:1J -=6 o 1 9I50 -A 1 -ilko 2 3 33 o.t9 o. 11
115 l E s%16 i 4481 2 LI i M - A 6 4 5 . 9 1 
116 -.:lZ iiAS U. ML.L 4 71L .l. .:5 .o 5 0.90 0.12 I
117 05 W6 VL 57: I ctbo 963 3 _L 14 2.1 -A& -1L I. oL3 o. 11
18 ol:lo saL6 '4}5 9l39 -o | iM 2.1 140 t o . 90 OA I1
19I2t 4= E U I I
19 ikli .L42dw szs 1 k 3.dol M - .2 -2-2 I LA o.±11 o . Io
120 03UJ od .95i 3. n1 1u o 2i 11 oL I
121 ...,..kL_ I ' -oL -3l& 1:12Li3: 8 .. I
122 71LaU LA iA s L 1Ao 1.0 a I
123 13:1G I 5 551 01 A - J 4 L4 LO -3 o.93 - .- I
124 2O:I a15L 5 L3L 9711o 13-4 ILo 31 Ill i.jo-L 6.@P 6.- 1
I I
125 11:1 20 3%k 3 .J1 ocl IX5 1S Jin i' J3 CA Q.1
j26 iD }]b XIl i .9 J. 2a O O.O So

N Mo,Dq y/Oust4erLy/Half-yearly cumuLative values:I 4 -A6Z 0.2._
f I I
| Mop fY/Qua pely/Half-yearly average values: . 3 _.AiZ|

Data sheet 5.1. Measurements and cakulations Long-Term Tests (to be completed by owner
(Measurements) and technician (Calculations) ).
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Data Sheet 5.1. (column "MEASUREMENTS") gives a layout for noting down the
numerical information required and an example of how to fill in the sheet. For every
measurement one line on the data sheet is available. At the start of the Long-Term Test
the first reading of the various instruments is recorded on the first line (marked by "0").
When during Long-Term Tests a new Data Sheet is opened, the first line is used for
copying the last measurement of the previous Data Sheet.

The two bottom lines of Data Sheet 5.1. are used for average and cumulative values over
a longer period of time. It is recommended to choose the number of lines in Data Sheet
5.1. in such a way that averages and cumulative values are calculated over a proper
period of time i.e. a month, a quarter or half a year. Dependent on the chosen period of
time between two successive measurements (see above) the following lengths of Data
Sheet 5.1. could be applied:

Time between two Number of lines Length of averaging
successive measurements in Data Sheet 5.4.1 period

1 day 31 month
half a week 26 quarter

1 week 26 half a year

Date and Time
Write Date and Time in the format YY/MM/DD;HH, e.g. 87/01/03;11 is equivalent to
3 January 1987 at 11 a.m. Recording the time in whole hours is sufficiently accurate for
the present purpose.

Wind speed (Wind run)
For Long-Term Tests the integrating cup anemometer (wind run meter) shall be used.
Write the results in km (kilometers).

Water volume pumped and water volume actually used
During Short-Term Tests for wind pump systems with a storage tank the flow meter was
installed at the pump outlet. During Long-Term Tests a second meter (same type) shall
be placed at the discharge of the storage tank.

In order to obtain information on the effect of the storage tank, during Long-Term
Testing the owner should preferably not switch off the pump when the tank is full. To
avoid spillage of water the system should be equipped with an overflow pipe to a place
where excess water can be utilized. Do not feed back the excess water to the well; it
might contaminate the water source.

By doing so the flow meter between the pump and the tank measures the potential water
volume pumped at the given circumstances. The second flow meter measures the water
volume actually consumed by the end user or the end-use system. Under certain
conditions it might be difficult to require the owner to operate his pumping system
continuously, e.g. when the water is scarce. A compromise might be to operate the
system continuously during a shorter period of time. Also an indemnification might be
offered to the owner to compensate for the extra running hours.
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If for any reason only one flow meter is available, it should be installed at the storage
tank outlet.

Check the flow meters regularly in order to detect malfunctioning (e.g. due to
contamination) as soon as possible (see Section 2.2.). Care should be taken to record
whether and when the flow meters passed their maximum number of digits and started
at the zero reading again, especially if for any reason readings are taken over longer
intervals than prescribed.

