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PREFACE

Although worldwide interest in harnessing smwall-hydro-
power resources by means of micro-hydropower plants
{less than about 100 kW) is increasing, few published
guides exist for those implementing such projects.

Some publications deal primarily with larger small-
hydropower plants, leaving developers of micro-hydro-
power sites with few options but to reduce the scae of
designs and approaches to implementation that are more
appropriate for large plants. Consequently, such publi-
cations unconsciously promote the development of
micro-bydropower schemes that do not take advantage
of the unigue factors encountered in implementing
plants at the "micro" end of the small-hydrocpower
range-—~factors which must be considered if this resource
is to be harnessed cost~effectively. Other publications
cover micro-hydropower technology but are incomplete,
for example, making only cursory mention of power
canals, even though a survey of micro-hydropower
plants around the world would indicate that power
canals are used at most sites. And finally, most publi-
cations are written primarily for a western audience and
address western needs within the context of western
standards and realities.

Although those implementing micro-hydropower plants
have gained a wealth of experience during the last
several decades, few have documented their efforts.
Therefore, beginning with my personal efforts at
implementing a micro-hydropower project in Papua New
Guinea 10 years ago and continuing with numerous over-
seas consultancies with NRECA the last 5 years, I have
gathered technical information and practical exper-
iences that address the needs of those interested in
implementing micro-hydropower schemes in developing
countries. In this Sourcebook, I present detailed
descriptions of many aspects of planning and imple~
menting such schemes and document experiences from
around the world.

Small hydropower can make a substantial impact in
developing countries where significant waterpower
resources exist and where economically viable alterna-
tives are few. This publication focuses on these coun-
tries' needs and meeting those needs within the particn-
lar constraints found there. Although the theory of
micro-hydropower applies universally, conditions found
in developing countries make certain designs and
approaches used in industrialized nations less applicable
there. The reader must keep this in mind. For example,
where water resources are abundant and energy needs
are modest, less emphasis needs to be placed on maxi-
mizing turbine efficiency (especially because greater

efficiency implies greater cost and therefore less
accessibility to the technology). Turbines con then be
fabricated locally rather than be imported. Where labor
costs are low and labor abundant, there is no need for
expensive, capital-intensive designs, which would again
restrict accessibility to this technology. And where
power requirements are simple, there is no need to incur
the costs of the sophisticated hardware necessary to
meet exacting western standards.

The technology associated with micro-hydropower
plants in developing countries spans a much broader
range cf options than that for large-hydropower plants.
Penstocks, for example, can range from 25 mm plastic
pire snaking downhill to a 1000 mm steel penstock with
massive concrete anchor blocks designed to maintain
stability on whatever foundation they may rest. Elec-
trical frequency may be controlied by sophisticated
governors or plants may he operated with no governing
whatsoever. In addition te generating ac power, micro-
hydropower plants can generate dc power or even
mechanical power. The Sourcebook is therefore faced
with the challenging task of covering each of these
options. The reader must also realize that even though
an option may rot be appropriate for a larger hydro-
power scheme, it may still represent a valid approach
under a new set of circumstances. It is only by chal-
lenging conventional approaches that viable micro-
hydropower schemes can be developed.

In some countries, local technical expertise has been
developed, often by tria)l and error. For these persons,
the Sourcebook can provide a reference and guide to
help them build on their experiences. In other coun-
tries, «cal expertise is not readily available and consul-
tants may be employed. However, few consultants have
experience either in implementing cost-effective micro-
hydropower schemes or in the conditions encountered in
rural areas of developing countries. Also, the high costs
of consultants can significantly increase the cost of
implementing a scheme. For these reasons, resorting to
consultants is often not a viable option. In such cases,
the Sourcebook can serve as a detailed primer for per-
sons with basic technical aptitude, covering many
aspects of planning for, designing, and implementing
micro-hydropower schemes.

The Sourcebook is a preliminary effort to prepare a ref-
erence book which covers many of the aspects of plan-
ning and implementing micro-hydropower schemes in
developing countries. Although many more useful
experiences and additional information might be added




to those already included in this publication, it seems
appropriate to make available the material already
gathered. In se doing, I hope that in addition to provid-
ing useful information, the Sourcebook encourages read-
ers to submit information based on their experiences for
future editions and that it provides a foundation on
whnich to build a more comprehensive reference. I also
hope that future editions can cover other areas of
interest, such as mechanical and electrical end uses and
their implications on system design and plant operation,
approaches for managing micro~hydropower plants and
programs, options for tariff structures and their social
and Einancial implications, and operation and mainte-
nance of small plants.

Anyone implementing micro-hydropower schemes is
invited to suggest which topics already included in the
Micro-Hydropower Sourcebook should be expanded upon
and what new topics should profitably be included in a
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subsequent editicn. And anyone who has already imple-
mented micro-hydropower schemes is invited to submit
written descriptions accompanied by drawings and
photographs (preferably black and white) of his efforts
which might be of value to others undertaking similar
projects. Any comments or general suggestions would
also be welcomed.

Allen R. Inversin

Micro-Hydropower Engineer

International Programs Division

National Rural Electric Cooperative Association
1800 Massachusetis Avenue N.W.

Washington, D.C. 20036

Phone: (202) 857-561¢&
Telex: 64260
Cable: NATRECA
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I. INTRODUCTION

NEED FOR ENERGY FOR RURAL DEVELOPMENT

In many developing countries, development activities
have been concentrated primarily in the urban or more
accessible areas, where the greatest number of people
can be served with the minitnum effort and expense.
However, by far the largest percentage of the popula-
tion lives in rural areas. Because these people are more
thinly dispersed, frequently live in areas more difficult
to reach, are less vocal than their urban counterparts,
and have less disposable income, they have been
deprived of the benefits available to those in the urban
areas that result from these development activities:

e extension and improvement of transportation and
communications networks;

o provision of electricity and water and their asso-
ciated benefits;

¢ construction of schools, hospitals, and clinies;

& increased employment opportunities; and

» access to agricultural and health extension services.

From an individual's point of view, the easiest means of
acquiring these amenities is to migrate to the towns and
cities, where he then also contributes to both mounting
urban problems and a dwindling agricultural base.
Addressing these issues places an additional demand on
limited resources, which often represents a net loss to
the nation and a reduced quality of life for its popula-
tion as a whole,

An energy source that can be viably implemented in a
rural setting would contribute to the attractiveness of
the rural areas. Electric power wuuld encourage the
establishment of government offices and associated ser-
vices; provide an incentive for better trained persons to
serve in the more remote areas; improve the quality of
educational, health, and other services; and enable indi-
vidual rural houscholds to have access to amenities
which were formerly restricted to urban areas. An
affordable source of electrical as well as mechanical
and thermal energy could encourage the establishment
of agro-processing and cottage industries, which would
contribute to employment opportunities in rural areas,
increased disposable income, and a decreased drain on a
nation's foreign exchange spent or importing agricul-
tural products.

Significant water resources are found in many develop-
ing countries. In areas where adequate water resources
are present, harnessing the power of falling water by
means of micro-hydropower plants is one way of provid-
ing affordable energy for the development of rural
areas.

MICRO-HYDROPOWER: AN APPROPRIATE ENERGY
SOURCE

Micro-hydropower has several advantages in common
with large-hydropower schemes:

# It relies on a renewable, nonpolluting, indigenous

resource that can displace petroleum-based fuels

that are frequently imported at considerable expense
and effort {Fig 1.1).

.

i

Fig. 1.1. Despite the expense and difficulty of transport-
ing fuel to remote areas, the awailability and knowledge of
internal combustion engines frequently lead te their use
even though hydropower can be harnessed nearby,

¢ As a component of a water development scheme, it
can be integrated with irrigation and water-supply
projects to maximize the benefits while sharing the
cost among several sectors (Fig. 1.2}

e It is a well-proven technolopy, generally well beyond
the research and development stage. In addition,
hydropower resources have already been harnessed
for years by rural entrepreneurs and farmers in
numerous Asian, African, and Latin American coun-
tries (Fig. 1.3).

Micro-hydropower technology also has a number of posi-
tive attributes not usually associated with large-hydro-
power plants. One is that, because of their size, micro-
hydropower schemes permit local villager involvement
in the full range of activities, from initiation and
implementation to operation, maintenance, and man-
agement (Fig. 1.4). When villagers contribute labor and
local materials, the costs incurred are lower, and when
villagers are committed to a properly planned and exe-
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Indonesia {30 kW)

¥

Fig. 1.2. This micro-hydropower plant is integrated with
an irrigation scheme, using excess water to generate power

for a nearby town, thereby displacing the diesel fuel that
would otherwise bhe used.

cuted project, the possibility of its long-term success
increases significantly.

In addition to generating electricity, micro-hydropower
plants permit the generation of mechanical energy,
which can be used to power agro-processing machinery
or ~ottage industries directly (Fig. 1.5). This permits
the use of a less complex technology, which in turn is
both less expensive and more easily understood. The
increased efficiency of direct conversion to mechanical
power, rather than using a generator and then motors o
provide it, means that up to twice the useful power is
available from a given turbine, depending on the size of
the plant.

Another attribute is that the small size of individual

isk. of Aocash, Peru

Fig. 1.3. Water falling about 5 m through an open flume to
@ Pelton turbine bullt of wood provides sufficient power to
saw timber, Examples of such locally designed, built, and

2 Introduction

Baindoarg, Morabe Prow, Fulp.nn Wew Guinea (5 kW)

Fig. 1.4. Micro-hydropower projects permit significant

villager involvement in ait phases of the work.

plants creates widespread potential for micro-hydro-
power schemes in terms of the number of sites which
can be exploited. Sites for large schemes are relatively
few, and the energy generated has to be transmitted
over larger distances to serve the end users. The eco-
nomics of power transmission implies that the large
quantities of power generated by large plants must be
restricted to the few load centers that can most readily
use it—cities and larger towns. The decentralized

operated micro-hydropower plants are found in a number
of countries throughout the world and have often been in
use for generations.




Fig. 1.5. Women in rural areas spend numerous ftours per-
forming tedious, strenuous, and energy-demanding tasks
such as milling grain for domestic consumption. Such
areas need mechanical more than electrical energy. The

nature of micro-hydropower resources coincides more
closely with the dispersed nature of rural populations; it
permits energy {o be generated near where it is to be
used, leading to reduced transmission costs (Fig. 1.6},

Several Lypes of turbines com.nonly used with nicro-
hydropower schemes lend themseives to simple designs
and fabrication techniques, which in turn encourage
their local manufacture (Fig. 1.7), Because the turbine
can be one of the more expensive components of a
micro-hydropower scheme, considerable savings are pos-
sible if locally fabricated equipment is used. Efficiency
is not necessarily a major consideratica if adequate
waier resources are available which they often are;
neither is the need for high-quality and long-lasting tur-
bines if turbines can easily be repaired locally. In addi-
tion, designs for turbo-generating units vary widely

Fig. 1.6.

Micro-hydropower is one of the few means of providing useful amounts of energy to remote communities.

MPPU manufactured in Nepal (p. 178), here shown per-
forming the same task performed by the woman at the
left, primarily addresses these needs, although electricity
can also be generated if dezired (see Fig. 7.3).

Hamsatiag, l’ﬁuun

depending on their end use, from systems incorporating
only a generator with no governing or speed control
devices to stand-alone, fully automated systems gener-
ating utility~grade power.

Whereas large-hydropower schemes incorporate massive
dams and major civil works, relying heavily on steel and
concrete, a wide range of designs and materials for the
civil works companenis is possible for micro-hydropower
schemes (Fig. 1.8). Dams are rarely used, and the civil
works for numerous schemes have been built with sev-
eral bags of cement as the only material imported into
the area.

Finally, large-hydropower schemes, primarily because
they impuund a large body of water behind a dam, can
have a variety of adverse impacts on the surrounding

tiaoche Pazar, Nepal 125 kW)
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area: flooding of arable land; social dislocation;
increased incidence of certain diseases; and decreased
fish populations. decause micro-hydropower schemes
involve move modest undertakings and seldom raquire
dams, social and environmental concerns are rarely
raised.

PERCEIVED OBSTACLES TO VIABLE MICRO-HYDRO-
POWER SCHEMES

With all the apparent advantages of micro-hydropower
technology, one may question why it has not found more
widespread acceptance. There are several reasons.
Over the years, engineering firms and implementing
agencies have gained considerable experience in design-
ing and constructing large~hydropower projects. As
interest in harnessing small-hydropower resources has
grown, some of these groups have been employed to
implement smaller schemes. Rather than considering
the unique aspects of small hydropower and their impli-
cation on plant design and construction, these groups
often have simply scaled down their more conventional
designs and construction techniques. The increased cost
of smaller project which results from economies of
scale and the lack of cost savings otherwise possible
through the use of nonconventional materials, designs,
and construction techniques for small schemes are fac-
tors which have given micro-hydropower plants the
reputation of being excessively expensive. Fortunately,
a growing awareness of this problem and of more cost-
effective designs and approaches to construction make
micro-hydropower developments a more attractive
alternative.

Three other factors have reduced the attractiveness of
micro-hydropower:

¢ The significant cost and sophistication of the turbo-
generating equipment have been a barrier. Until

Maldeota, U.P,, [ndiu
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Fig. 1.8. These two schemes, which each geneme
5-10 kW, illustrate the range of design options possible to
those implementing micro-hydropower projects. A portion
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Fig. 1.7. Simple turbine designs encourage local fabrica-
tion and repair of equipment.

recently, only firms primarily invoived in manufac-
turing =quipment for large-hydropowser plants have
produced such equipment, High overhead costs, the
conventional approach to equipment design, and eco-
nomies of scale have resulted in relatively high costs
for micro-hydropower equipment. However, the
aumher of small entrepreneurs specializing in the
manufacture of small turbo-generating equipment in
both industrialized aud developing countries has
grown, leading to significant cost reductions.

o Government agencies now implementing small-
hydropower schemes have been responsible for the
generation, transmission, and distribution of electri-
city on a national scale. To these agencies, con-
structing small-hydropower plants drain large
resources for a relatively small contrihution to the
national electricity supply. Their lack of motivation

R el % B SR SO ol
of the power canal, forebay, and powerhouse are visible in
both schemes. The penstock to the plant at the left is
buried.
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for implementing such schemes has increased their
inefficiency, resulting in further increases in the
effort and cost of installing small plants.

e The high costs and difficulties of central government
agencies operating and maintaining plants in remote
areas further discourage the development of these
plants. Reducing the staff for a 30 kW plant in
Nepal to 14 may be a step in the right direction but
one person selected from the village who would be
backed up by technical assistance from a regional or
central agency when needed would be a more appro-
priate staff for such a plant. Althouch high staffing
costs is another factor which contributes to the
impression that rmicro-hydropower plants are inap-
propriate, the problem is with conventional govern-
ment approaches to implementation and operation of
small-hydropower plants and is not intrinsic in the
technology. In Papua New Guinea, for example,
several private plants with capacities of up to
108 kW are run with the part-time inputs of a single
person.

It is increasingly recognized that the development of
micro-hydropower schemes holds cut more promise for
contributing to rural development than for significantly
increasing a nation's indigenous energy-generating capa-
city. If the government is to implement such schemes,
their effective implementation requires that the
government agency involved in rural development,
cooperatives, small industries, or possibly agriculture,
rather than that involved in the power sector should
take on the responsibility. The government of Burundi,
for example, has placed the development of small-
hydropower plants under the Ministry of Rural Devel-
opment. Governments might also find it beneficial to
encourage active private-sector involvement in this sec-
tor. For example, whereas the government of Nepal has
encountered high costs for implmementing and aperat-
ing micro-hydropower schemes, a number of private
companies have demonstrated their ability to cost-
effectively implement micro-hydropower plants to
directly drive agro~processing equipment and generate
small quantities of electrical power. Because of these
experiences, His Majesty's Government recently ruled
that private individuals are now free to generate and
sell electric power generated by their micro-hydropower
plants. The United States, where the national grid is
well established, provides another example of where
legislation mandating that utilities purchase any power
offered to them has significantly encouraged the cost-
effective development of small-hydropower resources
by the private sector.

There are numerous examples from around the world
which illustrate where the apparent obstacles to eifec-
tively implementing micro-hydropower schemes have
been overcome, These highlight the fact that this is
possible and that there is a need to consider alternative
approaches to implementing and managing such schemes
in order that indigenous waterpower resources can be
harnessed to contribute most beneficially to the devel-
opment of the rural areas.

OVERVIEW OF THE MICRO-HYDROPOWER SOURCE-
BOOK

Although micro~hydropower technology has the poten-
tial to make a significant contribution at an acceptable
cost, the factors summarized above have discouraged
the widespread development of this technology. The
purpose of the Micro-Hydropower Sourcebook is to
address primarily the technical issues ancountered in
the planning, design, implementation, and operation of
micro-hydropower plants. However, numerous other
factors, some mentioned above, must be considered
carefully if a successful micro-hydropower plant or pro-
gram is to be implemente.,

An essential requirement for hydropower generation iz a
stream with a combination of adequate head--the drop
in eievation--over a reasonahle reach of the stream and
adequate flow to meet the expected demand for the
power to be generated. The Sovrcebook therefore
begins with the chapter, MEASURING HEAD AND DIS-
CHARGE, which describes a range of methods for
measuring these two parameters which is sufficiently
breoad to address most situations.

Although the head between any two points at a aspecific
site remains unchanged over time, the same cannot be
said of tlow, the other critical parameter. Flow is
affected by several factors, primarily precipitation, but
also geological features, the nature of the soil, vegeta-
tion cover, agriculture practices, tewsperature, and
land-use patterns in the catchment basin, Measuring
flow at one pecint in time is of little use in planning for a
hydropower plast because that flow may not be repre-
sentative of the flow available most of the time. The
chapter, STREAMFLOW CHARACTERISTICS AND
DESIGN FLOW, reviews methods of reducing flow data

gathered over a period of time to forms which can be

used to size turbines and predict the effect of flow
variations on the power and energy genernted over the
year. Because few streampgaging data are available at
most micro-hydropower sites, several methods for pre-
dicting flow characteristics at an ungaged site are also
described.

Now that the reader has been introduced to techniques
for measuring both head and flow, the next task is to
prospect for a potential site. This means selecting a
site with sufficient head so that the available flow can
meet projected power needs. Although a plant might be
located at the base of a waterfall, it is more likely to be
found zlong a stream such as that shown in Fig. 1.9. In
selecting a site, it is essential to undersand the options
for laying out a hydropower scheme and the features to
look for in locating the intake and powerhouse along the
stream. These are described in the next chapter, SITE
SELECTION AND BASIC LAYOUT. At the end of this
chapter, examples are presented which illustrate how
and why some existing hydropower plants were laid out
as they were.

Once the site has been selected and the basic layout
prepared as described in the previous chapter, it is
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Fig. 1.8. A typical countryside where a small-hydropower plant might be located to exploit a drop in «.levation "Hg".

necessary to develop the scheme in detail. The CIVIL
WORKS chapter first describes the function of all the
possible basic components-—dam or weir, intake, power
cenduit, forebay, penstock, powerhouse, and tailrace-—
which might be included in a micro-hydropower scheme
to help identify which of these components are neces-
sary and which should be excluded, The chapter then
analyzes the design of each component, including basic
dimenaions, alternative materials, and design configura~
tions that have been used at existing sites. Other com-
ponents~-spillways, settling basins, trashracks and
skimmers, and gates and valves—are included in the
deslign of several basic components. Spillways, for
example, can be included in a dam, intake area, or fore-
bay. These components are iherefore described sepa-
rately toward the end of this chapter.

The civil structures convey water to the turbine in the
powerhouse where the power carried by the water is
harnessed. For the generation of electricity in the
micro-hydropower range, this equipment~-turbines,
generators, governing devices, and associated electricai
equipment—is often purchased as a packaged unit. This
unit can be considered a "black box"--a box containing
an assortment of electrical, mechanical, and hydraulic
devices into which water is fed and out of which elec-
trical power is drawn (Fig, 1.10).

From a technical point of view, someone purchasing a

packaged unit does not need to know what components
are included within this black box or to understand how
each functions; the purchaser simply specifies tite head
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INPUT: flow
head

Other factors possibly
influencing the choice of
cquipment:

quality of water
site accessibility
climatic conditions
altitude
variability of flow
penstock configuration
nature of load
method of aperation
pawerhouse size

etc.

i

'

QUTPUT: ac or dc
voltage
frequency
number of phases

Fig. 1.10. A packeged turbo-generating unit can be consid-
ered a "black box." The site developer specifies the
desired input and output values and other constraints, and
the equipment supplier selects the appropriate "box" to
satisfy those criteria,




and flow input and the nature of the electrical output
{or mechanical output, if no electricity is to be gener-
ated}. The equipment supplier will then include the
necessary components within the black box to comply
with the site conditions and the customer's needs, To
ensure that a unit meets the needs of the customer as
closely as possible, however, the supplier should also be
given a more thorough description of site conditions and
end uses.

From the point of view of someone wishing to imple~-
mewt a plant that can be easily operated, maintained,
and repaired, some knowledge of the function and oper-
ation of each component is critical. The chaptars on
turbo-generating equipment provide the reader with
some of the basic information necessary to understand
the purpose and function of each component and thus to
design an appropriate scheme with the greatest possibi-
lity of success.

Although a thorough knowledge of the theory of hydrau-
lic turbines is not essential, an understanding of the
basic characteristics of various turbine types will aid in
ensuring a better designed system. The chapter, TUR-
BINES, reviews the design and operation of the basic
turbine types and outlines the data which must be fur-
nished to a supplier to ensure that the correct turbine is
supplied. For those interested in fabricating their vwn
turbine, several publications are already available, and
designs are not repeated here, This chapter contains
general information on adaptability of various turbines
to fabrication and references to publications that pro-
vide further details.

Generation and direct use of mechanical power presents
several advantage over the generation of electrical
power (Fig. 1.11}. The chapter, HYDROPOWER:
ELECTRICAL V5. MECHANICAL., compares the advan-
tages and disadvantages of electrical and mechanical
power generation,

In generating electrical or mechanical power, it is fre-
quently necessary to control the speed of the turbine,
Several devices are conventionally uged for this purpose,
but they are generally costly and sophisticated. The
chapter, GOVERNING, reviews the purpose of governing
and the extent of control required for various types of
end uses, permitting the site developer to choose the
level of governing required to meet specific site condi-
tions and consumer needs. It also describes several con-
ventional as well as nonconventional approaches to
governing.

The chapter, ELECTRICAL ASPECTS, discusses the
basic decisions which must be made before the electri-
cal design is initiated and the generating equipment is
specified: whether ac or dc power is better suited and,
if ac, whether single- or three-phase power should be
generated. It then reviews the function of the genera-
tor and other electrical components and the information
necessary to specify these properly.

The Einal chapter, CASE STUDIES, presents descriptions
of micro-hydropower programs in several countries,
both to illustrate how technical issues were addressed
and to discuss other issues which are encountered in
mounting such a program.

CARPENTRY

1 }Circular saw
2 JPlaner

@ Pulp beater
o Paper press
o Genarator
o Grain mill
(7) Turbine

o Vats
o Wood store

tailrace
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penstock {250 mm)

Fig. 1.11. The 13 kW turbine at a mitl {in Phaplu, Nepal,
directly drives a variety of machinery; the generation of
electricity provides a secondary benefit. Work is presently

under way to install ¢ mechanical heet generator to boil
paper pulp and dry the finished paper, saving the fuelwood
which is traditionally used.
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II. MEASURING HEAD AND DISCHARGE

INTRODUCTION

The purpose of this chapter is to describe various tech-
niques which can be used to determine the discharge or
flow carried in a stream and the head available at a
site. Though a wide range of techniques of varying
sophistication are available, one should not be overly
chsessed with precision when selecting a specific tech-
nique. Measurements with two significant figures are
generally more than adequate for planning and designing
micro-hydropower schemes. Nothing is gained by
attempting to obtain more accurate results. Knowing
that the average discharge is 367 §/s rather than 360 t/s
or that the head is actually 43.81 m rather than 44 m or
45 m will not lead to a more effective design for a
micro-hydropower plant. A brief discussion of the
accepied approach to properly recording numbers and
measurements can be found in APPENDIX B (p. 267).

MEASUREMENT OF DISCHARGE (p. 9) covers a range
of methods which can be used to determine the flow or
discharge of a stream or canal. The discharge in a
stream can vary considerably during a year and,
although results can be obtained to any accuracy
desired, a precise determination of discharge at ane
point in time is of little use. A single measurement of
instantaneous flow in a stream is not pormally used in
estimating the installed capacity of a plant or the
energy potential of a stream. For micre-hydropower
achemes which will use a significant portion of the
available streamflow, it is more important to take
measurcments regularly over at least one year than to
concentrate on the accuracy of individual measure-
ments. The manipulation of streamflow data is dis-
cussed in the chapter, STREAMFLOW CHARACTERIS-
TICS AND DESIGN FLOW.

MEASUREMENT OF HEAD (p. 21} describes methods
for determining the available head at a particular site,
Though a variety of methods is available, there is no
need to strive for extreme precision when making head
measurements for the reasons mentioned earlier, Even
results obtained by using a simple level are often ade-
quate.

MEASUREMENT OF DISCHARGE

There are several basic .- »1hods for measuring the
gquantity of water flowing in a stream or canal. The
bucket method (p. 10}, whereby discharge is directly
determined by measuring the time required to fill a con-

tainer of predetermined size, is one of the easiest and
most accurate methods. However, it is generally suit-
able only for low discharges (less than about 50 {/s)
where an adequate drop exists aleng the stream to
accommodate the "bucket.” It cannot easily be used to
measure discharge of streams with smali, regular gra-
dientis.

The velocity-area method {p. 11) requires the determi-
nation of stream velocity and stream cross-sectional
area at a point along the stream where the flow is
representative of that to be used by the hydropower
plant. The velocity-area method is almost universaily
used because of its essential reliability and applicability
to a wide range of sites and discharges. It can be used
to gage streams of all sizes, especially larger streams
where the other wethods prove inappropriate. However,
it is difficult to use with very shallow streams where
velocities are hard to gage or streams with irregular
cross-sections, such as those strewn with rocks and
boulders. Unlike the weir method, pericdic streamgag-
ings using the velocity-area method would be tedious
because new velocity and depth measurements would
have to be undertaken each time. Consequently, when
streamflow has to be gaged on a regular basis, the velo-
city-area method is only used to calibrate a staff gage,
which is then used to perform these periodic streamgag~
ings (see St i method, p. 20). With a little
experience, the velocity-area method is still a useful
approach for determining the order of magnitude of the
streamflow at diverse sites with minimum effort.

The weir method (p. 16) requires the construction of a
weir, which incorporates an opening with any one of
several standard profiles, across a stream (Fig. 2.1}
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Convaniently, this method requires only a single linear
measurement--the height of water behind the weir—in
order to determine streamflow. The discharge is
directly determined from this height measurement
through the use of formulas or associated tables. This
method is especially useful in very shallow streams
where there are difficulties determining flow velocity
or stream profile. In either of these cases, the velocity-
area method would not be easily applicable.

Although this method is simple and can be used to gage
the entire range of streamflows, it can be relatively
costly if a weir has to be built only for the purpose of
streamgaging. As is portrayed in many reference books,
a temporary wooden weir can be built, but this is not
always as easy as it appears. If not properly con-
structed, inaccuracies can be introduced. Also, if such
a weir is constructed in an area of gravel, stone, or bed-
rock, difficulty in sealing the weir can cause unmeas-
ured discharge to pass under the weir. The weir method
is most cost-effective if daily measurements need to be
undertaken as part of a streamgaging program and if the
nature of the streambed prevents the use of a simple
staff gage calibrated by some other method.

The salt-dilution method {p. 19} is particularly useful on
rough mountain streams where constructing a weir is
difficult and where the velocity-area method cannot be
readily used. Because it requires the use of a zonducti-
vity probe with a range of 0-1-10" ohm™ !, which may
cost $100-3300, this method is more appropriate when
site prospecting is part of a larger program for imple-
menting small~-hydropower schemes. The accuracy is
generally within £+7%, but this degree of accuracy
requires considerable turbulence to ensure good mixing
in the stream.

A "spot" of concentrated salt sclution could be released
into a stream and a conductivity probe used to locate
that spot at some point downstream. The stream velo-
city could then be determined as described in Float
method (p. 13}, However, the salt-dilution method
permnits a direct determination of discharge, not just
velocity. There is no need to measure velocity, depth,
head, cross-sectional area, or any other hydraulic fac-
tors usually consldered in discharge measurements, Two
approaches will be discussed.

The slope-area method {p. 19) indirectly estimates the
streamflow by using an open channel flow equation such
as Manning's equation and measurements of the cross-
sectional dimensions of the wetted portion of the
streambed, its gradient, and its roughness.

This method is rarely used to measure normal discharge
in a stream, because errors can easily attain 25% or
more. It is most useful in estimating flood discharge,
usually after the flood crest has passed and when the
slope of the streambed, the cross-sectional area of the
flow during flood crest (determined from marks made
along the banks), and a knowledge of general streambed
conditions during the flood are available.

The stage—discharge method {p. 20) relies on the meas-
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urement of stream depth {stage) to obtain the corre-
sponding discharge by means of a rating curve-—a graph
of stage versus discharge. Although this method is used
to measure discharge, it cannot be used alone, as can
the other methods described. A staff or other means of
measuring stage bas to be calibrated, which in turn
requires the use of one of the other methods.

Discharge measurement using the stage-discharge
method is similar to that using the weir method. With a
weir, any of several standard weir designs are used and
correlations of streamflow with depth have been deter-
mined empirically in a laboratory setting and need not
be derived in the field. With the stage-discharge
method, the natural shape of the streambed serves as
the "weir." But since this shape varies from site to site,
the stage-discharge relationship must be re-established
at each site.

The advantage of this method is that, once a staff has
been calibrated by a stage-discharge curve, a single
reading off the staff determines discharge. This is the
method generally used for regular streamgagings at a
specific site. Stage measurements can also be auto-
mated to provide readings on a continuous basis.

‘The following sections describe each of these methods.
The Water Measuretment Manual {24) describes many of
these techniques in much greater detail.

Bucket method

This method simply involves recording the amount of
time required for the discharge in the stream to fill a
bucket (for discharges of less than about 4 {/s), oil drum
{Eor discharges of less than about 50 (/s}, or other suit-
ably shaped and sized container. A clean drum should
be used to prevent contaminating the stream being
gaged. For this method, one must be able to divert the
entire stream discharge into the container.

To appty this method, first measure the volume of the
container "V " by making a few length measurements
and using the appropriate volume formula or by counting
the number of known volumes {from a bottle, graduated
cylinder, or tin can) required to fill it. Then record the
time "t" required for the stream to fill the container.
The discharge in the stream is then

Ve

Q=+ (2.1)

However, if the discharge is fairly large compared to
the container used, the filling is often so turbulent that
it may be difficult to note at what time the container is
arctually full., In this case, it is more accurate to record
the time required to almost fill the container and then
to measure the actual volume captured "V", which would
be somewhat less than the full container volume, In this
case, the container should first be calibrated by either
method mentioned previously so that the volume of the
water it contains is known as 4 function of depth.
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. empty .zoo-mer o:l druln {!-I 82. cm) is used to -
_measure ‘the discharge-in a creek. A troughis
cridely constructed to channel all the flow (Fig. 2.2).
A stopwatch is started the instant the drum. hegu_ls to
fill. “When:the drum is nearly full, the troughis "
promptly removed and the time recorded:: In't= . . -
3.6 s, the drum has filled to a depth of cm,’
‘Because the full volume is known (200 . R
cross-sectlonal area of the drum ié constant,. the vol—-"
‘ume of water in the drum is proportiuna] to the depth_
of the water, . . o '

: J used in’ the !ield, meamring th
'_o! water captured ' 3 give

V= (H)ZOOI- (7 )znot-mt

For an explanatinn of why the volume is expteased as
1704 a.nd not 173 tor 173 170173 , see APPEND!X B
(p. 267

"Flg. 2.2; An lmproviaed troughils: used to channel water.
tnto a dmm to m Irge.

Then, by measuring the depth of water captured in time relatively straight, smoothl flowing portion of the

"t", the volume "V" of that water can be determined and stream of generally uniforts width. The streambed in

used to determine the discharge: this area should be well-defined and not covered with
boulders, tree trunks, or thick grasses.

ol

Q= 2-2) This method looks at the volume of water flowing across
a cross-section of the stream_every second (Fig. 2.4).
Velocity-area method The discharge or flow "Q" (m 3!5) is then derived using

the following equation:

For this method, an appropriate point is selected along -
the stream to be gaged. This point should be along a Q=AYV {2.3)

Measuring head and discharge 11




Fig. 2.4. The flow in a stream equals the product of its
cross-sectional area and the average velocity through that
areua (@ = A V),

where

A = stream cross-sectional area (mz}
¥V = average stream velocity through area "A" {m/s}

The area used in this expression is the cross-sectional
arca of the water flowing downstream. In portions of
some streams, the flow may be diagonal, stagnant, or
even eddying back upstream. These sections should be
avoided when attempting to measure discharge.

To derive the discharge, two sets of measurements must
therefore be undertaken: (1) those to determine the
cross-sectional area "A" of the stream and (2) those to
determine the average velocity "V" at that point along
the stream. The sections which follow describe tech-
nigues for determining area and stream velocity.

Deteormining area

Often--especially in prospecting for potential sites—it is
necessaty only to obtain an approximate value of the
cross-sectional area of the stream. This is easily done
by measuring both the width "W" of the stream and what
to the eye appears to be the average depth "d" of the
stream (Fig. 2.5a). The cross-sectional area of the
stream at this point is then approximated by the area of
a rectangle.

The accuracy of the above approach depends on the
accuracy with which the average depth can be deter-
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mined. Where greater accuracy is required, the shape
of the stream's cross-section is approximated by a series
of parabolas (Fig. 2.5b). The stream's cross-sectional
area is then found by summing the partial areas between
arcs of the parabolas and the surface of the stream. To
use this method, the stream width must be divided by an
odd number of equally spaced poirts, that is, "n" is odd.
The spacing of the points "w" depends on the width "W"
of the stream, the smoothness of the streambed, and the
accuracy desired. If the cross-sectional profile of the
stream is uniform, fewer points are required. The depth
of the stream at each point is then measured. Summing
the individual partial areas, the total stream cross-sec-
tional area can be shown to equal the following expres-
siont

A=(d)+2d,+4d3+...+4d) ¥ 2.9

In the field, a surveying tape can be stretched across
the stream and a ruler or calibrated stick can be used to
measure the depth of the water at appropriate points
along the tape. If a long tape is not available, a string
with equally spaced knots or a low bridge or tree trunk
across a stream, marked off in equal intervals, can
serve the same purpose. (See EXAMPLE 2.2.)

Determining stream velocity
In this section, which describes methods for determining
steam velocity, the following notation will be used:
v, = surface velocity of the stream
= average velocity through a partial area

v
V = average velocity of the stream

{a)

o 21—}

e

Fig. 2.5. Actuel stream cross-sectional area can be
approximated by (a) that of a rectongte or (b} that bounded
by a series of parabolic curves.




‘Fig: 2.8, The cross-sectional ared
 ¢an be approximated by that o
precise mothod Is to subdivid
bounded by parabolas (c). A
approximately equai.’

Float method. This is the easiest method for determin-
ing velocities in a stream. It has the advantage of
requiring no special equipment. However, it cannot be
used accurately where the streambed is irregular in pro-
file or width or where the stream is shallow, and thus it
cannot accurately measure velocity along many streams
which are suitable for micro~hydropower generation.

For this method, a length of the stream which is rela-
tively straight and uniform is selected. A floating
object is placed at the point in the stream where the
velocity is required (at the stream's center if the aver-

age stream velocity is required or at the center of the
partial area of interest if the average velocity across
that area is required), Ti:e time "t" it takes to cover a
distance "D" is recorded. A floating object which is
largely submerged, such as a piece of wood or partially
filled bottle, should be used; a leaf or similar object
may be too easily aflfected by a breeze to give accurate
results. The velocity of the float, and therefore the
surface velocity "v." of the water, is

=2
Ys© X

(2.5)
However, the velocity of the water at the surface "v_"
neither represents the average velocity of the stream
*¥" nor the average velocity throngh the partial area of
interast "¥" (Fig. 2.7). Water at the edges and near the
bottom of the stream moves slower than water at the
surface and center of the stream because of the rough-
ness of the bed and viscosity of the water. An approxi-
mate value for the average velocity of the stream "U"
can be obtained by multiplyiug the surface velocity near
the center of the stream by a correction factor "C":

V- Cv, (2.6)
where "C" varies from 0.60 for strcams with a rocky bed
to 0.85 for those with a smooth bed.

The average velocity through any partial area "v" is less
than the surface velocity over that area because of the
effect of the streambed on the velocity profile. An
approximate value for the average velocity through any
partial area can be obtained by multiplying the surface
velocity over that area by a correction factor "c™
¥ =cvg {2.7)

where "¢" varies between 0.75 for shallow streams to
0.95 for deep streams.

Velocity-head rod. The velocity-head rod can be used to
determine the surface velocity of a stream (109}, This
device can easily determine the surface velocity at any

Fig. 2.7. Both the average stream velocity and the aver-
age velocity through eny partial area are generaily less
than the surface velocity over that area.
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Fig. 2.8. A velocity-head rod with dimensions shown in millimeters.

point on the cross-section of the stream. If it is used to
m2asure the eurface velocity "v." at the middle of the
stream, the average stream velocity can be derived
using Eq. (2.6).

In smooth flow, the rod can easily be read and the accu-
racy of the velocity measured should be within 3%. In
turbulent flow, the reading might fluctuate by several
centimeters, but the accuracy of the measured velocity
should still be within 10%.

The velocity-head rod is particularly useful in flows
containing debris and bed load, which could ad~ersely
affect more convenient and accurate devices such as a
current meter. It is inaccurate [or velocities much
below 0,3 m/s, because the head would be too small to
measure, and for streams with a soft, unstable bed. It
also cannot be handled well in atreams moving faster
than about 3 m/s.

The velocity-head rod is constructed with a cross-sec-
tion shown in Fig. 2.8 and calibrated in centimeters. In
use, the rod is placed on the streambed with the stream-
lined edge apstream and the depth of the water is
recorded. Withoui changing the vertical placement of
the rod, it is turned around so that the streamlined edge
is downstream. The rise of the stream "h" above the
original level of the stream, as shown in Fig. 2.9, is
equal to the velacity head—v72g. The operation of a
velocity-head rod is analogous to that of a pitot tube.
Therefore, the surface velocity of the stream at the
location of the rod is

vg = Vigh (2.8)

A graph of surface velocity versus the rise of water
against the rod is shown in Fig 2.10. I, for example,
the water rises 17 c¢m, the surface veloc:ty at that point
is about 1.3 m/s.

Current meter. This is the most common method for
measuring velocities at any depth in larger streams and
rivers which are not turbulent. It requires special

equipment and is necessary only where accuracy is
required. This is generally not the case with micro-
hydropower installations,
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.o Velocity rod

Fig. 2.9. The height of the water "piling up” on the back of
the velocity rod is a measure of the velocity of the oncom~
ing water.
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Fig. 2.10. A gruph of surface velocity vs. velocity head
measured with a velocity rod.




Basically, a current meter is a device with a propeller
or a series of cups mounted on a shaft that is free to
rotate, the speed of rotation being a function of the
velocity of the water in which it is placed. It is placed
in the flow at the desired depth. The current meter is
equipped with a device for indicating the revolutions of
the shaft, such as a simple mechanical counter. More
conveniently, an electrical pulse generated eiich time
the propeller has turned a given number of revolutions
can be fed electrically through a cable placed along the
lines supporting the current meter (Fig. 2.11}. The
manufacturer of the unit should give the correlation
between the humber of turns per second and the speed
of the water. Even then, if accurate results are
required, the current meter should be recalibrated peri-
odically. Current meters are generally used to measure
veiocities in the range of 0.2-5 m/s, with a probable
error of 2%.