The water volume pumped is read from the flow meter between pump and storage tank,
the water volume actuaRly used is read from the flow meter at the storage tank outlet.
Note the results down in cubic meters (in3).

Head
a. Suction Head

If the level of the water source showed large variations during the Short-Term Tests,
the accuracy of the tests may be improved by taking an additional measurement of
the suction head Hi., e.g. halfway through the measuring period T. Put all values in
the logbook and record the average value (in meters (m)) in Data Sheet 5.1.

b. Discharge Head
In many cases the discharge head Hdis is constant. It is simply the vertical distance
between the pump and the discharge pipe outlet at the top of the storage tank. If the
discharge pipe enters at the bottom of the storage tank, the discharge head should be
measured up to the average water level in the tank (e.g. halfway between top and
bottom). Write the results in meters (m).

Pressure Head
In most wind pump applications a storage tank functions as a water tower to generate a
pressure head as required for the end use system. Then this pressure simply forms part of
the discharge head from pump level to storage tank water level and must not be
measured separately. If alternatively for example a wind pump directly feeds a system
requiring a pressure at its intake, e.g. a sprinkler system (which is not common
practice), the discharge pressure Hp should be measured at the sprinkler system intake
by means of a bourdon type manometer. Write the results in meters (m).

In Figure 5.1. some examples are given to illustrate the measurement of the different
types of head for a number of situations:

Case a. A shallow well is equipped with a surface pump and a storage tank. The
suction head Hi, is measured from the water level to the center of the
pump, the discharge head Hdis from the center of the pump to the end of
the pipe above the storage tank. In this case there is no pressure head.

Case b. A tube well is equipped with a deepwell pump and a storage tank. Because
the pump is below the water level, Hi. is negative. It should be calculated
by the difference between the water level (meters below ground level) and
the position of the pump (meters below ground level).

Case c. A tube well feeds a storage tank at a long distance L. Note L down in the
heading of Data Sheet 5.1. The suction head is calculated as in case b.
Because the pump is situated above the water level, Hin is now positive.
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Case d. The storage tank is fed through its bottom. Therefore Hdis is measured
between pump level and the average water level in the tank.

Case e. The pumping system feeds an end use system requiring a pressure. The
corresponding pressure head is measured by means of a manometer at the
system boundary.
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5.2.2. Additional data collection

The logbook should describe in sufficient detail all events occurred e.g. the activities
carried out with regard to servicing, maintenance (i.e. preventive actions), repair (i.e.
corrective action) and overhaul. It should specify the date of the event, the amount of
time spent and the costs (distinguish between skilled and unskilled labor, parts,
materials, lubricants and transportation). It is recommended to make this description by
systematically treating the following issues:

- Maintenance
Actions performed (by whom?). If standard, refer to users manual.
Replaced parts
Lubricants used

- Break downs of the system
Description of system failure
When was it discovered?
Who was warned, how?
(Possible) causes
When was repair started?
Actions performed (by whom, time spent?)
When was the system ready for operation again?

- Operation of the system
Periods of intentional furling of the windpump, reasons
Periods of water shortage, reasons

- Water source
Occurrence of abnormal water levels in water source.
Well running dry.

Data sheet 5.2. gives a layout and a hypothetical example of how to complete this sheet.
It can be used as a summary of all events and simultaneously serve as a table of contents
to refer to logbook pages with detailed information. The first lines of Data Sheet 5.2.
give information on the people contributing to the logbook. The subsequent columns of
the data sheet contain the date of the event, the initials of the reporter (it is very
important that any person putting down information in the logbook is identified by his
initials; he is an important source of additional information when needed), a short
description, the time during which the system was out of order (down time), the time
spent on maintenance or other activities, the costs and the page number of the logbook
where detailed information, if any, is recorded. The example shows how the different
kind of costs can be distinguished by using more lines for a single event.
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5.3. Data reduction of Long-Term Tests

Data analysis should be initiated as soon as possible after data collection to quickly
indicate possible problems with either the pumping system or the data collection
instruments.

Early detection of any anomalies in the data will not only lead to more reliable data, but
will also eliminate potential problems resulting from incorrect installations of equipment
or oversights in the design. Also deterioration of performance in time may be detected
by doing so.