Fig. 2,11. To ‘acilitate placing the current meter at the
appropriate «.apth, the meter {8 iowered until the praset
movabie pointer mounted on the handle is located at the
surface of the water.

Determining discharge

There are several approaches to using velocity and area
measurements to determine discharge. The simplest
approach is to use the average velocity of the stream
and Eq. (2.3}, Although either of the two approach.es
described earlier can determine the value for the area
used in the equation, the accuracy with which the aver-
age stream velocity was determined should be kept in
mind. The accuracy of the area measurement need not

exceed this; any additional effort expended to obtain
mreater accuracy is of little use.

The approach described above is adequate for gaging
most streams to be harnessed for micro-hydropower
generation. The exception is where the velocity varies
significantly across a siream. In this case, more accu-
rate results may be obtained by determining the dis~
charge through partial areas {Fig. 2.12} and then sum-
ming these. The discharge through each area "a_" is
equal to that area times the average velocity "BJ' "
through that area. Therefore, the total stream d?s-
charge is

Q=a¥) +ay¥,+a¥g+...+a ¥ {2.9)

Each partial area may be found by determining the area
of the trapezoid which approximates it. For example,

the third partial area in the stream in Fig. 2.12 would
equal

(2.10)

Partial areas may also be approximated by sections

bound by parabolas; however, for applications consid-
ered in this publication, little would be gained for the /7
extra effort required. '
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then be'1.0, 1.2, 0.8; and 0.6 m/s, respéctis
qu. {2.9} am.l +10), the dischay g’

‘0.5_1;;;._21,* .

= 059 m?'/s = 590 m

Fig. 2.13. Surface velocities shown above each par'tia! o
area are thosdg used lu thts s:ample. LT _

Weir method

This methed requires construction of a low wall ar weir
across the stream to be gaged (Fig. 2.1), with a notch
through which all the water in the steam flows. The
term "weir" is also applied to the notch itself. Over the
years, numercus laboratory investigations have been
conducted to calibrate notches of several standard
designs so that discharge "Q" through these can be
determined from a single litear measurement--the dif-
ference in elevation "h" between the water surface
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upstream of the weir and the bottom of the notch

(Fig. 2.14). The accuracy of this method depends on the
faithful reproduction in the field of ccaditions that
existed in the lab where the calibration was performed.
Under ideal conditions, this method will be accurate to
within 2%-3%. Improper setting and operation may
result in large errors in discharge measurement. If a
weir is to continue to give reliable results, these condi-
tions must be preserved—the crest must be kept sharp
and sediment settling behind the weir must be removed.

To measure discharge in a small stream or channel, 2
sharp-crested weir is usually used. The sharp edge
causes the water to clear the crest. This is important,
because more water would emerge with the same head
"h" if the emerging stream clung to the weir, and the
calibrations described below would no longer be valid,
Under usual circumstances, the crest need not be razor-
sharp—a flat portion a couple millimeters wide is sharp
enough. The notch can be cut in a wooden weir with a
bevel toward the downstream side. A more durable
notch can be coustructed by cutting a rough opening in a
wood weir and affixing over this opening a notch of
proper shape and size cut from thin sheet metal.

Although several types of sharp-crested weirs can be
used, rectangular and triangular {or V-notch} weirs are
most common (Fig. 2.14). A triangular weir can meas-
ure small discharges more accurately than a rectangular
weir. On the other hand, a rectangular weir permits a
significantly larger diascharge to be measured, because
the width of the notch can be selacted at will.

At times, a special form of trapezoidal notch, called a
Cipoletti weir, is also used. Its sides are inclined cut-
wardly at a slope of 4 to 1 {vertical to horizontal). The
advantage of this weir is that it can compensate for the
reduced discharge resulting from end contractions asso-
ciated with rectangular notches by providing extra dis-
charge over the sloping sides. This, in turn, simplifies
the formula for discharge by eliminating the need for a
correction factor to account for end contractions, as is
necessavy with a rectangular weir,

In its simplest form, a weir consists of a wall of timber,
possibly with a notched sheet metal plate affixed to it.
A concrete or metal wall is sometimes used. It should
be vertical and oriented at right angles to the stream at
a point where the channel is straight and free from
eddies. The crest of the weir should be placed high
enough so that water will fall freely below the weir,
leaviag an air space under the overflowing sheet of
water. Upstream of the weir, the distance between the
bed of the stream and the crest of the weir should be at
least twice the maximum head to be encountered during
its use. There should be no obstructions—sand bars,
boulders, or weeds-=in the vicinity of the notch, because
these may cause an asymmetrical approach flow. The
weir must be properly sealed, because any water leaking
under or through it is not gaged. The crest of both the
rectangular and trapezoidaj weirs must be exactly level.
With a triangular weir, a range of angles can be used,
bu* the formula presented in Fig. 2.14 assumes a 90
notch, with both sides inclined at 45° to the vertical.




Rectangular

jw-5Zh el 1 > 3h —e|te > 20—

fa—>2h |

Triangalar (90° notch)

Cipoletti

fa—>2h-wla-L > 3h-wla->2h =

f— > 2h —

Q=1.8{L-0.2h) hd/2

where:
Q = discharge over weir {m3/s)

L = length of notch {as defined
in sketch, in m)

h = head {m}

Fig. 2.14. Design criteria for weirs used for streamgaging.

Most equations for the discharge through sharp-crested
weirs are not accurate for heads less than about 5 cm.
On the other hand, few discharge measurements have
been made on sharp-crested weirs for heads greater
than about 0.5 m. Therefore, if a sharp~crested weir is
to be used, it might be suggestad that the weir be
selected so that "h" will be in the range of 0.05-0,50 m
{32). A triangular weir could consequently be used to
measure discharges in the range of 3,0-300 I/s. This is a
significant variation which can be measured with a sin-
gle weir. The rectangular weir described in Fig. 2.14
can be used toc measure discharges greater than about

5 {/9. However, a triangular weir can gage a greater
range of discharges than can any single rectangular
weir. With the head increasing from 0,05 m to 0,55 m,
the flow through a triangular weir would increase about
100 times (from 3.0 to 300 t/s), whereas flow through a
rectangular weir would increase only about 40 times.

If a weir has been properly constructed, the principal
errors arise from measurement of head. For a rectan-
gular or Cipoletti weir, the percentage error in dis~
charge is 1.5 times the percentage error in head meas-
urement, Therefore, if a head wmeasurement of 6.0 cm
is in error by 0.5 cm, or 0.5/6.0 = 8%, the error in dis~-
charge would be about 12%. For a triangular weir, the
percentage error in discharge is 2.5 times the percent-
age error in head measurement. For the same 8% error

in head measurement noted above, the error in dis-
charge would be 20%.

If a single weir is to be used, the notch must be wide
enough to convey the largest expected discharge with-
out exceeding the maximum head "h”* for which the weir
is designed. It is therefore necessary to have some feel
for the range of discharges found in a stream before
constructing a weir,

The weir should be set at the lower end of a pool suffi-
ciently long and deep to give a smooth flow toward the
notch, preferably with a velocity less than 0.15 m/s. If
this is not possible, the formula for discharge would
have to be corrected for the effect of the stream's
velocity of approach.

After the weir is constructed, a method for measuring
the head "h" should be included. This measurement
should be made far enough upstream of the weir to pre-
vent the reading from being affected by the downward
curve of the water heading through the notch. A dis-
tance at least four times the head is usually recom-
mended. One method for determining "h" is to drive a
stake into the streambed until it is precisely level with
the lower edge of the notch, as shown in Fig. 2.14. It
should be far enough to one side of the notch to be in
comparatively still water. To measure head "h", a scale
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is placed vertically on top of the stake and the level of
the stream is read directly off the scale. Numerous
variations of this method can be used,

Although specific details in the construction of a weir
can vary, it is important that the critical features
described above be incorporated. When constructing a
temporary weir, the task of sealing arcund the weir can
be simplified by laying a sheet of plastic on the
upstream side of the weir and using sand, gravel, or S )
rocks to hold it in place {Fig. 2.15) U SOt - . b Y

The formulas shown in Fig, 2.14 or the curves shown in
Fig. 2.16 yield the discharge through each of the three
types of notches described. Note that for rectangt.lar
and Cipoletti weirs, the discharge is given per unit
effective weir length. Actual discharge is obtained by
multiplying this discharge by the effective weir length—
by "L - 0.2 h" for the rectangular weir or by "L" for the
Cipoletti weir,

In reality, a much wider range of designs for sharp-
crested weirs is available, but then the formulas for
expressing discharge must include the effects of
decreasing end contractions, velocity of approach, and

P

submergence, In this section, the simple forms of the Fig. 2.15 Three mge ,»ecganguu, rds are ed o '
formulas are presented. For these to be valid, it is {mprovise a temporary goging weir, Without readily avail-
necessary to adhere to the limitations noted in _ able soil in the vicinity, preventing leakage cround such a
Fig. 2.14, If the notch is too wide or deep, contractions weir gn bedrock would be difficult, but a sheet of plastic
become suppressed and the formulas which are given facilitates that task.

0.8 For discharge through: 104
1. rectangular weir - read "q" on left-hand
scale and multiply by (L - 0,2 h)
2. Cipoletti weir - read "q" on left-hand
0.6k scale and multipiy by L 0.3
3. triangular weir - read "Q" directly on
right-hand scale
- w
& o
B 2
o 0.4 -0.2 O
0.2 «-10.1
0 i 1 ] 0

0 10 20 30 40 50 60
h {here in cm}

Fig. 2.16. Turves for determining flow through a weir.
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underestimate the discharge. If the velocity of
approach is too high, the formulas again underestimate
the discharge. And if ther« is insufficient room for the
water to fall freely downstream of the weir, the weir
becomes submerged and the formulas presented overes-
timate the discharge.

Sali-dilution method

There are two approaches to determining discharge by
measuring the dilution of a sait released into a stream.
With the first approach, a concentrated salt solution is
released into a stream all at once and the change in
concentration in the stream is measured over time as
the water flows past a point downstream. With the
second approach, a salt solution is released into the
stream at a known rate and the salt concentration is
measured downstream.

The first approach requires that a known mass "M" of
salt—about 0.3 kg for each 0.1 m“/s of streamflow—
which has been completely dissclved in a bucket of
water be quickly dumped into the stream to be gaged.
At a point 50 m or more downstream—{far enough for
the salt to be uniformly dispersed throughrut the stream
cross-section—electrical conductivity readings are
made. This may cover a perlon of several minutes. A
curve of conductivity (chm™!) va. time () is then plotted
(Fig. 2.17) The shaded area under the curve is calcu-
lated {ohl;l: s}. Using a conversion factor "k" (kg/m
per ochm™ '} between concentration and conductivity, the
discharge in the stream is then found using the following

equation:
Mikg)

Q(m3/s) =
area (chm~ls) x k (kg)'msfohm-l)

(2.11)

A brief derivation of this equation is as follows; At any
point downstream, the volume of water passing through
the stream cross-section durmg an increment of time

" 4t" simply equals ) At (m3), If, trom the conductivity
measurement "u" and the conversion factor "k", the salt
concentration i m that volume of water is determined to
be C (kg/m?) = ak, the mass of salt passing this point
during this increment of time is CQ At (kg). The total
salt in the stream, which is already known, is then the
sum of the mass of salt passing during each increment
of time or M = £CQ At. Since the discharge "()" is
agsumed to be constant during the sampling period
{which it essentially always is}, then M = Q E C At, or

Q- —M_ M 2.12)
ECat fcat

Because the factor LC At equals k L g At, the deno-
minator in this expression is simply the product of the
conversion factor and the shaded area under the conduc-
tivity curve (Fig. 2.17).

A more detailed description of this method based on
work by Andrew Brown, ITIS Micro-Hydro Engineer, is
found in "Stream Flow Measurement by Salt Dilution

120

conductivity due
to salt introduced
into stream

100 | at
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~Luat
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Conductivity («, 107 ohm ~h
o
)
T

background conductivity
0 ] t ' ) \ A

0 30 60 90 120 150 180

Time (s)

Fig. 2.17. A typical curve of conductivity vs, time at 1
point downstream from where known quantity of salt has
been released.

Gauging" (33). This reference also includes a discussion
of meter calibration and temperature correction.

The second approach requires that a salt solution with a
high concentration "C " [kgfm ) be gradually discharged
into a stream at a Imown rate "q". This disperses trans-
versely throughout the stream as the water continues
downstream. At a point downstream where mix ng is
complete, the salt concentration "C," is measurad by
measuring conductivity. The discharge in the stream is
then

Q = Q(CIZCz)

This assumes that the natural salt concentration in the
stream has been subtracted to get "C," and that "Q" is
much larger than "q". If either of these assumptions is
incorrect, the more precise form of this equation must
be used (24).

(2.13)

Slope—area method

This method uses an open channel flow equation, such as
Manning's equation which is frequently used to deter-
mine discharges in power canals (see Determining canal
dimensions and slope, p. 96). In metric units, this
equation is expressed as:

213 51/2

vE ey (2.14)

where
v = average flow velocity in channel (m/s)

r = hydraulic radius = A/P
A = cross-sectional area of flow (m 2)
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Fig. 2.18. Roughness coefficient for natural channels.

P = wetted perimeter of this area (m)
s = slope of the stream's surface
n = roughness coefficient (see Fig. 2.18)

To use this method, a straight channel 50-300 m long
with reasonably uniform slope and cross-section should
be selected. Its bed and banks should be permanent and
the slope should be steep enough to be measured without
a large percentage error. To derive the hydraulic
radius, the mean cross-sectional area and wetted peri-
ineter must be determined. With irregular channels,
this may have to be done at several points and the mean
value used to determine hydraulic radius. The slope of
the stream's surface should be measured by dividing the
difference in the water surface elevation at the two
ends of the channel section being considered by its
length. The roughness of the bed and banks must also be
estimated (Fig. 2.18). Manning's equation gives the
average flow velocity associated with that cross-sec-
tion. Discharge is then simply the product of this velo-
city with the mean cross-sectional area. Because cor-
rect determination selection of the roughness coeffi-
cient is difficult, the value derived Eor discharge by
using this equation is only approximate.

Stage-discharge method

As mentioned in Weir method (p. 16}, one method of
measuring discharge is to construct a notched weir and
measure the depth of water, or stage, behind the weir.
The stage-discharge method is similar to the weir
method except that, rather than a notch, some physical
feature of the stream downstream of the gage controls
the relation between stage and discharge. When this
controlling feature is situated in a short reach of the
stream, a "control section” is said to exist. This might
be a stretch of rapids where there is at least & moderate
fall or a culvert with a cascading discharge. If the
stage-discharge relationship is govsrned by the slape,
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roughness, and size of the streambed over a significant
distance, the channel of the stream itzelf serves as the
control. In any case, the stage measurement site should
be selected so that, [or a given change in discharge, as
large a change in stage will result. A broad contro] sec-
tion should be avoided, because a large change in dis-
charge will cause only a swali fluctuation in stage.

The validity of the stage-discharge method rests on the
axiom that the discharge for any given stage or depth of
water will remain unchanged (a) as long as the stream-
flow is steady and (b) there is an effective control sec-
tion below the stage-gaging site where the streambed
and banks are permanent. Because the control section
is equivalent to a notch in a weir used with the weir
method, this is analogous to saying that the stage-dis-
charge relation for a weir will remain unchanged as long
as the notch in the weir remains unchanged. Even if
there are changes in the bed or banks near where head is
measured, this will have no effect on the relation bet-
ween head and discharge through the notch as long as
the changes do not extend to the control section (the
notch). For example, if debris is lodged at the control
section {or around the rotch of a weir), sediment or
boulders are deposited there, or erosion causes ihe con-
trol section to change in shape, then readings will no
longer remain valid because performance of the control
section {(or notch} will have changed.

The gage itself must be placed so that it is accessible at
all stages and its datum remains constant. it should be
referred to bench marks entirely removed from the gage
so that, if disturbed, it may be replaced to the same
datum. The gage should not be situated where it is
exposed to possible damage from debris nor where silt
deposited by the normal current can cut off the connec-
tion between it and the free water level of the flowing
water. It is not necessary, however, that the site also
be suitable for measuring discharge in order to calibrate
the gage. This can be done upstream or downstream
from the gaging site, if the flow is steady and no water




enters or leaves the stream in the reach between where
the discharge is measured to calibrate the gage and
where the gage itself is located.

The most common and least expensive gage is a staff
gage, a vertical or inclined scale rigidly and perma-
nently secured in a stream, either attached to solid
rock, a bridge pier, or other structure built at the river's
edge. If no suitable site is availabie, it may be attached
to a masonry pier built for that purpese (Fig. 2.19).
Water-stage recorders which ¢perate continually are
also available but involve substantially increased cost
{Fig. 2.20).
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Fig. 2.19. A staff gage mounted on @ masonry pier.

w SRRt . ‘.% - & _
Fig. 2.20. A staff gage and @ water-stage recorder on the
Ruvyironza River near Kibimba, Burundi.

To calibrate a staff or other type of gage, both the
stage and corresponding discharge must be measured for
each of several stages spanning the range of stages that
will to be encountered during the life of the gaging sta-
tion. The velocity-area method is commonly used to 0.8k
measure discharge. This is done over several months,
because the discharge at any stage can be determined
accurately only when the stream itself attains that 0.6k
stage. A rating curve--a graph of stage vs. discharge—
can then be prepared to determine the discharge corre-
sponding to any stage read off the gage (Fig, 2.21). A
complete rating curve requires that both minimum and
maximum stream discharges be gaged, as well as several
discharges in between, 0.2

Stage um)
&
da
¥

A permmanent control section is essential to obtain valid
results using this method. Therefore, it may be neces- o s A : . A -
sary to verify the stage-discharge relationship periodi- 0 0.2 0.4 0.6
cally, after a monsoon season for example, to determine
whether erosion or sediment deposits have changed the
control section since the last calibration.

Discharge (m3/s)

Fig. 2.21. A stage-discharge rating curve.

MEASUREMENT OF HEAD these methods often can also be used for final deter-
mination of gross head, aithough the appropriate method
Measuring the available head is often seen as a task for must then be selected, especially for sites with very low
a surveyor, but for all schemes, much quicker and less heads or small penstock gradients. Because the power
costly methods can be used for the preliminary deter- available from a given turbine is proportional to H3/z,
mination of head. For micro-bydropower schemes, the percentage error in the power output due to incor-
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rect head measurement is about 1.5 times the percent-
age error in this measurement.

Qf the methods described below, using a level is the
most straightforward and requires the minimum invest-
ment. A carpenter's level can be used, although a less
expensive line level or a more ¢xpensive Locke hand
level can also be used. For a typical micro-hydropower
site, accuracy is generally within $5% accuracy is
usually bett  r than this figure in steeper terrain and
poorer in gradually sloping terrain. One person can use
this method with a carpenter's or Locke level, but two
are preferable if a line level is used,

Using a clinometer or Abney leve! (Fig. 2.22) also
requires a measuring tape, unless the clinometer is sim-
ply used as a level as in the first method described.

Two persons are usually required and accuracy is of the
same order as with a level. It involves making, record-
ing, and manipulating both linear and angular measure-
ments. However, rather than moving laboricusly in
2-20 m increments up a slope, the length of the incre-
ments is limited only by the length of the tape and the
nature of the terrain. If a rangefinder is used with a
clinometer, greater increments are possible. With a
rangefinder and clinometer, ii may even be possible to
measure gross head in a vingle step, provided the site
for the intake to the penstock is visible from the power-
house stte. However, in this case, error will probably be
greater.

Fig. 2.22, A clinometer or Abney level used to measure
anigles of elevation.

Using water pressure to determine head is not generally
used, primarily because it has not been considered by
most and because it requires a pressure gage, which is
usually not found around the home, This method
requires at least a 10 m length of preferably clear plas-
tic tubing and a pressure gage. The error associated
with this method depends on the accuracy of the gage
used. A single person can use this method, although two
would save time.

Using an altimeter is probably the most expensive,
although one of the easiest, methods of measuring head,
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Howewver, the user must be aware of how to handle this
device properly and of what factors, beyond change in
elevation, can affect the readings (temperature,
changes in atmospheric conditions, and, to a lesser
extent, relative humidity}). Accuracy obtainable
depends on whether a pocket or surveying altimeter
(Fig. 2.23) is used. When care is used with a surveying
altimeter, maximum errors can be as small as 1.0 m.

Fig. 2.23. A surveying altimeter.

Using a level

Although there are several variations for using a level
to measure head, all are based on the same principle.
The approach described below is probably the most
straightforward and quickest, involves the fewest mani-
pulations of numbers, and requires only a carpenter’s
level.

Basically, one begins at a point at the bottom of the
hill, at point X in Fig. 2.24 which represents the pro-
posed powerhouse location. A carpenter's level is set on
a stake of known length which rests on this point. A
horizontal line is sighted along the upper edge of a level
to a point X on the ground. Therefore, the difference
in elevation or head from X to X, is "h", equal to the
length of the stake plus the width of the level. The
stake and level are then placed at X, to sight to the
next point, X5. This procedure is continued untii point
Y, the level o the water at the location for the pro-




Fig. 2.24. Using a carpenter's level for determining gross head "Hg" between two peints, X and Y.

posed intake to the penatock. The final reading *h."
might be less than the fuil distance "h". The total head
is then

H, =nh + hy {2.15)
where n is the number of intermediary points between X
and Y. In preparing the stake, the distance "h" selected
should enable convenient sighting along the level from a
standing position slightly below the stake,

This method requires that head be measured from the
point of lowest elevation and that measurement pro—
gress upward along the slope. Surveyors with transits
can progress downhill but then a longer stadia or level-
ing rod would be required. If going from the powerhouse
to intake locaticns requires going downhill for a portion
of the distance (Fig. 2.25), the method described
requires that segments be measured separately from the
lowest to highest points, The corresponding changes in
elevation are then added or subtracted as appropriate to
derive the gross head "Hg".

Fig, 2.25. Determining the gross head over undulating ter-
rain.

It should be noted that, using this method, two tasks
have to be performed simultanecusly—viewing along the
level to some point X; while at the same time viewing
the bubble to ensure that the carpenter's level is exactly
horizontal. Clearly this can be performed by two per-
sons. If only one person is available, he can perform
both tasks using a small mirror oriented at 45° to the
axis of the level; this permits the bubble to be viewed
from the same position from which the sighting to the
next point X; is made. If a tripod is available to which
the leve! can be secured, the level can be mounted hori-
zontally first and then the sightings can be made.

The error in measurement of gross head using this
method depends on the average gradient of the slope.
The error is positioning the level horizontally may aver-
age itself out over the entire distance. The error in
sighting along the level might not, depending on the
user. With a little care, on a fairly steep slope of 1:2
(vertical to horizontal} or about 30°, error should be less
than 2%~4%. For a fairly level grade of §110), error
increases considerably, to possibly 10%-20%.

Note that for the determination of head, horizontal dis-
tances are of no concern. In addition, the distance
along the ground from X to Y is of importance only
later, when the length and diameter of the penstock
pipe to be used need to be specified.

Uzing a clinometer

This method requires a clinometer or Abney level to
measure vertical angles. The view through the eyepiece
of this device is spiit so that while the instrument can
be aimed at the next station up (or down) the hill, an
attached graduated arc can be oriented horizontally by
means of a spirit level which is also visible through the
eyepiece. The angle of elevation "8" in the direction
heing sighted can then be determined. Though clinom-
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Fig. 2,26. Using a clinometer to determine gross head between two points, X and Y.

eters are available with or without magnification,
sighting is often easier through one without.

In using a clinometer, a ineasuring tape is stretched
between two stakes of equal length to determine the
distance "L" between the two stakes (Fig. .26}, A cli-
nometer resting on one stake is used to measure the
angie of elevation {or depression ) "§" to the top of the
next atake. A trigonometric function, sine, is then used
to convert these two readings to the difference in ele-
vation of the two points "h". The gross head at the site
is then determined by completing a table such as that
shown in Fig. 2.25.

Using a pressure gage

This method for measuring head relies on the fact that
for every meter vertically below the free surface of
water, water pressure increases by 9.84 kPa (1.43 psi),
independent of the shape of whatever is confining the
water. Consequently, the distance in elevation "h" (m)
between the free water surface and the pressure gage
can be expressed as

h = —9% (2.16)

where "p" is the pressure reading (kPa). On the other
hand, a pressure gage directly calibrated in meters
could be used.

A device to measure head in this fashion requires a long
length of flexible tubing, one end of which is connected
to an appropriately sized and correctly calibrated pres-
sure gage. The tubing is then filled with water. The
tubing must be large enough to allow all air bubbles to
be expelled easily, because they could introduce errors.
To help verify that no air remains in the tubing, the tub-
ing should be made of clear plastic.
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To apply this method, the distance between the pro-
posed penstock inlet and powerhouse is measured in

increments approximately equal to the length of the
tubing (Fig. 2.27). The pressure reading is noted for
each increment. The sum of all these readings, con~
verted to meters, will equal the gross head.

plastic tubing
/‘ filled with water

Flg. 2.27 A pressure gage can be used to measure the head
between twa points.

Although this method has been used in the field, it is not
always practical. I the area to be measured is wooded
or covered with brush, maneuvering a long length of
tubing is difficult. In addition, gages with different
full-scale readings are required to measure slopes with
small and large gradients. It is also more difficult to
verify the calibration of pressure gages.

Using an altimeter

For an increase in elevation of 100 m, atmospheric pres-
sure decreases by approximately 9 mm of mercury.
Therefore, if one were to measure the pressure at each
of two locations with a barometer, the difference in
pressure could then be used to derive the difference in




elevation between those two points. An altimeter used
to measure changes in elevation is essentially a barom-
ster calibrated in meters.

Although an altimeter carries a scale indicating eleva-
tion, this scale, unfortunately, is not absolute. If peri-
odic elevation readings are taken during the day from an
altimeter whose position remained unchanged, the read-
ings will change because of changing weather, tempera-
ture, and humidity.

Ambient temperature is a major factor affecting altim-
eter readings. If the temperature increases at the loca-
tion of the altimeter, atmospheric pressure also
increases. Because of this increase in pressure, the
altimeter indicates an elevation less than the actual
value. Altimeter manufacturers provide simple tables
or graphs for determining temperature corrections
which must be applied to altimeter readings. A rule of
thumb is that a 10 °C increase in temperature results in
a 4% apparent decrease in elevation. Therefore, in this
case, the actual elevation is obtained hy increasing the
elevation obtained from the altimeter by 4% (102).

In certain parts of the tropics, the variations in pressure
and, therefore, in altimeter readings during the day are
very regular and remain nearly the same day after day
over fairly long periods. A typical daily variation is
shown in Fig. 2.28. In this case, altimeter readings
change as much as 7 tn/hr, and this may introduce a
major error in head measurements if not accounted for.
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Fig. 2.28. The daily variation in pressure recorded at a
meteorotogical office in Kakete, Kenya (30},

Another factor affecting altimeter readings is the
change in pressure accompanying a change in weather.
These changes can be gradual or sudden. Tropical
storms and depreasions can cause variations of 15 m or
more within half an hour. These storme can also be very
local, with considerable variation in pressure over
several kilometers {30).

When high humidity accompanies high temperature,
relative humidity also affects altimeter readings. The

altimeter manufacturer specifies corrections for this as
well,

If only a single altimeter is used, the difference in ele-
vation between two points can be determined by reading
the altimeter and thermometer first at one point and
then the other. The true difference in elevation is
obtained by applying a temperature correction to each
elevation reading and then subtracting the two cor-
rected altimeter readings. If the temperature remains
the same, the temperature correction can be applied
directly to the observed difference in elevation to
obtain the actual difference. Because changing atmos-
pheric conditions aifect altimeter readings, it is poasi-
ble to deterinine whether a significant change in these
conditions has occurred during the measurement period
by taking a reading back at the first point and compar-
ing that with the original reading.

Because changing atmospheric conditions do affect
altimeter readings, delay between readings at different
points should be minimal. Readings during windy or
inclement weather should be avoided, because these are
indications that atmospheric conditions vary rapidly and
widely. The best results are obtained two to four hours
afier sunrise or before sunset.

If daily pressure variations are regular and therefore
fairly predictable, this fact can be used to improve the
accuracy of elevation measurements made using a single
altimeter, These variations can be determined by a
series of abservations taken over the course of a day at
some point in the center of the area to be studied and
plotted against time. If the time when altimeter read-
ings are made in the field is noted, these readings can
be corrected by removing the effects of the regular
daily changes in pressure (or elevation) during the day.

If two altimeters are available, keeping one in a fixed
location or "base" permits changes in pressure caused by
changing atmospheric conditions to be recorded inde-
pendently from those caused by changes in elevation.
Altimeter and thermometer readings are made at 5-10
minute intervals at the base., A "roving” altimeter, pre-
viously compared with the base instrument, is taken to
other points to determine the difference in elevation
between these locations and the base station. When the
roving altimeter is read, time, temperature, and altime-
ter readings are recorded simultaneously, Elevation
readings from the roving altimeter are then corrected
for changes in temperature and atmospheric conditions,

If a single altimeter is used without correction, errors
can amount to 3-30 m or more. With corrections made
for regular daily pressure variations, this error can be
reduced considerably. If two altimeters are used, errors
can be reduced to about *1 m per measurement.

Instrument temperature can also affect the altitude
reading, but altimeters are often compensated for this
effect and corrections need not be applied unless the
temperature changes by more than about 10 °C.

Measuring head and discharge 25




IMI. STREAMFLOW CHARACTERISTICS AND

DESIGN FLOW

INTRODUCTION

In planning a micro-hydropower scheme, the total flow
required to generate the desired power with the head
available at a specific site can be derived easily using
the power equation [Eq. (4.2)]. One or more turbines
then convert the power available in this flow into
mechanical power. In preparing turbine specifications,
it is necessary to know the flow each turbine will
accommodate during normal operation. This figure is
known as the "design flow™ for that turbine.

If the flow required for power generation is always less
than the annuwal minimum flow in the stream to be
tapped, determining the design flow for the turbine(s) is
atraightforward. This is briefly covered in SCHEMES
USING LESS THAN ANNUAL MINIMUM STREAMFLOW
{p. 27).

However, power generation at some sites may some-
times require flows greater than the minimum flows
found in the stream. In these cases, it is necessary to
lmow actual streamflows aver the year, especially dur-
ing periods of low flows. The larger part of this chap-
ter, SCHEMES USING GREATER THAN ANNUAL
MINBMUM STREAMFLOW (p. 28}, addresses this issue.
This section begins by describing procedures for gather-
ing streamflow data at a gaged site and processing it
into a hydrograph and flow—duration curve. This discus-
sion is included to familiarize the reader with sowe of
the basic concepts involved,

Unfortunately, regular gagings have been carried out at
very few potential micro-hydropower sites, and even in
these cases, data is sparse. Furthermore, there may not
be sufficient time and manpower to gather the addi-
tional data before implementing a micro-hydropower
scheme. Therefore this section also explains several
approaches for estimating the mean annual flow, mini-
mum flow, and flow-duration curve for an ungaged site.
These assume that streamflows originate from rainfall
and not from melting snows. Depending on the quality
of the data available, these estimates may be very
rough, but they still provide a basis for decision-making.

This section continues by describing how the power and
annual energy potential for a run-of-river scheme can
be determined from a flow-duration curve. It concludes
by presenting several simple turbine configurations
intended to reduce equipment cost and sophistication
and by reviewing the implications of these approaches

on the power and energy potential of a run-of-river
plant.

SCHEMES USING LESS THAN ANNUAL MINIMUM
STREAMFLOW

The simplest micro-hydropower scheme is a run-of-river
installation requiring a flow that is always available
from the stream. In this case, a dam would be included
only to increase available head, if necessary; it would
rot be needed to create a reservoir for storing water. 1If
a single turbine were used, its design flow would simply
equal the required flow. Because a precise knowledge
of the streamflow variation is unnecessary, there is no
need to collect data over an extended period. However,
an estimate of flood flows might be useful in order (a}
to design an adequate dam, weir, or intake structure
that can withstand these flows and (b) to place the
powerhouse floor sufficiently above flood stage.

On occasion, the possibility of using two turbines rather
than one might be considered, for example, when a plant
serves a remote hospital and some power must be
assured all the times. Using two turbines increases the
probability that some power will always be available,
because if one turbine breaks down, the other will still
be available to run essential services.

When two turbines are used for this purpose, the design
flow for the first turbine would be selected to enable it
to generate ai least the minimum power necessary to
meet the the end users’ critical neads. The design flow
for the second would then be selected so that the sum of
the two design flows equals the full design flow—-the
amount required to generate the maximum power
desired. With two small turbines, using turbines of
equal capacity has several advantages: cost can proba-
bly be reduced, one set of spare parts can be used to
service either unit, or if parts are temporarily lacking,
one unit can be cannibalized to service the other.

Although using more than one turbine has advantages,
doing so would generally be more expensive—two 40 kW
turbines, for example, would usually cost more than a
single 80 kW turbine. In addition, if each turbine drives
its own generator, appropriate governing devices must
be incorporated to ensure that the two units can be, and
remain, synchronized; otherwise, two separate power
distribution networks must be used.
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SCHEMES USING GREATER THAN ANNUAL MINIMUM
STREAMFLOW

If the peak power output of a powerplant requires a flow
greater than the minimum streamflow, more detailed
streamflow information may be needed to specify design
flows. This information is usually reduced to graphical
forms known as hydrographs and flow-duration curves,
which can then be used:

e to ascertain the percentage of the year a particular
level of power cannot be generated hecause of insuf-
ficient flow and during which months this occurs;

¢ to determine the required storage capacity of a
reservoir, if one is needed to meet expected power
and energy demands;

® to select the turbine configuration that will generate
power of minimum cost; and

» to predict the average annual energy that can be
generated.

Generally, the larger and costlier the scheme, the more
critical is a full knowledge of the flow patterns of the
stream to be used.

G sites
Data collection

A gaged site here refers to one where sireamflow data
have been gathered regularly over a period of time. The
frequency of these gagings represents a trade-off
between the accuracy of the conclusions drawn from
this data and the cost and effort involved in gathering
it. Decreasing this frequency saves time but also tends
to decrease the accuracy with which recorded flows
represent actual flows. For example, peaks in stream-
flow caused by heavy downpours are relatively brief and
likely to be overlooked; therefore, large flows tend to
be underestimated, and this can have a disastrous
impact on civil structures which have not been properly
sited or designed. On the other hand, low flows vary
much less in magnitude and are of longer duration than
peak flows; therefore, they are more likely to be
recorded. However, if there is too much time between
gagings, low flows may also pass unnoticed, and thera
may be unexpectedly insufficient streamflow during the
dry season to generate the power which is expected by,
and possibly essential to, the end user,

Although measurements taken at six-hour intervals give
a more precise picture of the actual flow than daily or
weekly gagings, there is a point beyond which the
increased accuracy of the data does not warrant the
increased effort required to gather and process it. To
determine a gaging frequency which yields adequate
data with the minimum effort, it is necessary to have a
general knowledge of the flow characteristics of the
area's streams. If streamflow variations are gradual,
weekly gagings may be adequate. However, for small
catchment areas, which are common to micro-hydro-
power schemes, [low variations are often mote pro-
nounced. Because of the time it takes for flows from
various points within a large catchment to reach the
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gaging site and becavse of the variation of rainfall over
the catchment, flow variations tend to average out over
larger catchments (Fig, 3.1). Streams with small drain-
age areas may therefore require more frequent gagings.

drainage area
= 56 km?

® location of
gaging stations

Qy (m/s)

0.6

0.3 [~

Qg (m/s)

4.0

2.0

0 ] A [ 1 1 1

Fig. 3.1, Comparison of daily flow variations of streams
with small gnd large catchments in the same geographical
region during the dry season. The gaging stations are
about 20 km gpart {15),

The regularity of gaging is as important as its fre-
quency. This may be daily, every other day, or every
Monday, for example, but not at times which bias parti-
cular flows, such as only when the weather is nice, the
sun is shining, and readings can be taken in comfort.

Rainfall, and thus streamflow patterns, occur on a
yeariy cycle. Therefore, it is also necessary that data
gathered cover yearly increments of time—one, two, or
five years, for example--and not two months or half a
year.

If data can be gathered only for one year, it would be
advisable to have a longer-term record of rainfall over
or near the catchment area to help ascertain whether
that year was significantly wetter or drier thaa the




L

2
2
8
= ¢
1}

Apr May Jun

Jul Aug Sep Oct Nov Dec

Fig. 3.2, A typical flow hydrograph. The dashed lines indicate average monthly flows.

average. The flow data should be interpreted accord-
ingly. To ensure that a suitable turbine is selected for a
particular site, its design flow should not be based solely
on streamflow data from an usually wet or dry year.

Finally, in any gaging program, the gagings should be
carefully performed. This requires that the gage be
well calibrated, that the calibration be cross-checked
pericdically, and that the readings be taken and
recorded properly by a reliable person. Incorrect data
are misleading and are better left unrecorded.

Data procesaing

A streamgaging program will yield a table of carefully
measured sireamflow values for a particular site taken
on a regular basis over an integral numb.. of years. The
next step is to organize these data in some usable form.
One way is to prepare a hydrograph, a plot of flow ver-
sus time, Figure 3.2 shows a typical tlow hydrograph
covering one year of data,

Superimposing the flow requirements for power genera-
tion (a demand hydrograph) on the flow hydrograph gives
a visual display of periods of excess flows and those
when insufficient flow is available to meet the antici-
jpated power demands (Fig. 3.3). If it is already known

/" that excess flow is always available, an extensive gaging
program, hydrographs, and flow-duration curves are
unnecessary. However, in the example shown in

Fig. 3.3, additional water for power generation would be

4L
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8 ¢
o
1

demand hydfogral:h)

Fig. 3.3, Demand hydrograph imposed on a flow hydro~
graph.

required in the latter haif of the dry season, possibly to
process grain. If this flow hydrograph is representative
of available stre amflows, then for about three months
of the year, flows would be insufficient to generate the
required power.

There are several means of addressing this problem:
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e The first is to provide for the storage of water so
that excess water available during one part of the
year or day can be stored for periods of insufficient
flow the remainder of the year or day, respectively
{see Dam or weir, p. 64}. This involves constructing
a dam, a task which becomes increasingly involved
as the required storage volume increases. It is an
approach usually not adopted in the design of micro-
hydropower schemes.

* @ A second approach is to analyze the load to deter-
mine whether the power can be used more effi-
ciently, for example, by staggering loads over the
entire day to reduce peak loads. This would effec-
tively lower the demand hydrograph.

‘s A third approach is to locate another site along the
same stream where more head would be available
and therefore less water would be required to gener-
ate the same amount of power. This approach would
also lower the demand hydrograph. Regardless of
available flow, however, a site with a higher head is
generally preferable because it would mean reduced

+ dimensions and cost for the turbine.

It none of these alternatives can provide adequate
power when it is required, using diesel or other energy
source as a supplement or alternative should be consi-
dered.

Whil¢ a hydrograph is being prepared, the mean annual
flow at the site can v~ determined by adding the
streamflow readings taken at regular intervals and
dividing by the total number of readings. Although this
number is not used directly in equipment selection or
energy production calculations, it does give an idea of

{a) Hydrograph
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the magnitude of the flows found in that stream. The
mean annual flow and the flow—duration curve (see
below) for a gaged site can also be used in conjunction
with the estimated mean annual flow ai an ungapged site
to estimate the flow—duration curve at that ungaged site

(see Ungaged sites, p. 32).