If during the Long-Term Tests large deviations from expected values are found, it is
recommended to perform (part of) a Short-Term Test in order to identify possible causes
of these deviations.

5.3.1. Performance

The results of reduction of data on system performance are recorded in Data Sheet 5.1.
in the column indicated by "CALCULATIONS".

Two steps of data reduction are performed, both using essentially the same types of
calculations and formulas.

1. After each measurement cumulative and average values are calculated over the
period of time between that measurement and the previous one. The length of the
period of observation T equals the time between two successive measurements
(e.g. 1 day, half a week, 1 week). The calculations are performed using pairs of
two successive measurements. The results are noted down in Data sheet 5.1.
behind the corresponding measurements.

2. After a certain period of time e.g. a month, a quarter, half a year, a year), when a
data sheet is fully completed, cumulative and average values over that longer
period are calculated. Now the length of the period of observation T equals the
time between the two measurements at the beginning and the end of that period.
For the calculations the latter two measurements are used. The results are noted
down on the two bottom lines of Data Sheet 5.1. and in Data Sheet 5.3. under the
heading "Performance".

Length of period T
The length of the period of observation T simply equals the length of time between two
measurements.

Example: The first measurement took place on 3 January 1987 at 11.00 A.M.
(87/01/03;11), the second one on 10 January at 08.00 A.M. (87/01/10;08). The
length of the time period T is 7 days minus 3 hours equalling 165 hours (see
lines 0 and 1 of Data Sheet 5.1.).
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Average wind speed
When the wind run meter readings Rw are registered in km, the average wind speed over
a period T is:

VT = Rw,e - Rw,b (m/s)
3.6 T

where: Rw,b is wind run meter reading at the beginning of period T,
Rw,e is wind run meter reading at the end of period T,
T is length of observation period in hours,
3.6 is conversion factor 3600/1000.

Example: On 7 February 1987 the wind run meter indicated 35153 km (Rw,b); a week
later the reading was 37123 km (Rw,e). Then the formula leads to VT = 3.2
(m/s) (see example in lines 5 and 6 in Data Sheet 5.1.).

Water volume pumped
When the flow meter readings Qp are registered in m3, the water volume pumped over a
period T is:

QPT = QP,e - QP,b (In3)

where: QP,b is the reading of the integrating flow meter at the beginning of
period T,

QP,e is the reading of the integrating flow meter at the end of period
T.

Example: On 21 March 1987 the flow meter at the pump outlet indicated 4184 m3

(QP,b). A week later the reading was 4249 m3 (QP,e). Application of the
formula leads to QP,T= 65 m3 (see lines 11 and 12 in Data Sheet 5.1.).

Water volume actually used
When the flow meter readings Qu are registered in m3, the water volume actually used
over a period T is:

QUT = QU,e - QU,b (m3)

where: QU,b is the reading of the integrating flow meter at the beginning of
period T,

QU,e is the reading of the integrating flow meter at the end of period
T.
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Hydraulic wind pump output
The hydraulic system output Eh,T over a period T can be calculated from QPT by:

Eh,T = 2.73 . QPT. Hb + He (Wh)

where: Hb is total effective head (see Chapter 6) at the beginning of period
T,

He is total effective head at the end of period T,
2.73 is conversion factor (9.81xlooo/3600).

Example: During the week from 9 to 16 May 1987 the hydraulic system output was:

Eh,T = 2.73 . 242 . ( 4 + 3.5 + 37 )=26922 (Wh)

See lines 18 and 19 of Data Sheet 5.1. (The number 37 stands for the discharge
head Hdis, see heading of the Data Sheet).
The result is not recorded in the Data Sheet. It is used in the next calculation:

Qualitv factor
The quality factor e is obtained from the quantities above by:

e = Eh,Te = A. VP T

where: A is rotor area calculated from the rotor diameter D by:
A = 0.785. D2 (m2)

Ph,T is hydraulic windpump output
VT is average wind speed.

Example: During the week from 9 to 16 May 1987 the hydraulic output was 26922 Wh
(see previous example). In this period the quality factor equals:

26922 0.1
e = 0.785 . (5.18)2 . 4.2 169

See lines 18 and 19 in Data Sheet 5.1.