Another way of organizing data is to prepare a flow-
duration curve. This curve is useful for sizing a turbine
and predicting a sites annunal energy potential. It is
obtained from a hydrograph by organizing each flow
measurement by size, from the largest measurement to
the smallest, rather than in chronological order. If, for
the sake of simplicity, a2 stream with constant monthly
flows as shown in Fig. 3.4a is assumed, the correspond-
ing flow-duration curve would be as shown in Fig. 3.4b.
Note that the flows which are organized by calendar
tmonth on a hydrograph are reorganized and sequenced
on the flow-duration curve by the relative magnitude of
each month's flow. Alzo note that the scale on the
abscissa (horizontal axis) of the flow-duration curve is
the number of months that the corresponding flow is
equalled or ex%eeded during that year. For example, a
flow of 0.35 m>/s is equalled or exceeded for four
months of the year (which the hydrograph shows to

be May, June, July, and October).

In reality, streamflows vary continually, and the asso-
ciated hydrograph would be more like that shown in
Fig. 3.5a. Thia hydrograph might be considered as
essentially a bar graph as in Fig. 3.4a, but with bars a
"day" wide rather than a "month" wide. To prepare a
flow-duration curve, these day-wide bars would be
sequenced not by date but by relative magnitude, as in
Fig. 3.4b. These day-wide bars are so narrow, however,
that the result would esgentially be a smooth curve

{b} Flow-duration curve

Q m3/s)

| 2 4 6 8 10 12

Number of months flow exceeded

Fig. 3.4, The relationship of an average monthly flow hydrograph with the cerresponding flow-duration curve.
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Fig. 3.5. A typical flow hydrograph and the associated flow-duration curve.

(Fig. 3.5b). Also, rather than calibrating the abscissa as
the number of days per year that a flow is equalled or
exceeded, a more common and useful scale is calibrated
in terms of the percentage of the year that a flow is
equalled or exceeded during the year, often shortened to
"percent of time" or "percent exceedance." For exam-
ple, froui Fig. 3.5b, the percent exceedance for a flow
of 1.5 m“/s is 16% (or, equivalently, (0.16}(365) =

58 days each year).

Presenting flow data in the form shown in Fig. 3.5b
offers several advantages over presenting them as a
hydrograph. It permits incorporating any number of
vears of data on one curve, with the additional years
providing more information about the flows. Incorpo-
rating several of years of data on a hydrograph spanning
one year would average the flows., Information on low
and high flows would be lost, and this information is cri-
tical in the design of hydropower schemes: information
on high flows is necessary to ensure designs that can
accommodate flood flows, and information on low flows
is necessary to design storage capacity and/or select
appropriate turbines.

A flow-duration curve also provides information in a
better digested and more directly useful form. Calcu-
latirg a plant's energy output or the percentage of time
that a specific power output can be generated can be
made directly from a flow-duration curve (see Deter-
mining power and energy potential from a flow-duration
curve, p. 38). Using a flow hydrograph for this purpose
would require much more effort, and the results weuld
be valid only for the year for which the hydrograph was

prepared.

Although a flow-duration curve indicates the percentage
of the y=ar the streamflow is below a particular level, it
<.es not indicate when these lower flows occur. If this

information is required, a hydrograph can be prepared.

However, a developer of a micro-hydropower scheme
who needs to know when there most likely will be inade-
quate water for power generation usually knows when
the driest period is apt L0 occur and does not need a
hydrograph. For the few schemes that incorporate a
dam or forebay to astore water, their storage capacity ie
usually designed to meeat the energy demand on a day-
to~day basis. To size the storage volume in these cases,
it is more important to know the magnitude of the
minimum flow than to know when it occurs; conse-
quently, a flow-duration curve is adequate for most
planning purposes.

The actual procedure for preparing a flow-duration
curve from daily streamflow data uses a tabulation such
as that shown in Fig. 3.6. The range of streamflows
covered by the data is first subdivided into suitable
class intervals, such as thoke in the left-mmost column in
Fig. 3.6. The intervals should be selected to provide for
well-distributed points along the flow-duration curve to
be plotted. The number of intervals shown in the figure
is more than adequate for preparing a flow-duration
curve for most micro-hydropower sites. A tick is then
entered in the appropriate block for each day's flow.
Upon completion, the entries in each horizontal row are
totalled at the right, and the percentage exceedance is
computed and plotted to prepare a flow-duration curve
from the data (Fig. 3.7). The same approach would be
used to prepare a curve from data gathered on a weekly
or other basis. An annual flow-duration curve is usually
developed from several years of daily flow data,
because it more accurately represents a stream’s typical
flow regime. Monthly flow-duration curves for special-
ized applications, such as estimating energy potential on
a month-by-month basis, are sometimes prepared as
well (107).
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Fig. 3.6, Sample worksheet for calculating an annual flow duration curve for a single year,

100 B

Q {m?'fs}

0.5

[1] 1 1 L M A M 1 i K

1] 20 40 60 80
Percent exceedance

Fig. 3.7. A flow-duration curve representing the data in
the sample worksheet (Figure 3.6).
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U sites

Muost potential micro-hydropower sites are ungaged, and
any gagings necessary to prepare an annual hydrograph
or flow-duration curve would require at least one year.
For larger hydropower projects, where designs are opti-
mized to maximize return on investmeni, at least five
to ten years of gaging are required before a project is
undertaken. If meterological data suggest that the per-
iod of record is drier than usual, additional years of gag-
ing may be required. Fortunately, for micro-hydro-
power plants which are not designed to maximize power
potential, some knowledge of streamflow patterns may
be useful, but exhaustive study and high accuracy are
unnecessary.

In the first section below, Estimating mean anmal flow
{p. 33); three approaches to estimating the mean annual
flow at a site—the numerical average of flows through-
out a year--will be described. The estimates derived

can give an indication whether the flow at the proposed
site seems adequate for hvdropower generation. Under
some circumstances, this may be the only flow parame-




ter that can be approximated with any accuracy; with-
out a gaging station in the vicinity, no simple technique
exists for accurately estimating the flow-duration curve
for an ungaged stream.

For the larger part of the year, the flow in any stream
will be less than the mean annual flow, because high
flows--one component in calculating the average--are
more above the average than low flows are below it.
Although the mean annual flow gives an idea of a
stream's power potential, the streamflow is usually less
than this for 50%-~70% of the year {60%-70% for areas
with pronounced wet and dry seasons}). Therefore, if
design power is to be available for a significant portion
of the year, the flow diverted for hydropower genera-
tion should be somewhat less than mean annual flow.
How much lese can be determined only with a firmer
knowledge of the stream's flow regime, as obtained
from a flow-duration curve.

If the flow required for power generation is on the order
of the mean annual flow in the stream or greater, it is
also necessary to estimate the magnitude of the mini-
mum flow. As briefly described in the second secticn
below, Estimating wminimun flow (p. 37), this is one of
the most difficult estimates to make. However, this
information is needed to determine the maximum power
that a run-of-river plant can generate during the peak
of the dry season or the capacity of a storage reservoir
if more power than this is periodically required.

The third section, Estimating a flow-duration curve

{p. 38), describes a simple approach for approximating a
flow-duration curve for an ungaged st-eam. This
approach uses an estimate of the mean annual flow of
that stream and a flow-duration curve developed for a
gaged site in the vicinity. It also presents a method for
deriving a flow-duration curve even if the stream is only
partially gaged and no data on its drainage area, mean
annual flow, or runoff are available.

The estimates of flow made by the simple approaches
discussed in the following sections are approximate and
valid only insofar as the assumptions hold for a particu-
lar situation. More involved methods, such as that
described by Crawford and Thurin in Hydrc_n,lggic Esti=-
mates for Small Hydroeiectric Projects (37), use data on
monthly rainfall on the watershed and monthly potential
evapotranspiration, as well as watershed characteris-
tics--soil-moisture storage level, fraction of runoff that
flows along subsurface paths, and an index of the time
for this flow to enter the stream. The calculations for
these methods can be programmed on a hand calculator;
however, these data often are not available, and if
estimates have to be made, the results of a rather time-
consuming effort may be no more accurate than resulis
obtained by the much simpler approaches discussed in
Estimating a flow-duration curve (p. 38). However,
these approaches assume the availability of a flow-dura-
tion curve for a nearby gaged site, If none is available,
the flow=-duration curve for an ungeged site would have
to be synthesized using a more involved niethod such as
the one just described, and the data not readily avail-
able would have to be estimated as carefully as possible,

Estimating mean anmual flow

Several approaches for estimating the mean annual flow
at an ungaged site are described in the following para-

graphs:

@ The first approach assumes that there are no gaged
sites in the vicinity and uses runoff information from
maps for the region, country, or continent and the
size of the drainage area associated with the
ungaged site.

¢ The second approach assumes that a gaged site
exists relatively near the ungaged site, either on the
same stream or in a neighboring catchment, and that
a map is avaiiable to determine the drainage area of
each catchment.

o For cases where no information—runoff, drainage
area, rainfall, etc.—is available at the ungaged site
but a gaged site exists not too far away, a third
approach requires a series of on-site visits to gather
some flow data.

Although the first two appreoaches do not require site
visits, such visits to investigate the characteristics of
both the gaged and the proposed catchment are
extremely useful in refining conclusions on the char-
acteristics of streamflows in the ungaged basin. If more
than one approach can be used to determine the mean
annual flow at an ungaged site, each should be used.
Comparing the results will give an indication of the con-
sistency of the estimates.

Even though the approaches for estimating mean annual
flow may not be precise, the values obtained can still
help identify which streams to consider when prospect-
ing for an appropriate site to develop, By knowing how
much flow each sguare kilometer of catchment contri-
butes to mean annual flow--the specific mean annual
flow—it is possible to estimate the size of a catchment
necessary for a given flow. For example, assume that
each square kilometer of catchment contributes

050 m~/s to the mean annual flow and that typical
heads in the area are about 20 m. To generate 40 kW,
the power eguation [Eq.{4.3)] indicates that a flow of
about 0.4 m“/s would be required. Consequently, any
stream to be tapped shof.lcl have a drainage area of
about 0.4/0.050 or 8 kxm* to permit 40 kW to be gener-
ated from the mean anaual flow. To generate this
power year-round, an area several times larger would
probably be necessary to ensure adequate flow during
the dry season. Trying to implement such a scheme on a
stream with a drainage area of 5 km®, for example,
should not even be considered unless significantly more
head can be found in the vicinity.

Using runoff data. This approach does not require that

a gaged site be located in the vicinity of a site for
which a micro-hvdropower plant is being proposed. Tt
goes back to basic principles and uses generalized
information on streamflow which is available on a coun~
trywide or continentwide basis.
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Because the flow in a stream originates in rainfall, rain-
fall data provide a good indication of streamflow. For
example, if an average of 1000 mm or 1.0 m of rain falls
over a specific area each year, then over each square
kilometer of that area, the total volume of water inter-
cepted each year would be

(1.0 m{yr)(106 m?)
106 msfyr.

(1.0 m/yr){(1.0 km?)

If ail this rainwater ran off into a str amy this one
square kilometer would contribute 10 m~ to the
streamflow each year. To convert this to a more mean-~
ingful figure, this square kilometer would contribute an
average of

3
6 m” _lyr ,, lhr , 3
10 (876011} 3 003) 0.032 m?/s

or 32 ¥/s to the streamflow over the year.

However, not all rainfall finds its way ioto a stream.
Some returns directly to the atmosphere through evapo-
ration; some might filter into the ground, where part of
it may eventually flow elsewhere. The rainfall which
actually does enter the stream as either surface or sub-
surface flow is called runoff. Maps of mean annual run-
off can facilitate the taek of estimating how much rain-~
fall contributes to the streamflow (Fig. 3.8). Like mean
annual rainfall, mean annual runoff is measured in mil-
limeters, If, for the previous example, a map of the
area shows a mean annual runoff of 400 mm, only 40%
of the 1000 mm annual rainfall ends up In streams and
rivers. Therefore, the contribution of rainfall to
streamflow actually averages abou* (0.4){(32 #/s) or 13 ¢/a
over the year for each square kilometer of drainage
area. Multiplying this value by the actual drainage area
at the site, obtained from a contour map, gives that
site's mean annual flow.

sample ar
of 104 Iun?.

Fig. 3.8. A map of mean gnnual nnoff (in mm) for the
country of Lesctho,

The ratio of mean annual runcoff to mean annual rainfall,
0.40 in the above example, is called the runoff coeffi-
cient. This coefficient ranges from 0.0 (implying that
all rainfall on an area infiltrates the s0il and/or evapo-
rates into the atmosphere, leaving no contribution to
streamflow) to a theoretical maximum of 1.0 {indicating
that all rainfall finds its way into etreams and rivers).
Maps of runoff coefficients are also available but are of
little use for determining streamflows without accom-
panying rainfall maps.
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Fig. 3.9. A runoff map (a) permits estimating the mean
annual flow if tha drainage area is known. A knowledge of
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mean annuml rainfall (b} and runoff coefficient (c) can also
be used to determine runoff.




As the preceding discussion shows, one method of esti-
mating mean annual flow requires a contour map and a
mean annual runcff map of the area, Instead of a mean
annual runoff map, a map of mean annual rainfall
together with a map of runoff coefficients can be used.
In this case, the mean annual runoff for the area would
be estimated by multiplying its mean annual rainfall by
the appropriate runoff coefficient. For example, if a
site is proposed in the location shown in Fig. 3.9a, then
the mean annual runoff averaged over the basin would
be about 100 mm/yr. If the drainage area has been
measured from a contour map to be 42 km¥, then the
mean annual flow at this site would be

If only information on rainfall (Fig. 3.9b} and runoff
coefficient (Fig. 3.9¢) is known, the mean annual runoff
can still be determined as

{920 mm/yr} (0.11) = 100 mm/yr.

/ { N

mean runoff mean
annual coefficient annual
rainfall runoff

This value would then be used to determine mean annual
flow as just shown. The two values of mean annual run-
off cannot be expected to agree precisely because

0.032 m3/s/km? 2 3 errors are_incun-ed in b?th plotting these maps and
(100 mm/yr} (505 mm/yr 42 km®) = 0.13 m~/s interpolating between lines.
’ ‘r 1 Fig. 3.10 makes several points about the use of runoff
mean conversion drainage mean maps or data from nearby catchment basins to calculate
annual factor area annual a site's mean annual flow. In this figure, lines of con-
runoff flow stant mean annual runoff in northwestern Thailand
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Fig. 3.10. A comparison of runoff curves (in mm) from the
Atlas of World Water Balance (1) with values of runoff for

the pertod of record dérived Trom actual fleld date found

in 1980 H’yt_:m!% Data (15). The number in parentheses
represents the nage area (km*) associated with each
gaging station.
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found on a small-scale runoff map of Asia (1} (see insert
in Fig. 3.10) were carefully transposed onto a larger
scale map of the area. Also superimposed in Fig. 3.10
are valyes of mean annual runoff for the period of
record calculated at gaging stations in the region—mean
annual flow at each gaging station divided by the asso-
ciated drainage area--to permit crosschecking values of
runoff that can be estimated by using the runcif
contours. Several conclusions can be drawn in this case:

& Mean annual runoff for small basins, such as basin (a)
with a_runoff of 1060 mm and an area of only
56 km*, may vary significantly from that which
might be estimated using either runoff contours or
data from nearby sites with large catchments.

& The river runoff at a site along a river is determined
by the areal average of runoff over its associated
drainage area, n-i by the value of runoff at that site
itself. The value of runoff which makes its way
down to site (b), for example, is significantly larger
than the runoff at that point-—about 500 mm—
because the large catchment stretches a consider—
able distance to the north into a region of larger
runoff.

# In the region at the left {(c), actual values of runoff
are consistently about half of what the runoff map
would predict. The runcff contours in this region
appear to have been incorrectly drawn if the gaged
values are assumed correct. When sites in that area
are developed, the gaged values rather than those
from the runoff map should probably be used as a
guide. However, the actual runoffs in the area (d)

and farther south agree fairly closely with the values
from the map.

Fig. 3,10 illustrates the degree of agreement, or dis-
agreement, between the values of runoff taken from a
small-scale runoff map and the actual values derived
from gagings. A value of mean annual flow derived
using only contours from that map clearly is only an
estimate. In acaling up a runoff map about 20-fold, as
was done for Fig. 3.10, errors may be introduced. In
addition, the scale of the map may not permit local var-
iations to be taken into consideration. Furthermore, in
preparing the runoff maps appearing in the Atlas of
World Water Balance (1), various "indirect® methods
were used to determine runoff for irsufficiently gaged
regions, and further errors may have been introduced at
that level. National maps of runoff, such as that shown
in Fig. 3.8, can provide more accurate results and, if not
available, should be prepared, especially if a broader
small-hydropower program is to be undertaken in a
country.

As an example of how to predict the mean annual flow
from the runoff data shown in Fig. 3.10, assume that the
mean annual flow for the stream at an ungaged site X in
that figure in northwestern Thailand has to be esti-
mated. From a contour map, the catchment ayea asso-
clated with this site is measured to be 260 km*®, To
determine runofi, either a mean annual runoff map or
countrywide data can be used. If only a runoff map is
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available, the nmof:f woul(i be estimated at about
400 mm or 0.013 m . Simce its area was deter-
mined to be Zbg km*, the mean annual flow at site X
would be 3.4 m“/s. On the other hand, assuming that a
runoff map had been prepared for the region based on
local data, the runoff from the proposed catchment
would have bee estimaied as closer to 340 mm or

w011 m Isfkm Tlns would correspond to a mean
annual flow of 2.9 m fs. The precision with which run-
off data can be predicted at the ungaged site can be
seen to significantly influence the accuracy of the final
estimate.

Using ratio of areas. This approach assumes that,

although a runoff map of the area is not avajlable, a
gaged site does exist in the vicinity. It further assumes
that the catchment basin for a proposed micro-hydro-
power site displays characteristics—topography, land
use, geomworphology, lithology, etc.--similar to those of
a gaged site in the vicinity, on either the same stream
or one in a neighboring catchment.

If, in addition to the above, the precipitation over the
basins is similar, the runoff for both catchments would
be of the same magnitude, and the mean annual flow
would then be approximately proportional to drainage
area. The mean annual flow at the proposed site can
then be estimated by simply multiplying the mean
annual flow at the gaged site by the ratio of the drain~
age area at the ungaged to that at the gaged site.

Returning to the previous example, assume that there is
a gaged site A in the vicinity of site X. With the
assumptions made; the mean animal flow ;dt the pro-
posed site will average {260 km*“}/{430 km*“} = 0.60 or
60% of the corresponding flow at the gaged site. Since
a mean annual flow for the gaged site A of 5.7 m”/s can
be calculated from records over the period 1974-82, the
wmean annual flow at the ungaged site can be predicted
a8

(0.60)(5.7) = 3.4 m3/s

If more than two gaged sites are located in the vicinity,
the validity of the initial assumption—that mean annual
flow is well correlated with drainage area--can be
determined.

If the two catchment basins display similar characteris-
tics as described above but rainfall differs, this factor
can be taken into consideration. This can be accom-
plished by multiplying the mean annual flow estimated
by the approach described above by the ratio of the
mean annual precipitation over the ungaged basin to
that over the gaged basin. An areal average of precipi-
tation over each basin should be used if the necessary
information is available.

Correlating flows. If the drainage area at the ungaged
site in unknown and cannot be determined by using
available maps, the previous approaches cannot be used.
The approach described in this section requires a gaged
site not too distant from the ungaged site. Although no
knowledge of the size of the drainage area is required,




this approach requires a series of site visits to make
occasional streamflow measurements. These visits need
not be made on a regular basis, but they should be
spread out over a year so that high, average, and low
flows can be measured. If time is critical, a short-term
correlation can be used; for example, the site could be
gaged every few days for a month. Such short-term
correlations are best made when flows are close to
mean annual flow; extremely wet or dry periods should
be avoided. Each day that a flow measurement is m__ade_,
the flow at the gaged site should also be obtained. Each
set of flow readings is plotted on log-log paper, with
scales chosen to accommodate all the data (Fig. 3,11).
A straight line which best fits these points is then
drawn, by regression analysis or by eye.

0.1 : A : " : PR | i L L "
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Fig. 3.11. Flows in one irregularly gaged stream are
plotted on log-log paper against simultcneous flows in a
gaged stream [n the same region, The !9 readings used
were taken at about equal intervals during 1980 (15).

The line in the graph in Fig. 3.11 represents the best fit
of the. points representing flow measurements at the
ungaged site X and the gaged site A on corresponding
days. If this line has a slope of 1.0 {or, equivalently, lies
at 459) as it is in this case, the flows are proportional to
each other. Therefore, because the rnea% annual flow at
site A was calculated earlier to be 5.7 m?/s, the corre-
sponding mean annua] flow for site X can be found from
Fig. 3.11 to be 2.0 m3/s.

If the slope of the line is not equal to 1.9, the flows are
not proportional to each other. Although the mean
annual flow for the ungaged site can no longer be found
as easily as described in the previous paragraph, this
approach can still be used to estimate the flow-duration
curve at the ungaged site as will be described later.

This approach zlso permits the validity of the initial
assumption—that runoff patterns from the two catch-
ments are similar—to be verified. The closer the slope
of the line is to 1.0 and the closer the points are con-
centrated along the line, the better is the assumption.
If the two catchment basing are near each other, are
subject to the same precipitation pattern, and do not
differ significantly in area, geomorphology, vegetation,
and lithology, the points would tend to be concentrated
along the line with a 45° slope.

Estimating minimum flow

For a micro~hydropower scheme in a remote area, some
amount of firm or year-round power is usually preferred
or even required. The minimum usable flow in a stream
determines the value of this reliable power. A know-
ledge of minimum streamflow is therefore essential in
the planning of many micro-hydropower schemes.
Unfortunately, the minimum flow in a stream is one of
the most difficult parameters to predict. Whereas large
flows are immediately and directly affected by precipi-
tation, minimum flows are fed by groundwater and
springs that may be affected by precipitation occurring
much earlier or by precipitation over other basins.

It might be assumed that the specific minimum flow—
the minimum flow for each square kilometer of drainage
area-~for any one year for a particular catchment is
similar to the specific minimum flow for nearby catch-
ments for that year. This is not necessarily so. For
example, Fig. 3.12 shows that even within a 100 km
square, minimum specific flows for the same year vary
by more than one order of magnitude.

Characteristics unique to a specific catchment can sig-
nificantly affect minimum flow. For example, extrac-
tion of water for irrigation upstream of a proposed site
can significantly affect minimum flows, especially
because irrigation is used during the dry or low-flow
season. Because minimum flows are relatively small,
the nature of the riverbed can also have a significant
impact on the available tlow. In some cases, either part
or all of the stream may flow within the streambed's
coarse alluvium while the bed itself appears dry.

The most reliable way of ascertaining minimum flow is
to visit the stream toward the end of the dry season,
gage it, and ask the people nearby to compare the rela~
tive magnitude of that flow with past winimum flows.
Many people living by a stream rely on it for agricul-
ture, bathing, washing, and/or drinking and are well
aware of its characteristics through the years. It is
essential that the questions asked of villagers not be
biased, that they draw as objective a response as possi-
ble—not the answer they assume the questioner would
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Fig. 3.12. The spacific minimum flow ( t/3/km?) for the
period 1971-80 for various catchments in central Panama,
delinected by the shaded areas, varies considerably. The
actual year of minimum flow Is indicated in parentheses,

like to hear. Several villagers should be questioned
independently.

Estimating a flow-duration curve

This section describes an approach for estimating a
flow-duration curve for an ungaged site by using a curve
derived for a gaged site along the same stream orin a
neighboring catchment basin. Since this approach
assumes that the general pattern of flows at the gaged
and ungaged sites is similar, the shapes of the flow-
duration curves for the two sites algo must be aimilar.
Therefore, multiplying the ordinates—the vertical scale
representing flow—of the flow-duration curve for the
gaged site by the ratio of the mean annual flow at the
ungaged site (obtained using one of the approaches
described in Estimating mean annual flow, p. 33) to that
at the gaged site (obtained using streamgaging records)
will yield the flow-duration curve for the ungaged site.

Figure 3.13 illustrates how this approach is applied in
the case of the ungaged site X referred to earlier, once
the flow-duration curve for the gaged site A has been
prepared (Fig. 3,13b). Using runoff data as described in
the first of the three approaches de%cribed earlier

{p. 33), a mean annual flow of 2.9 m”/s was estimated
for site X. Applying this estimate of the mean annual
flow, flows on the flow—duration curve for site A should
be reduced to (2.9)/(5.7} or 51% to get the corresponding
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flows on the flow-duration curve for site X. A flow of
6.0 m*”/s at site A occurring at least 33% of the time,
for example, would correspond to a flow of

Q, = (0.51)(6.0) = 3.0 m%/s

as shown in Fig. 3.13c.

From the second approach described, the ratio of areas
(p. 36), it was found that the mean annual flow for site
X was 60% of that for site A. Consequently, each flow
on the flow-duration curve for site A must be reduced
to 60% to obtain the corresponding flow on the flow-
duration curve for site X (Fig. 3.134).

Finally, the mean annual flow at site X was algo esti-
mated by correlating flows (p. 36) to be 2.0 m®/s or 35%
of the mean annual flow at site A. Since the slope of
the line fitted to the pair of points representing the
mean annual flow of the ungaged and gaged sites has a
slope of 1.0 {Fig. 3.11), these flows are proportional, and
the flow-duration curve for site X can be obtained by
simply reducing the corresponding flows to 35%

(Fig. 3.13e).

If the line has some other slope, flows at the two sites
are not proportional. In this case, the values of flow for
several exceedance values are taken from the flow-
duration for the gaged site {Fig. 3.13b), and each flow is
converted to the corresponding flow at the ungaged site
using the line on the log-log plot (Fig. 3.11). The latter
flows are then plotted against the original exceedance
values to obtain the desired curve (Fig. 3.13e).

For the example used in Fig. 3.13, it is possible to com-~
pare the estimates of the flow-duration curves for the
ungaged basin with the correct "answer," because the
"ungaged” basin is actually gaged and the carrect flow-
duration curve is available {represented by the dotted
lines in Fig. 3.13). Two points should be made:

e Although the flow-duration curves derived are only
approximations, all three approximations are very
close in view of the fact that virtually nothinq was
initially known about the flow in the "ungaged
basin.

® Although using the runoff data gave the most acou-
rate prediction of the flow-duration curve for the
"ungaged"” site, this is not always the case.

Determining power and energy potential from a flow-
duration curve

If a run-of-river hydropower scheme requires flows
greater than the minimum stream{low for power gener-
ation, it is useful to know the variation of flow over the
year to select the most appropriate turbine configura-
tion. For this purpose, information presented in the
form of a flow-duration curve is most useful.




In the following discussion, it is assumed that a flow-

duration curve has been derived for the site under con-

sideration, possibly using the methods described in Data

processing (p. 39) or Estimating a flow-duration curve

{p. 38}, For the purpose of discussion, it is also assumed
that the flow-duration curve shown in Fig. 3.14 is that
curve and that the gross head at the site is about 50 m.

To begin, assume that only 15 kW will ever have to be

generated at the site and that the conversion efficiency
from waterpower to electrical power is 60%. Since the

gross head is 50 m, the power equation [Eq.(4.2)] indi-

cates that a flow of about 15/(6.0)(50} = 0.05 m~/s would

be required. This would be the design flow of the tur-
bine. Because the stream always has more flow than
this, the turbine could operate at this point throughout
the year (Fig. 3.15). With the required water available
100% of the time (8760 h), the energy potentially avail-
able from ihe turbine would be {15 kW)(8760 i) or about
130,000 kXWh per year. This example shows that the
shape of the flow-duration curve has no effect on the
power potential of a site if a hydropower scheme uses
less than the minimum streamflow; there is therefore no
need to prepare a flow-duration curve.

Since a constant power output is generated in this case,
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Fig. 3.13. An approximation for a flow-duration curve at
an urgaged site (a) can be obtained from a flow-duration
curve at a gaged site (b), modifted by regional runoff data
(c), the ratio of drainage areas {d), or by correlation bet-

ween flows (e). In this example, the flow-duration curve
for the "ungaged” site is actually known and is represented
by the dotied lines for the sake of comparison.

Streamflow characteristics and design flow 39




0.6

average discharge

= 0,27 mafs

Q (w3/s)
[ ]
[F5)

0.21
minimum discharge
-————————
0.1F = 0.12 m3/s
D 1 [ 1 1 L [ i ['] L3
[ 20 40 60 80 100

Percent exceedance

Fig. 3.14. The flow-duration curve for a stream at a
micro-hydropower site used in the following discussions.
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Fig. 3.15. Using 0.05 m3/s. a hydropower plant could
generate 15 kW year-round, providing 130,000 kWh
annually.

the annual energy potential of a site is easy tn calculate
mathematically. This is not the case when varying
flows are used. In this case, a graphical approach is
used. For this simple example, the basis for this
approach is as follows. The power "P" available from
the turbine is proportional to the flow "Q" used
(bhecause, in this case, the powet equation leads to P =
300 Q}, which is graphically represented by the height of
the shaded portion. Doubling the heighy of the shaded
area, for example, would mean that double the flow is
used and that double the power would be generated.
Because power is proportional to flow {on the vertical
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axis) and time is proportional to the percent of the year
{on the horizontal axis}, the product of power and time
(or energy) is proportional to the product of the vertical
and horizontal dimensions or, equivalently, the shaded
area.

Now consider the case where a run-of-river plant
requires flows larger than annual minimum flows for
power generation. To get a feel for how a flow-duration
curve affects the power and energy potential of such a
plant, assume that a peak power of 90 kW is required at
the previous site. The flow through the turbine must
now be

B __ 9% _ 3
Q=35H " Ty - ¢0m/

Thiz would be the design flow of the turbine. The flow-
duration curve (Fig. 3.16) shows that peak power would
be available 28% of the year. The curve also shows
that, for example, 50 kW which requires

Q = (z.osjotsoj = 0vl7 msfs
would be available 80% of the time (or 42 weeks of the
year) afd that there would always be available at least
.12 m*/s or

P = (6.0)(0.12)(50) = 36 kW
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Fig. 3.16. The shaded area represents all the flow that
would be available for the generation of p?‘wer if the max-
imwm capacity of the turbine were 0.30 m*/s.

If it is assumed that conversion efficiency from water-
power to electricity remains constant over the entire
range of flows (at 60% in this case), the total energy
available would be equal to the area under the curve
when the appropriate scales are used (Fig. 3.17). That
area {or energy potential) can be estimated by adding
the areas of rectangles and/or trapezoids, for example.
The energy potential "E;" of this site would then bes
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Fig. 3.17. Same curve a3 {n the previous figure with scales
changed to llustrate that the energy potentlai is simply
equal te thae shaded ared.

E, = area of trapezoid + area of rectangle

- “s“"zh + 8,800 b} (500w + (8,200 h)(36 kW)

290,000 kWh + 320,000 kWh = 610,000 kWh

This value represents the annual energy that is poten-
tially available, Although it is imperative [inancially to
make productive use of all energy that can be gener-
ated, this is rarely done at isolated plants. Rather, the
load is often at a maximum during early evening hours,
with little or no use for the power during the day. In
these cases, knowing a site's power potential may be
more useful than knowing its annual energy potential.
For example, it is more important to know that, in spite
of the fact that the turbine can generate 90 kW, the
power output may not exceed 40 kW [or several weeks
each year. When a plant is interconnected to a grid, all
the excess energy can usually be used. In this latter
case, a knowledge of the annual energy potential has a
direct impact of the financial viability of the plant.

Whether a plant is isclated or grid-connected, several
factors reduce the power and annual energy potential
available at that site. These factors relate to environ-
mental considerations and turbine operating character~
istics.

Unless the stream being tapped dries out each year,
some forms of aquatic life are present, and a minimum
flow should be maintained in the streambed between the
location of the intake to the power scheme and the tail-
race where the flow is returned to the stream. Diver-
sion of water that reduces streamflow to below this
minimum flow should not be undertaken. Countries
concerned with environmental issues frequently specify
minimum streamflow by law. In instances where the

local population uses water for irrigation or fishing or
where a waterfall serves as a tourist attraction, the
need for some continued flow in a stream is more

apparent.

In the previous example, assume that at least 0,05 m3/s
must be maintained in the stream to avoid disrupting
aquatic life, If the desired peak pgwer output is still to
be 90 kW, aastreamﬂow of 0.30 m”/s (the design flow}
plus 0,05 m>/s (which is left in the stream) or 0.35 m"/s
would be now required (Fig. 3.18).
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Fig. 3.18, The shaded areq represents the flow that would
be available for power generation if the maximum output
of the surbo-genemtit? tnit were 80 kW (requiring

0.30 mY/3) and 0.50 m¥ /3 were left in the stream to meel
environmental needs.

Although the peak power is not affected, the length of
time for which it is available is reduced from 28% of
the year to only 21%. Because a small but year-round
portion of the flow is now no longer available for power
generation, the total energy capacity of the site is also
reduced. Now only about 510,000 kWh/year is available.
A comparison of areas under the respective curves
(Figs. 3.16 and 3.18) shows that, although the sawme tur-
bine is used, only 83% of the energy originally available
from the powerplant is now available. In addition, ths
Flow which must be left in the stream has its largest
impact during low-flow periods when, in this case, a
maximum power output is as low as 21 kW, or about half
of what would be possible if all the available water had
been used.

A second factor which reduces the usable power and
energy available from a turbine is its operating charac-
teristics. Turbines are designed to operate most effi-
ciently at their design flow. How a specific turbine
selected for a site operates at a lower than design flow
depends on the type and configuration of the turbine.
For example, fixed-blade propetler turbines function
well over only a limited range of flows; Pelton turbines
operate efficiently over a wide range of flows. (See
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TURBINES, p. 171, for a more detailed discussion.) In
any case, no turbine operates efficiently from zero
through to design flow. Generator efficiency also
decreases with decreasing outpnt. These factors further
affect the output of a hydropower plant.

The overall efficiency is a function of factors such as
head losses in the penstock, power output, and type,
design, and condition of the turbine, generator, and cou-
pling between the two. To continue with the previous
example, assume a more realistic variation of overall
conversion efficiency with flow as illustrated in

Fig. 3.19 and not fixed at 60% as was assumed earlier.
Under specific circumstances, efficiency may be better
or worse than that shown in this figure; however, the
eifect of a varying efficiency on the annual energy and
power potential of a turbine, illusirated in the example
below, remains unchanged.
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Fig. 3.18. The efficiency curve for the micro-hydropower
scheme considered In the example.

To determine this effect, it is necessary to use the orig-
inal form of the power aquation [Eq. {4.2}). The actual
procedure for doing this is illustrated in Fig. 3.20. The
energy potential at the proposed plant is equal to the
shaded area under the curve in Fig. 3.20c. Therefore,
by considering the actual operating characteristics of
the turbo-generating equipment, the total annual energy
available is further reduced to 88% of the previous case
(Fig. 3.18, assuming constant efficiency) or, equiva-
lently, 73% of the energy that would have been avail-
able if no flow had been kept in the stream and if over-
all efficiency had been constant (Fig. 3.17). Further-
more, there are times each year when only about 10 kW
would be available, significantly less than the 36 kW
which would bave been available had environmental con-
siderations and turbine characterisiics not been con-
sidered.

It should be clear frotn the preceding discussion that

only the lower portion of the flow-duration curve, from
about 20%-100% exceedance, is generally of importance
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for sizing a turbine for an isolated scheme./ know-
ledge of the shape of the upper end of the-curve is not
required for this purpose; its precise shajle is therefore
of no concern. However, the peak valye is oi impor-
tance in laying out the scheme and sizing spillways so
that flood flows can be accommodyited and do not
adversely affect the operation ard integrity of the
scheme.

The criteria used to select Vae design flow for the tur-
bine(s) at a micro-hydropgwer plant are determined
largely by how the plant/will be used. In the industri-
alized countries where¢’hydropower plants are frequently
interconnected to th< national grid, a common criterion
is to maximize t]:lwrevenues generated by energy sales
to the utility ove# the costs incurred in mplementing
and operating tle plant. If a low value of flow is
selected for power generation (Fig. 3.21a), the full
capacity of the turbine may be used but the high cost
per kilowzitt of a small plant would make it difficult to
recoup the investment from the revenues generated. If
a large design flow is selected to take advantage of the
ecoromies of scale {Fig. 3.21b}, the plant will not be
used to full capacity and costly generating capacity will
remain idle most of the year. In addition, because of

‘the operating characteristics of turbo-generating

equipment, flows below a certain percent of design flow
could not be used. An optimum design flow =xists some-
where in between (Fig. 3.21c) where economies of scale
keep costs reasonable but where the plant's capacity
will be used more effectively. If the cost of the equip~
ment and the revenues generated for various design
flows can be calculated, the actual value of the design
flow can be obtained. This ia not complicated and
should be done if the economics of a specific project is
important. Warnick provides a more indepth discussion
of the issues in Hydropower Engineering {106).

In developing countries, power is commonly generated
at isolated locations. In this case, rather than most
efficiently exploiting the flow available in a stream, the
cbjective is to use only that flow which ia required to
meet the specific needs of the consumers, It is usually
more important to have power year-round, and needs
are probably more limited. Therefore, although

Fig. 3.21c may represent the optimum design flow for a
grid-connected scheme where the power and energy
demands are virtually unlimited; the design flow shown
in Fig. 3.21a might reprasent the optimum for an iso-
lated scheme.

Altersative turhine configurations

Whether the plant is grid-connected or iz lated, if con-
ventional turbine designs are used—turbines which per-
mit flow regulation—valves and actuating mechanisms,
automatic or manual, add to the cost and complexity of
micro-hydropower schemes. In cases where this is of
concern, alternative turbine configurations are possible.
This is especially the case when simple, locally fabri-
cated turbines are being considered and the local capa-
city to fabricate complicated valves and actuating
mechanisms has not yet heen developed.
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& From graph (b}, the overall efficiency at
this flow can be found to be 57%.

e Using the power equation (with I-lg = 50 m);
P=98e QH
=490, Q &
= 490{0.57)(0.23)
= 64 kW

Therefore, for 30% of the year, at least
64 kW is available. This, in turn, has been
plotted on graph (c).

Fig. 3.20. An {llustration of how the flow duration and
efficiency curves are used to derfve the potentiai power

Flow-regulation for the purpose of governing the turbo-
generating unit—keeping the speed constant by match-
ing power available from the turbine with the power
demand of the consumer—can be eliminated by use of a
load controller or by proper design of the entire system
(see APPROACHES TO GOVERNING, p. 201). Flow~
regulation for the purpose of making better use of the
varying streamflow can also be addressed without
resorting to costly and relatively sophisticated valves or
gates and actuating mechanisms.

An obvious simplification to reduce cost is to eliminate
all the valves and actuating mechanisms which permit
the turbine tc use a wide range of flows. Of course, if a
single turbine were used, only a single flow could be

and energy available from a hydropower plant.

accommodated. The turbine would operate at its high-
est efficiency {its design flow). If a peak power of

90 kW were required frow the plant described in the
previous example, the power and enexgy potential shown
in Fig. 3.22 would be attainable. Although savings in
cost and complexity have been gained through this
choice, the energy potential of this site would be
reduced to only 38% of what would be available if flow-
regulating devices had been used with the turbine

(Fig. 3.20). The considerably reduced quantity of energy
available would generally be of importance only if the
plant were grid~connected. In this case, available
streamflow which is not harnessed would represent a
loss of potential revenue from the sale of slectricity.
Extra costs of sensors, valves, and activating mecha-
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(a) low Q

{b) high Q4

{c) optimum Q4

Fig. 3.21. The design flow "Q,4" selected at a site affects
both the revenue generated and the costs incurred for
implementing and operating the plant.

nisms might be recouped easily from the extra revenue
which could be generated if these devices had been
included in the system. However, if the plant is iso-
lated, more important than reduced energy is the fact
that power would be available for only 21% of the year.
For the remainder of the year, no power could be gener-
ated because the turbine could not operate at lower
flows without valves.