Wind pump exploitation factor
The wind pump exploitation factor fwe over a period T is calculated by:

fwe = QUT

Example:During the week from 7 to 14 February 1987 the water volume pumped was
QPT = 134 m3. The water volume actually used was QUT = 165 m3. As a result
fwe equals 1.23. See line 6 of Data Sheet 5.1.
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Average and cumulative values over a longer period of time
The bottom lines of Data Sheet 5.1. are used for noting down average and cumulative
values over a longer period of time. In the example this period has a length of 26 weeks.

The Total length of period T (being 4368 hours in the example) can be obtained by
summing all calculated T-values or alternatively by the difference between the first and
the last "Date and Time" (lines 0 and 26).

For the Long-term average wind speed, the Total water volume pumped and the Total
water volume used the formulas explained in the beginning of this section are applied
using the integrating meter readings on line 0 and line 26. The result is:

Half-yearly average wind speed 76096 20836 = 3.51 m/s

Half-yearly water volume pumped = 5982 - 1680 = 4302 m3

Half-yearly water volume used = 97495 - 93753 = 3742 m3

The Half-yearly average windpump exploitation factor (in the example being 0.87)
results from the quotient of the half-yearly water volume pumped and half-yearly water
volume used.

For the Half-yearly average quality factor the half-yearly hydraulic wind pump output
E T .y has to be determined:

h,T=jy = 2.73 x QpT=.y x Haverage (Wh)

Where: Haverage is half-yearly average total effective head.
QP,T=iy is half-yearly water volume pumped (4302 m3),

The last quantity is most accurately calculated when all 27 suction head measurements
available in Data Sheet 5.1. are used. The result is:

Hinmaverage (2.0 + 2.5 + 1.75 + ...... + 3.5)/27 = 3.34 m.

Because the discharge head is constant (37 m), the average total effective head becomes:

Haverage - 37 + 3.34 = 40.34 m.

Using these results the half-yearly hydraulic windpump output is:

Eh,T=jy = 2.73 x 4302 x 40.34 = 473,772 Wh.

Finally the Half-yearly average quality factor is calculated using the formula presented
earlier in this section:

e _ h,T = y
T

Inserting the average and cumulative values from above the result is:

e = 0.785 473,772 -012fy 0.785x (5.18)2 x 3.513 x 4368 0-1
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SUMMARY OVER 19...

Location: .................................................................................................................................
District :.................................................................................................................................
Owner :.................................................................................................................................

Performance
Average wind speed[: ...................................... ............................ [m/s]
Yearly water volume actually used ...................................... ............................ [M3 ]
Yearly water volume pumped [M3 ]
Quality factor.[-- .................. H
Wind pump exploitation factor.:-- .................. H

Operation
Operating time of the system . [hours]
Total time needed for maintenance: ........................................... ....................... [hours]
Total time needed for repairs : [hours]
Total down-time : [hours]
Total time "put out of the wind" : .[hours]
Number of break-downs : .[---------------------------------................H
Mean down time : [hours]
Mean time between failures : .[hours]

Availability : ----------------------------------................. H
................................................... ................................................ .....
................................................... ................... ............................. .....
................................................... ................. .............................. .....
................................................... .............................................................................. .........

Recurrent Costs (

operation maintenance repair total

Skilled labor ........................ ........................ ........................ ........................
Unskilled labor ........................ ........................ ........................ ........................
M aterials, ........................ ........................ ........................ ........................
Parts ........................ .......... .............. . .... .......... .............. . .... .......... ...................
Transportation ........................ ........................ ........................ ........................
Replacements ........................ ........................ ........................ ........................

* Indicate currency; note replacement types & time in log

Data sheet 5.3. Summary of information of Wind pump System (to be completed by technician).



- 268 -

Notes: 1. The quality factor e of the wind pump system relates the hydraulic output of
the windpump to the energy content of the air flowing through the rotor over a
longer period of time. For "classical design" windpumps the quality factor
varies between 0.08 and 0.11. For modern design windpumps its value lies
between 0.10 and 0.15. A measured quality factor of a wind pump system
much lower than previously measured or lower than expected based on
information supplied by the windpump builder or vendor might be caused by:

- a low volumetric efficiency of the pump
a worn leather cup,
worn valves,

- a problem in the windmill
deformation of blades,
defect in control mechanism,

- a dry well.
- a sub-optimal matching of the system (too small or too large a pump).