For an isolated plant, if some power is required on a

regular basis, the option suggested in SCHEMES USING
LESS THAN ANNUAL MINIMUM STREAMFLOW (p. 27)
could be used. This would require a turbine whose
design flow is equal to or less than the minimum
streamflow and therefore can be operated year-round.
But then minimum flow in the stream would set the
maximutr power which could be generated at the site.

On the other hand, if demand at times requires the
larger power potential associated with larger stream-
flows yet requires some firm power year-round, the
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Fig. 3.22. Power and energy potential from a single tur-
btne without flow-reguleting devices.
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plant could be designed to accommodate two levels of
streamflows. There are several ways of accomplishing
thiz with a hydropower plant that has no provision for
continuously regulating the flow through the turbine:

o For low-head sites that use reaction turbines (pro-
peller or Francis), the only approach is to use two
separate turbines, one which can operate year-round.
Using more than one turbine at a site has the advan-
tage of backup generation capability if needed but
also the disadvantage of higher cost.

o For high-head sites that can accommodate an
impulse turbine (Pelton, Turgo, or crossflow), sim-
pler, less costly options exist.

With a Peiton or Turgo turbine, one turbine with two
or more nozzles can be used. Manually operated on-
off valves would be required at the inlets to the
nozzles. During the year, one nozzle could operate
continually. Wken streamflows are adequate,
additional valves would be opened fully so that the
other nozzles can accommadate some of the
additiona! flow.

A crossflow turbine has only a single, rectanguiar
nozzle but it is possible to seal off a portion of the
nozzle to reduce the consumption of water without
affecting efficiency. Commercially, a guide vane is
used within the nozzle to regulate or completely
shut off the flow. This vane can be split so that the
two portions of the nozzle can be regulated or shut
off independently. Commonly, one segment of the
vane covers one-third of the nozzle width and the
otler, the remaining two-thirds. (The reason for this
unequal division is explained below.} To reduce
costs, some locally fabricated turbines have replaced
the guide vanes by a gate of any one of several
designs which can be moved across the nozzle apen-
ing to control the emerging flow. This gate is not
generally adjusted on a continuous basis,

Two turbines could alsc be used, as with rear.ion
turbines. However, because modifying the nozzle
configuration with impulse turbines can result in
savings in cost and complexity, use of two turbines
shouid be considered a last resort (uniess redundancy
is the primary objective}.

e For both high- and low-head sties, one cost-reduc-
tion approach increasing in popularity is the use of
pumps as turbines. Flow-regulating devices are not
incorporated in pumps as they conventionally are in
turbines. Consequently, to accommodate two flow
levels at a micro-hydropower installation, two pumps
are required. Although pumps as turbines are less
expensive than turbines, they may be somewhat less
efficient.

When incorporating two turbines (or two nozzles with a
single turbine) which each use a constant flow, more
energy can be generated if these two constant flows are
unequal than if they are equal. In addition, power would
be available for a greater part of the year. To illustrate
this point, assume that a peak power of 90 kW is




required and that two turbines (or nozzles) which can
accommodate only constant flows are to be used,

If two turbines {or two nozzl?s) which accommodate
equal design flows of 0.15 m”/s are used (each with a
capacity of 45 kW), the water that would be available
for power generation is shown in Fig. 3.23. With this
flow-duration curve and peak design flow, the annual
energy available would be 82% greater than that from
the single 90 kW turbine using a constant flow. Moare
important, some power would be available 57% of the
time rather than 21%, as was the case with a single tur-
bine. On the other hand, the annual enexgy available
would be 31% less than that obtained using a single tur-
bine with streamflow sensing devices, flow-regulating
valves, and associated activating mechanisms. Although
the cost of the turbo~generating equipment might be
reduced, so is the annual energy potential, and therefore
potential revenue from the sale of electricity.

0.6

0.5

1 'l
0 20 43 60 80 100

Percent exceedance

Fig. 1.23. Flow-duration curve with shaded area repre-

senting flows used by two fixed-flow turbines {or nozzles)
of equal size.

A more versatile approach is to use turbines (or nozzles)
which can accommodate different design flows. Cost
might increase, but 50 would the annual enecgy gener-
ated. In Fig. 3.24, it is assumed that the design flow of
the larger turbine (or nozzle) is twice that of the
swaller, with the total equal to the peak desired flow.
The small, 30 kW turbine (or nozzle} requiring 0.10 m3/s
would be used during pericds of low flow. As flow
increases to 0,20 m?/s, the 60 kW turbine {or nozzle)
would replace the first, When the [low increases fur-
ther, to at least 0.30 m3/s, both turbines (or nozzles)
would come on-line. This permits more power to be
generated from the available streamflow. In this case,
although the maximum flow is the same as that in

Fig. 3.23, where turbines (or nozzles) of equal size are
used, 26% wmore energy can be generated by using these
two turbines (or nozzles) of different size. More impor-

tant for an isolated plant, power would be available for
about 90% of the year.

A complication is encountered when electrical power is
generated using two turbines at an isolated site, with
each turbine coupled to a generator. In this case, gov-
ernors would be needed to keep the generators synchro-
nized. But this would add considerably to the cost of
the equipment. Another option would be for both tur-
bines to drive the same generator, but the generator
wonld operate less efficiently when driven by the
smaller turbine. With a grid-connected unit, the grid

itself would govern the generators, and no governor
would be needed.

It is alse interesting to compare water usage in this last
case, where turbines {or nozzles) of two different sizes
are used, to that in the previously described case, where
a single turbine with sensors and fiow-regulating valves
is used (Fig. 3.20). Although the more sophisticated,
single turbine generates 15% more energy than the two
constant-flow turbines {or nozzles}, it consumes 30%
more water. This is because the two turbines (or two
nozzles) each always operate at peak efficiency
{because they =ach operate only at their design flow},
whereas the single turbine uses smaller-than-design
flows less efficiently and therefore requires more.

For an isolated plani where some firm power is required
year-round, one turbine would have to be operated at
minimum usable flow or about 0.07 m'?'}s. If a maximum
of 90 kW is still desired,_the design flow for the second
turbine would be 0.23 m3/s. In this case, although 76%
of the annual energy generated by a turbine equipped
with flow-regulating devices would be available with
this turbine arrangement, at least 21 kW would be avail-
able year-round.
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Fig. 3.24. Flow-duration curve with shaded area repre-
senting flows used when one of two fixed-flow turbings (or
nozzie) can accommodate twice the flow of the other.
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IV. SITE SELECTION AND BASIC LAYOUT

INTRODUCTION

Because water falling through a drop in elevation is
generally a necessary condition for the generation of
hydropower, the most obvious site for a micro-hydzro-
power scheme might appear to be at a waterfall. How-
ever, waterfalls are relatively few and often are not
near population centers. In addition, implementing a
micro-hydropower scheme at such a site could pose con-
struction difficulties.

A fall of water can also be created artificially by the
construction of a dam. This is often the approach taken
with large hydroelectric projects. Siting a micro-hydro-
power plant at the base of a dam might also prove
appropriate in industrialized countries, because dams
often already exist and the financial capital is available
for the large turbo-generating equipment whirh would
be necessary at such low-head sites. For schemes in
developing countries, this approach is not generally
used. Dams are expensive, require proper design and
construction, and are prone to siltation and other main-
tenance problems.

Most micro-hydropower installations around the world
are found in the vicinity of more gradually falling
streams and rivers {see Fig. 1.9}). Here, the water drops
in elevation over a relatively long distance. Because of
the larger physical extent of power schemes at such
sites as opposed to sites at waterfalls or dams, more
extensive civil works are necessary to convey the water
from the river to the powerhouse. Associated costs can
therefore be substantial if inadequate attention is given
to design.

Of the numercus factors which affect this cost, site
selection and basic layout are among the first which
must be considered if operational and maintenance
problems encountered during the life of a hydropower
scheme are to be minimized. Such problems contribute
to recurring costs of a scheme and could discourage
future developments.

The two previous chapters presented guidelines and
details for determining the usable flow which can be
obtained from a stream. This chapter provides a guide
for selecting a site to generate power from that flow
and for developing a basic layout at that site. Since the
factors presented in this and the following chapter are
all interrelated, it is difficult to give a concise, step-by-

step procedure for selecting and deveioping that site.
Site selection is somewhat of an art and is developed as
experience is gained. The following chapter, CIVIL
WORKS, covers the design of the various components
#hich contribute to the complete scheme and potential
problems associated with their construction, operation,
and maintenance. That chapter might provide addi-
tional insights into difficulties presented by the site ini-
tially selected which are not covered in this chapter. If
so, a new site on that stream wight have to be selected,
Site selection is an iterative process with numerous fac-
tors to be considered. After some experience has been
gained in the field, this process becomes second nature.

This chapter reviews only the basic technical factors
which affect the location and layout of a micro-hydro-
power scheme; other technical factors are covered in
subsequent chapters. In addition, there are nontechnical
factors that must be considered in selecting a site for a
micro-hydropower scheme, but these are not covered
here in any detail. These may include factors such as
remoteness of the powerplant from the consumer, avail~
ability of land from the owners for the civil works, and
potential environmental impacts.

Once a stream has been located, it is necessary to
select a place where the drop in the terrain is sufficient
to produce the required power with the available flow.
This is briefly covered in IS THE TOPOGRAPHY SUIT-
ABLE FOR HYDROPOWER GENERATION? (p. 48).

Occasionally, steep drops of water are found and the
layout of the power scheme is straightforward. More
frequently, drops are gradvwal and water must be con-
veyed some distance in order to gain a drop sufficient to
produce the desired power. When the topography of the
area seems suitable for hydropower generation, the next
task is to determine the basic layout that will bring this
water to the turbine for power generation at minimum
cost. This is covered in DEVELOPING THE BASIC
LAYOUT (p. 49).

Additional factors that should be considered when
selecting the precise location for both ends of a hydro-
power scheme are described in LOCATING THE IN-
TAKE (p. 52) and LOCATING THE POWERHOUSE

{p- 56). These factors may have little impact on the
original cost of the scheme, but if not considered, they
can lead to unexpected difficulties with, and increased
recurring cost for, its operation and maintepance.
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15 THE TOPOGRAFPHY SUITABLE FOR HYDROFOWER
GENERATION?

In the previous chapter, the usable flow available from a
stream for power generation was determined. It then
becomes necessary to determine whether the layout of
the land in the stream's vicinity makes hydropower
generation technically feasible. If it is not, considering
that site any further would be of little use. This section
reviews the theory which forms the basis of hydropower
generation.

In Fig. 4.1, if water flows from point A down to point B
along any path by any means—along the riverbed or an
open canal or through a pipe--it loses energy at a rate
equal to

P=9.80Q Hg {4.1)

where

P = power last by the water (kW)
Q = flow (m?/s)
rate at which water descends from A to B
H_ = gross head (m)
L dren ia elevation from A to B
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Fig. 4.1. Water loses the same energy no matter which
path it follows from point A to point B.

The water might, for example, follow the riverbed from
A to B along path (a). In this case, the water loses this
power through friction and through turbulence. The
power dissipates itself throngh erosion in the riverbed,
heating of the water*, producing spray and air currents,
atc.

Or the water might flow from A to B along path (b)
through a pipe which includes a turbine, The water
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would then lose this same quantity of power in pipe fric-
tion, turbulence at the inlet, outlet, and bends of the
pipe, and in pushing its way through the turbine. It is
that portion of the power lost by the water in moving
through the turbine which is converted by the turbine
and is then available at the turbine shaft to power
machinery. The principal objective in planning a micro-
hydropower scheme is to use proper designs to minimize
miscellaneous losses in power as water is conveyed from
A to B so that as much power as possible remains in the
water to be extracted by the turbine.

It is also possible to generate power with water falling
from point A {at the water's surface} through the tur-
bine to point B at the base of the dam (Fig. 4.2). Such
micro-hydropower schemes are less common but the
general relationship given by the power equation in

Eq. {4.1) is still valid and can be used to determine the
theoretical power potential from such a site. However,
it can be seen from the power equation that, with the
low head available at a micro-hydropower dam site, a
relatively larger flow would be required to generate the
same power. This would require a larger, and costlier,
turbine.

s

iy o
Fig. 4.2, Using a dam to develop head,

The expression for power noted previously assumes that
no power losses are incurred in conveying the water to
the turbine. In reality, some power is lost in the con-
veyance structures—intake, canals, pipes and/or pen-
stock--as well as within the turbine and generator.

* Because of water'’s high heat capacity, its resulting
temperature rise is not noticeable. In theory, assuming
all the power lost by the water goes toward heating that
water, the temperature rise would amount to cnly

0.024 °C for a 10 m drop.




The useful power which is generated at a site is a pro-
duct of the theoretical power and overall efficiency

"e,". Therefore, the power equation becomes

P=98e,0Q Hg (4.2)

As an initial estimate, assuming that electricity is being
generated at an overall efficiency of 50%, the power
available can then be obtained by the equation

Now to return to the original question: Does the
topography in the vicinity of the stream being tapped
lend itself to the generation of the required power?

This is analogous to asking whether sufficient head can
be exploited along the stream to generate the power "P"
which is required from the available streamflow "Q".
From the previous expression, the gross head "H g" which
would be necessary is

_ P
H.= 5 (4.4)

This will give an idea of the drop which must be found
along a suitabla reach of the stream to generate the
required power. EXAMPLE 4.1 illustrates how this
equation is applied in a specific situation.

Going through this exercise with the stream under con-
sideration will give an indication of whether the topo-
graphy of the region near that stream lends itself to the
generation of the desired power. This will lead to one
of the three following conclusions:

(1) Sufficient head is available, in which case it is possi-

ble to lay out the basic scheme as described in the
following sections.

{2) More than sufficient head is available. In this case,
there are several reasons why it might be advisable
to make use of the higher head available in the area:

& Because less flow would be required, most of the
civil works as well as the turbine itself might be
reduced in size, with an accompanying decrease in
cost,

o The additional unused flow still available from the
stream could be used at the same site for expan-
sion of the power plant in the future should the
demand for power increase.

(3) Insufficient head is available within a reasonable
area to produce the required power with the flow
found in the stream. In this case, either a reduced
power level must be acceptable, with storage incor-
porated as part of the scheme to permit generation
of peak power when required, or an alternative
stream with more flow must be found. If neither
option is possible, then hydropower potential in the
area is inadequate to meet all the needs, and alter-
native energy options must be considered.

EXAMPLE 4.1

Assume that 50kWofpoweris required topmvide
-for the glectric power needs of a village in a'level -
coastal area for the present and foreoeeab!e future
“and.that the usable flow.of the only: by

the vicinity:is rarely less than 1.0

* feasibility of tapping the hydropo
_streum for th purphse o

:' Severa.l optione are_ poad" 1

'(l) I 50 kW will be required on'a mtinuous bws, |
_the only option is to look farther from the town :
coward the foothills, if they exist, where greater _
drops in elevation nught he available. :

(2} I the loa.d can e managed 8o that, for example, -
25 kW is adequate to serve the intended uses, cor-

* respondingly leas head will ba reqinred, and thil o

. might be tound in the uca. Lo _ .

{3) I the peak deml.nd of 50 kW is requlred for only

_part of each day, a portion of the streamflow
" which would otherwise be unused the remainder of

the day could be stomﬁ behind 2 dam for use when
needed, Incorporating a storage dam e!!ectively '
increases available flow for that part of the day
that increased power is necessary so that lem
head is needed to generate that power. '

I nenther of these options is possible or acceptahle,

micro-hydropower plant would seem an inappropriate
energy option for the area. o

DEVELOPING THE BASIC LAYOUT

Now assume that between points A and B along the
stream in Fig. 4.1, a drop has been found which is ade-
quate for the generation of the desired level of power.
Under these circumstances, it is always technically pos-
sible to exploit that hydropower potential, but the major
question of economic feasibility yet remains.

Because economic arguments are instrumental in sup~
porting or opposing the implementation of micro-hydro-
power schemes, the economic aspects require careful
consideration. Whereas a specific costing is not possible
at this point, econgmic implications of certain technical
choices will be noted.

Several approaches for developing the basic layout are
briefly explained below:

(1} One obvious route for a pressure pipe—the pen-
stock--to follow in conveying water to the turbine is
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one which parallels the stream {Fig. 4.3). If it is
properly designed, the losses along the penstock
pipe, which are proportional to penstock length and
the square of the flow velocity in the pipe, will be
relatively small and the power not lost through fric-
tion and turbulence is then available at the turbine.
This approach is adopted when the terrain on both
sides of the stream is steep, with the stream possibly
in a gorge, and when none of the preferred alterna-
tives suggested below are possible. However, for
losses within the penstock to remain small, it is
necessary to increase its diameter as its length
increases. Therefore, if this approach is adopted,
the penstock can contribute markedly to the cost of
the scheme because of the long length of pipe and
the relatively large diameter required.

Fig. 4.3. A penstock pipe paralleling the stream con lead
to unnecessary length and cost.

Two examples of penstock alignments paralleling a
stream are illustrated in Fig. 4.4. Locating the pen-
stock along a stream with steep walls (a) makes it
more susceptible to damage from landslides and
flood flows. Constructing the penstock to aveid
these problems can be difficult. If the valley is
more open (b}, the penstock can be placed away from
the stream and is then exposed to fewer potential
problems.

{2) If a penstock is necessary to convey the water the
entire distance from A to B, then it is advisable, if
the terrain permits it, to minimize its length and
allow a penstock pipe of smaller diameter and cost
to be used (Fig. 4.5). The pipe need not follow the
contour of the land as does an open canal but can

ig. 4.4. The ease of csttirtg the penstack
determined, in part, from contour maps. On these maps
(1:25,000 with 20 m contours), contours remaining close to

assume a positive or negative slope of any size if
this is required to negotiave difficult terrain. But it
is preferable to maintain a downward slope continu-
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the stream (a) portend steep banks and difficult conditions.
More open contour lines (b) generally indicate more favor-
able conditions for construction.



ally; otherwise, any air carried by the water will
accumulate at the peaks and restrict the flow. Air
release valves will then have to be installed at these
peaks. Also, any sediment carried into the penstock
might accumulate at low points along its length, and
provision would have to be made for its periodic
removal, It is also advisable to align the penstock so
that the pressure (net head) at any point along it
always remains greater than atmospheric during the
operatlon of the plant. Unless a power conduit can
srmd nn Jaranilhad halaw (1) thic sa~and annenash

UB HSed as USsCTiueu WwelDW joyy Wil pECUlu AP PR

may be the best alternative.

Fig. 4.5. Selecting the most direct penstock route from
intake to turbine can reduce costs.

{3) Depending on the terrain, the distance from A te B
might still be so large as to require a penstock pipe
of inconveniently large diameter to reduce flow
velocity and associated losses in head. This pipe
would be costly to purchase, transport, and install.
In Nepal, for example, it is not unusual to find 10 kW
powerplants, operating under heads of about 10 m,
where the total distance {A to B) from intake to
powerhouse is on the order of 1 km., One thousand
meters of at least 500 mm diameter pipe, costing
$50,000-$100,000, would be required to keep losses
down to within acceptable limits. A lower-cost
alternative is clearly necessary.

If, for most of the terrain traversed, a significant
portion of the available drop in elevation between A
and B can be found over a relatively short distance
(A'-B}, a power conduit—commonly an open canal or
low-pressure pipe--can be nsed to convey water to
the top of the penstock at A’ (Fig. 4.6). This is the
approach commonly pursued in Nepal and elsewhere.
For the typical 10 kW site referred to previously, the
required penstock diameter is about 300 mm and its

length closer to 20 m than to 1000 m. Enormou#
cost savings can result.

Fig. 4.6. The most popular means of developing a micro-
hydropower site (s using a power conduit--commonly a
canal or low-pregsure pipe—to convey the water to a point
a3 close to above the powerhouse a3y possible.