2. The windpump exploitation factor fwe relates the water volume pumped to the
water volume actually used. Its maximum value is 1.001, which means that all
water pumped is usefully applied. A high value of fwe is important; when it is
halved, the cost of the water is doubled. Low values of fwe might be caused by
such factors as:

- too large a windpump
- too small a storage tank
- low water requirements in a windy period
- a leak in the storage tank.

The average and cumulative data over the period of a year (to be calculated as described
above) should be put in Data Sheet 5.3. under the heading "Performance".

5.3.2. Reliability of the wind pump system

As stated, Data Sheet 5.2. shows information on reliability e.g. the number of system
failures, their type and duration, repair types and times, maintenance problems,
climatological or natural phenomena affecting delivery reliability, any inherent design
faults, etc.

In Data Sheet 5.3. this information will be summarized for a period of a year under the
heading "Operation". Some items are already suggested in the sheet.

The various total times asked for might require some explanation. Operating time is the
time during which the system was running during the length of period T. Total time
needed for maintenance and total time needed for repair equal the number of man hours
spent on maintenance and repair respectively. Total down-time is the total time the
system was not in operating order due to system failures. Total time "put out of the
wind" is the total time during which the windpump has been intentionally put out of
operation.

1 As shown in the example (line 6 of Data sheet 5.1., the value of fwe mnight be higher than 1 over
shorter periods of time. The effect is caused by the storage tank that can "produce" water even if
there is no new water input at all.
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The reliability of the system can be expressed by three different indicators. These are the
mean down time (MDT), the mean time between failures (MTBF) and the availability.
They are calculated as follows:

Total down-timeMDT = Tnube ofnbre (hours per break-down)number of break-downs

MTBF = Length of period - Total down-time (hours)
number of break-downs

Availability Length of period - Total down-timeLength of period

These indicators all refer to different aspects of reliability. E.g. if a short MTBF is
caused by many break-downs of short duration (due to quick repair service), the MDT is
low and the availability of the system is high.

In addition other events could be summarized, for instance those having occurred
strikingly often (e.g. pumping dry of the well). Careful consideration of Data Sheet 5.2.
should result in meaningful summaries of events.

5.3.3. Recurrent costs

The data on recurrent costs collected during the Long-Term Test, recorded in Data
Sheet 5.2., will be summarized in Data Sheet 5.3. under the heading "Recurrent Costs".
Details on types and times of repairs will be noted down in the log.
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Chapter 6
TOTAL EFFECTIVE HEAD

For the Long-Term Tests described in this Handbook the total effective head H is an
important notion. It stands for the useful head over which the water volume pumped is
transferred by the pump. It is used to calculate the useful hydraulic system output Ph,T.
Basically it consists of four components, some of which may be zero under certain
conditions:

H = Hin + Hdis + Hhor + Hp (m)

where: Hir, is suction head
Hdis is discharge head
Hhor is equivalent head for horizontal transport
Hp is pressure head required at the boundary of the pumping system.

The suction head is the vertical distance that the water must be lifted in travelling from
the water level of the water source to the pump.

The discharge head2 is the vertical distance that the water must be lifted in travelling
from the pump to the end of the discharge pipe.

0,13-_

0. 12- - mI

HLhorl] 0 1 r-t

p9Kr [1 _ ___ ____ _____ _

0.10-- - - I - - --

0.09-- Iml

096- - -- -_ _

0.05- - _ - - -- - --

0904- - - -- - - _

093- - _ _ - - - _

092 - - - -- __ -_

10 20 50 103 200 500 1000 200 5000 10000
L [ml

Figure 6.1. Equivalent head for horizontal transport as a function of the distnce L.

2 This definition of discharge head holds for Long-Term Testing only. For Short-Term Testing,
where only the pumping system is considered, the discharge head simply is defined as the head
"seen" by the pump.
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The equivalent head for horizontal transport is a term to reward the function of the
system when water is transported over (long) horizontal distances. It is recommended to
use Figure 6.1. for determining Hhor, starting from L being the distance along which the
water is transported horizontally. The curve in Figure 6.1. has been derived as an
average of properly designed water pumping systems. It is based on the following
assumptions:

- Average flow velocities in pipes between 1 and 2 m/s.
- For long horizontal distances optimal values of the average flow velocity are lower

than for short distances.
- The optimal average flow velocity increases with the pipe diameter.

Example: If the horizontal distance L equals 100 m, the factor Hhor/L = 0.1 (see Figure
6.1.). As a result, the equivalent head for horizontal transport Rhor equals
100 x 0.1 = 10 m.
If the horizontal distance L is longer, e.g. 10,000 m, the factor Hhor/L = 0.02.
Now Hhor = 10,000 x 0.02 = 200 meters.

The pressure head required at the boundary of the pumping system is the head required
for example to operate a sprinkler installation.

The total effective head H is used to calculate the hydraulic power output of the
pumping system Ph,Tr

Ph,T = QPT. Pw . g * H (Wattseconds)

where: QPT is water volume pumped (m3)
Pw is density of water (kg/m3),
g is acceleration due to gravity (m/s2).

This hydraulic power output of the system is used to calculate the overall system
efficiency 77tot:

ntot = PhiT (-)
P i ,T

where: Pi is the measured power input to the pumping system.

The function of a pumping system to be rewarded is transport of water to a higher head,
to a higher pressure and/or over a certain horizontal distance. This function is quantified
by the total effective head as defined above. It rewards a vertical lift (Hir and Hdis), a
horizontal transport in terms of a reasonable friction head (Rhor) and a pressure at the
pumping system boundary (Hp). If a system is badly designed, e.g. by having high
internal friction losses, the measured power input to the system Pi,T will be high. As a
result the overall system efficiency 77tot will be low for such a system.

If a storage tank functions as a water tower to generate the discharge pressure required
by the end-use system, this pressure is included in the discharge head from pump level
to storage tank water level and must not be measured separately. If alternatively a
windpump directly feeds a system requiring pressure, the discharge pressure should be
measured at the intake of that system by means of a simple manometer.
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Figure 1.4. Worldwide Wind Energy Resource Distribution Estimates

NOTE: The map follows page 274.

Description of Map

This map is a preliminary estimate of the annual mean wind energy available at
typical well-exposed locations throughout the world. The average energy in the
wind flowing in the layer near the ground is expressed as a wind energy class.
The greater the average wind energy, the higher the wind energy class, and the
darker the shade of green on the map. The colors corresponding to classes of
wind energy are defined in the table at the upper right.

The wind energy class is defined in relation to the mean wind energy flux
(WEF) at 50 meters above ground level. The WEF is the rate of flow of wind
energy through a unit vertical cross-sectional area perpendicular to the wind
direction. At 10 meters, the WEF estimate represents large areas that are
relatively free of obstructions. Local terrain features can cause the mean wind
energy to vary considerably over short distances, especially in coastal, hilly,
and mountainous areas. There will be local areas of higher or lower wind energy
than can be shown on a worldwide map.

Background Information

The relation between the mean WEF and the mean wind speed in the table at the
upper right assumes a Rayleigh Distribution (Weibull with k=2) for the wind
speed frequency distribution. A 1/7 power law for mean wind speed and a 317
power law for mean WEF relates the 50-meter estimates to the 10-meter estimates.

Because the wind energy estimate generally applies to typical well-exposed
locations, the fraction of the land area represented by the wind energy class
depends on the physical characteristics of the land-surface form in the region.
For example, on a flat open plain close to 100 percent of the area will have a
similar wind energy class, while in hilly and mountainous areas the wind energy
class will apply only to a small proportion of the area that is well exposed.
On the map, areas where mountainous relief generally exceeds 1500 meters are
shown using lines with tick marks. Within these areas wind resource estimates
are for exposed ridge crests.

The mean wind energy may vary considerably with time of year and time of
day. Thus regions with the lowest wind energy class may have considerably higher
wind energy during part of the year or day, or both. Conversely, regions with
the highest wind energy may experience considerably lower mean wind energy during
part of the year. Only a few areas of the world have persistently high wind
energy year round.

Vast areas of the world have little or no wind data, and there is
disturbingly little data from exposed sites in many windy regions of the world.
Of the large amount of wind data available from specific areas at the time of
preparation of the map, only a small proportion of the stations had information
on anemometer height above ground level or on site exposure. Thus regional
climatological information, upper air wind data, and other appropriate
information, where available, were used in the assessment.
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