This approach is the most widely used for micro-
hydroapower schemes found in developing countries
where minimizing cosis is a major consideration.
Actually, in selecting an appropriate site, the
approach is generally to keep this layout in mind. A
steep drop A'-B is first located and then a contour is
followed from A' back to the stream. The point
where the streawm is encountered, or slightly up-
stream of this point if more appropriate, becomes
point A (see the following section, LOCATING THE
INTAKE).

An open canal is one form for a power conduit.
Because losses between A and B have to be kept to a
minimum, any canal must be as smooth as possible
and have as small a slope as possible, only steep
enough to keep sufficient water running down from
the intake on the stream toward the inlet of the pen-
stock. Compared to the total head "H," available
from A to B, the drop in elevation a.loth the length
of a properly constructed power canal and the asso-
ciated loss in power are generally very small. A
power canal has the advantage over the other con-
duits in chat it can often be constructed using local
resources, both labor and materials, and is therefore
less costly than the other alternatives. If the soil is
too porous, an inexpensive unlined earth canal may
not be possible and lining it may introduce inaccept-
able costs. If the hillside to be traversed is too
steep or unstable, however, a canal may be inappro-
priate. In both of these cases, a low-pressure pipe or
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a penstock may be more suitable. However, if there
are only a few stretches along the canal aliphment
which appear troublesome, alternative design options
are available to address this problem and are
described in Circumventing obstacles (p. 112).

Another form of power conduit is a low-pressure
pipe which, although generally more costly, presents
a number of advantages over the use of an open
canal (see Power conduit, p. 68). Although using a
low-pressure pipe might at first appear no different
from using a penstock for the entire distance—
approach (1) or (2)--a cost savings can be obtained.
By trying to maintain, on the average, a low gradient
between the intake and the beginning of the steep
drop down to the powerhouse, a low-pressure pipe
can be used. Such a pipe is usually thinner and less
costly than penstock pipe. An exception is when
steel pipe is used for low-head applications. In this
case, low-pressure steel pipe and steel penstock pipe
would have the same thickness, This thickness does
not decrease with pressure as it does with plastic
pipe, for example, because the thickness of steel
pipe used for low-pressure applications must be sized
to provide sufficient allowance for corrosion. Con-
sequently, low-pressure steel pipe may be somewhat
thicker than it would have to be merely to resist
pressure and may have the same thickness as a pen-
stock used for low-head applications.

Now that the basic layouts for micro-hydropower
schemes have been roughly portrayed, it is necessary to
focus on each end of the scheme, because the topogra-
phy of the terrain at these points can also influence the
site finally selected.

LOCATING THE INTAKE

In this section, run-of-river schemes that do not require
the construction of a dam are considered. However,
these may require the construction of a diversion strue-
ture or weir across a portion, or the entire width, of the
river. In these cases, although a stream can be tapped
virtually anywhere along its length, careful siting of the
intake is necessary to avoid future problems. The natu-
ral alignment of the stream, its gradients, and the
nature of the streambed must first be studied.

When locating the intake, the following factcrs should
be considered:

& the nature of the streambed;

o bends along the stream;

» natural features along the stream;
e competing uses for water; and

e ease of accessibility.

These will be discussed 1n the following paragraphs.

Nature of the streambed

The elevation of the intake to a hydropower scheme is
established at the time of construction. Without a per-

52 Site selection and basic layout

manent dam or weir across a stream, erosion might
eventually lower the level of the streambed so that
eventually it may be significantly below the intake and
prevent water from entering. To avoid this problem,
the intake should be situated at a point along the stream

where the level of its bed seems relatively permanent,
for example:

¢ where a stream has a relatively constant year-round
flow, such as one which originates as a spring with
little additional catchment area so that heavy rains
have little impact on the flow;

¢ where the stream flows over bedrock; or

e where the river has a small gradient.

If erosion of the streambed is a possibility, a permanent
weir might be constructed to maintain the level of the
riverbed in the vicinity of the intake (Fig. 5.29). If a
small dam or permanent weir is to be built, selecting a
site so as to minimize its height, length, and associated
construction costs should also be considered.

Bends along the stream

One of the more common problems affecting micro-
hydropower schemes is damage to the intake caused by
flood waters. This often occurs where the intake is
placed at the outside of a bend in the stream or is
oriented upstream.

To prevent this problem, the intake structure should be
located along a relatively straight section of the
stream, such as point (a) in Fig. 4.7. Water, like any
object, prefers to travel along straight lines, This is
especially noticeable at bends along a river, where the
river tends to go straight unless forcibly constrained by
its banks. The area on the outside of the bend (b) is sub-
ject to erosion, and stones and other waterborne debris
can impair the operation of the intake and damage or
destroy it during floods. Therefore, if at all possible,
the intake should not be located at the outside of a bend
in a river. It might, however, be placed on the inside of
a bend of some rivers {c). This location offers the added
advantage that the conduit which conveys the water

Fig. 4.7. The best location for an intake s generally along
a straight stretch of a stream (a). Location (b) is suscepti-
ble to more severe damage from high flows, and sediment
tends to accumulate in front of location (c).




from the intake onward is shielded from flood flows
(Fig. 10.47). However, this location might not be
advisable on some streams with suspended sand and silt,
because these tend to accumulate on the inside of the
bend and tlock or enter the intake.

A 90 KW Francls turbme, installed near the end of the
'1960s near Kudjib in the highlands of Papua New
' Guinea to provide power to the Nazareiie Mission -
‘hospital. cgmplex, required a fairly large flow of
‘about 1 m”/s. The intake to the headrace was ‘unfor-
tunately located on a bend in the stream (Fig. 4.8).
Each'year, flood waters carried stones and gravel and
deposited these in frant of the intake. Had it not
been possible to use a front-énd loader to remove this
debris periodically, this task would have been very
time-consuming and labor-intensive. As it was, this
problem caused by a poor location for the intake was
one factor among several which led to the decision to
shut down the plant in 1981, when grid power bacame
available from the country's large Ramu hydroelec-
tric scheme, and not even keep it as a backup.

weir formed of interlocked power
tree trunks and car chassis canal

intake
gate

Fig. 4.8. A poor choice for the location of the intake has
meant significant work in clearing stones and sediment
accumulating in front of the intake.

Natural features aloug the stream

It is sometimes possible to protect the intake from flood
waters by the natural features found along a stream
such as, for example, by locating the intake under or
behind large boulders at the edge of the stream

{Fig. 4.9). The boulders thus limit the water which
might enter the intake during high flows and also keep
out larger debris which might otherwise damage the
intake. The boulders might also provide some protec-
tion to the power cana) that conveys water from the
intake toward the penstock. It is necessary to be alert
to other similar uses of the natural features along a
stream.

inlet to power canal
under houlder

Fig. 4.9. A cross-gsectional view of a streambed illustrates
how a notural feature ean be used to protect the inlet from
water and waterbormne debris during flood flows.

.At a 25 kW micro-hydropowet mstallation near Rugli
in Papua New Guinea, very little maintenance work is
ever necessary at the intake end of the power canal
aven though water from a large river is used. This is
possiblé through a judicious choice for the intake
location (Fig. 4.10). Although substantial flows can -
be found in the principal stream, a small portion of
that stream breaks away to form a small island
before rejoining the main stream. Not only is the
inlet to that small stream oriented perpendicular to
the main stream, but it is protected by several large
boulders which were placed there by the river itself, -
A portion of the water from the principal stream =
flows under these boulders and a portion of the small,
quietly flowing stream which results ia then divertad
into the power canal,

power several stones  naturally placed
cana) serving as a boulders restricting
diversion weir  flow into branch off

main stream

Fig. 4.10. An exampie of a well-located intake to a
micro-hydropower scheme.

Competing uses for water

Other existing or envisioned uses for the water in the
stream must be considered in siting the intake to a
hydropower scheme, especially if these uses require a
sizable portion of the available water. In a number of
- ~untries, water is used primarily for irrigation and
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power generation must take a subordinate position. If
the flow required for power generation might affect
irrigation, several options are available to accommodate
both uses:

e If irrigation and the proposed hydropower plant
would each require a major portion of the flow, it
might be possible to operate both in parallel and
then to generate power when water is not used for
irrigation or when the flow is in excess of that
required for irrigation. In either case, periods set
aside for power generation would have to be care-
fully planned and integrated with the irrigation
needs. In areas where irrigation is practiced only to
supplement rainfall during the wet season, irrigation
needs may actually be nonexistent during the dry
season. And when it is practiced during the wet sea-
son, more than sufficient flows should be available.
But in any case, though no conflicts may arise
depending on the nature of the irrigation practiced,
it is important that existing irrigation patterns and
needs be fully understood before embarking on the
implementation of any hydropower project.

Although sharing water among several uses is possi-
ble, this approach should be used only if no better
option exists; the great importance of irrigation in
most areas where it is practiced can lead to misun-
derstandings and conflicts when a multi-use
approach is used. In countries where a hydropower
plant may power grain-processing mills, the period
of peak water demand for irrigation—the dry
season--may coincide with the period of peak water
demand for power generation as well as the pericd of
lower-than-average flows and may therefore
complicate the problem.

» Any water in excess to that used for irrigation could
be stored for power generation when it is required.
This is a more practical approach for high-head sites
that require small flows; constructing a storage vol-
ume of sufficient capacity, either behind a dam or as
a separate basin, is generally costly and may require
considerable effort,

# It may be possible to avold any interference with the
ierigation canals of an area by siting a hydropower
scheme between two consecutive irrigation intakes
along a river (Fig, 4.11), This approach permits
water for the hydropower plant to be taken from
that remaining in the stream below the upper irriga-
tion intake (X) and returned to the stream below the
powerhouse but above the lower irrigation intake
(Y). If this approach is taken, it is necessary to
foresee any future increase in irrigation that might
occur in the area as a result of increasing pressure
to develop new agricultural land.

#» Rather than altogether avoiding areas which are
irrigated, it is at times possible to incorporate a
power scheme in series with an irrigation system s0
that power can be generated without having an
adverse impact on irrigation. However, careful
rlanning must be exercised if the power potential of
an irrigation scheme is to be maximized because,
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irrigation
'/' canal

irrigated
.,-\.w‘.r la.nd
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Y o
‘. e '% powethouse
>\ _--" penstock

-

Fig. 4.11. A site selected Lo aveid conflict with the
existing demand for irrigation water.

unlike power canals, small irrigation canais are not
generally designed te minimize head and associated
power losses. As is shown in Fig. 4.12, an irrigation
canal (c) is designed so that the elevation of its
intake on the stream is somewbat higher in elevation
than the highest point to be irrigated. With a higher
intake, the cross-sectional area of the canal to con-
vey the required flow of water can be decreased, as
can the amount of excavation which would then be
required. However, for a smaller canal, the larger
gradient implies a larger loss in head. In construct-
ing an irrigation canal, it is also frequently easier to
drop the water around an obstacle rather than to
circumvent it. Irrigation drops are then necessary
along the canal (b) and an even higher intake is
required; additional losses in head are therefore
incurred. To permit the use of the same water for
both irrigation and power generation, a canal with a
more gradual slope, one which more closely follows a
contour, could be excavated. The extra head gained
between the end of the canal and the irrigated area
could then be used (o generate power. All the water
leaving the turbine could then be used for irrigation.
If the gradient of the stream above this intake is
adequate, the intake could be located still further
upstream to gain extra head and power {c). A valve
would be included in the powerhouse to bypass the
turbine when irrigation water is required and, for
one rezson or other, the turbine is not functioning.

If a power scheme is incorporated into a irrigation
scheme in this manner, there would be no need to
construct a separate irrigation canal. However,
given the principal difference between irrigation and
power canals mentioned above, it should be clear
that implementing a scheme for both power genera-
tion and irrigation usually must be considered in the
initial planning stages of such a project if this is to
be done most cost-effectively. Otherwise, after a
long irrigation canal had been excavated, another
loug power canal would have to be excavated, result-
ing in a duplication of effort. Fig. 4.13 illustrates a
case where a power scheme was retrofitted into an
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Fig. 4.12. By proper desigr, the same power canal (a) can
provide for hoth power geiteration and irrigation, replacing

irrigation scheme by extracting water from higher
up into a narrow valley unsuitable for agriculture. In
this case, the original length of the irrigation canal
was very short, so no significant effort was wasted
in excavating another canal.

In addition to irrigation, all other potential uses of the

water in the arca, such as for fisheries development and
potable water supplies, must be considered.

Ease of accessibility

Though each of the preceding factors may affect the
final location of the intake from a technical point of
view, one factor which is critical for the proper opera-

Tr = _—i‘:r g “

irrigation canais (b} and (c} which are not designed to
minimize head losses.

tion of a scheme is access to the intake throughout the
yvear. Easy access is needed during the construction
phase of a project to facilitate the movement of sup-
plies. But it also may be needed on a regular basis for
cleaning out the area behind a dam or weir, removing
debris which has accumulated on the intake trashrack,
and removing sediment from the settling basin. Access
may be occasionally needed to undertake repairs to the
intake structure or to sea) the intake prior to repairing
the penstock. Though an intake should be properly
designed to function during times of heavy {lows, these
are the times when trouble is most likely to occur and
when the intake should be accessible in safety.

Maldsotn, U.P, desah 110 KW}

Fig. 4.13. At this site, irrigation water was initially
diverted through an intake atl t' : center of the left photo-
graph. The powerhouse visible on the left was later con-

structed, and water for power generation i3 diverted into a
power canal from the same stream somewhat upstream of

the old intake to increase awvailable head. After water
feaves the turbine, a covered tailrace leads it into the old
irrigation canal {right photograph). With this approach, the
hyiropower plant has no adverse impaci on irrigation prac-
ticed in the area.
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LOCATING THE POWERHOUSE

The last basic question to be considered in developing a
layout for a micro-hydropower scheme is the location of
the powerhouse at the lower end of the scheme. What
factors must be considered in selecting a suitable loca-
tion for this powerhouse? And how do these factors
reflect on the appropriateness of the site initially
selected for the micro-hydropower scheme?

Power potentially available at a site depends on the
drop or head. For the site shown in the Fig. 4.14a,

P=980Q (I-Ig - h) {4.5)

is potentially available. If a criterion for site design is
solely maximizing the power potential of a site, it would
be necessary to minimize "h" by placing the turbine as
close to the level of the stream (B) as possible.

Fig. 4.14. Head and power lost because the powerhouse is
set above tailwater level (a) can be reduced by setting the
turbine below the floor of the powerhouse (b) or by using a
draft tube (c).

The minimum distance "h" is determined by a very basic
consideration. For structural and safety reasons, as
well as for reasons of accessibility for equipment opera-
tion and maintenance, the floor of the powerhouse
should be kept above water level at all times, There-
fore, the maximum flood stage--the highest river level
expected over the operating life of the plant—usually
sets the minimum distance of the powerhouse above the
river. Lack of recorded data might make it difficult to
determine precisely the flood stage of the river, How-
ever, this information might be obtained by interviewing
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people who have lived near the river or by seeking high~
water marks on the riverbanks. Maximum expected
flood stage tnay also be predicted by using the rainfall
characteristics of the region and information on the
nature of the catchment area above point B, but this
approach may be more difficult to do properly. It is
essential that, whatever method is used, the information
gathered is reliable; the ravages of floods, whether
caused by flood waters or their waterborne debris, can
wreak havoc along the river, especially in areas of trop-
ical rain and even more so in regions where slopes have
been cleared of trees and other vegetation for firewood
and gardening.

Not only must a site be selected so that the powerhouse
can be constructed above flood stage, but it should be
placed so that the tailrace--the canal leading the water
emerging from the turbine back into the stream—is pro-
tected from the stream itsclf by the natural terrain.
The tailrace should be oriented downstream to prevent
flood water, debris, and bed load from being funneled
into it toward the powerhouse. To avoid the destructive
impact of flood flows, the end of the tailrace should
preferably not be placed on the outside of a bend in the
stream. Although extra labor would be required, the
powerhouse can be placed in the most appropriate loca-
tion from the point of view of power potential, access,
and protection from flood flows and a long tailrace can
then be constructed to lead the water to a suitable point
downstream.

For low-head schemes, the powerhouse's location above
maximum flood stage might significantly reduce the
potential power available at a site, However, for tur-
bines which operate under low heads (Francis, propeller,
or crossflow turbines), this reduction might be mini-
mized be either of two approaches:

# The turbine might be located below the powerhouse
floor with the power drawn off by belts or from a
vertical shaft extending above the floor of the
powerhouse (Fig. 4.14b). The approach is commonly
used with micro-hydropower schemes in Pakistan
{see Figs. 10.43 and 10.59). Reaction turbines such
as Francis or propeller turbines can even operate
below tailwater level; however, crossflow turbines
cannot operate when submerged.

» A draft tube can be used below the turbine to return
the water to the tailrace (Fig. 4.14c). Using a draft
tube, it is possible to regain most of the distance
"h". Almost the entire drop from A to B is then
availatle, even though the turbine itself may be
located considerably above point B. (A discussion of
the operation of a draft tube can be found in Cross-
flow turbines, p. 178.)

There is, however, still a limit to how high above
tailwater level a turbine using a draft tube can be
set. If it is set too high, cavitation can occur which
can damage the runner (see Propeller turbines,

p. 182}, The maximum elevation of the runner above
tailwater depends on altitude, water temperature,
and turbine characteristics. The turbine manufac-




Faireny, Hepal

On the slopes above a tributazy of the Bari Ghat near
the village of Kaireni in Nepal, a micrc-hydropower
mill was constructed, and the site around it was
gradually built up to include a tea shop, pigsty,
chicken coop, and gardens. As the owner of the wili
was returning home from the mill one day, a neighbor
called out that his mill had just disappeared

{Fig. 4.15), Apparently, some distance upstream, the
river had been sealed off by a landslide, forming a
temporary lake behind it. Unanncunced, the barrier
broke and the ensuing wall of water, sand, gravel, and

Fig 4.15 A forebay and a portion of the penstock are at}
that remain after flood waters washed away a micro-
hydropower plant,

riverborne debris, including bouldersupto 3mona
side, surged downstream, wiping out everything in its
way. Eight wen lost their lives at the mill and
neither their remains nor any piece of the turbine,
equipment, or powerhouse has been found. Having
learned his lesson, the owner is now building his mill
at another site, virtually across the stream but on the
inside of the bend of the river and behind a massive
boulder cutcrop, making wmost use of the natural fea-
tures in the terrain {Fig. 4.16}.

original scheme

Fig. 4.16. Location of the new site in comparison to
that of the original site that was washed away.

turer can specify the maximum head that can be
recovered by using a draft tube.

Although it is possible to include a draft tube with a
Pelton or Turge impulse turbine for high-head sites,
as is done with the crossflow impulse turbine, it is
virtually never done. Because of the large head
under which these turbines operate, any distance of
the turbine above tailwater produces a loss of power
of only several percent at most.

CASE EXAMPLES

Salleri/Chialsa (Nepal)

A contour map of the region of the Salleri/Chialsa small
hydel (hydroelectric) project is shown in Fig. 4.17.
Typical of many sites, the river to be tapped has a grad-
ual fall {in this case, a gradient of about 5%}. This map
shows an area {(circled} where a relatively cteep drop is
available and a penstock could be located. To minimize

Vi ¢

Fig. 4.17. Contour map of the propased Salleri/Chialsa

(Nepal) site. A sharp drop can be found in the circled areaq;

this would require water to be brought from some distance
upstream.

Site selection and basic layout 57



power canal

Fig. 4.18, The actual tayout of the Salleri/Chialsa site,

penstock length, a power canal would be required to
convey the water from an appropriate point upstream
{in direction of the arrow).

Although prospective sites can be located with the aid
of a contour map of the proper scale, a site visit is still
necessary. This is to learn more of the nature of the
terrain, soil conditions, and geological formations as
well as to gather more information on streamflow
throughout the year. In this case, the basic layout
finally selected {Fig. 4.18) brought the power canal to a
flatter region where sufficient sp. ce existed to con-
struct the necessary structures at the inlet to the pen-
stock, Also, the powerhouse was located on a flatter
area before a short but steeper drop to the river, and
the tailrace was criented downstream to preclude any
river water from entering. The map also shows that the
secund half of the power canal traverses a steep slope
which might be a source of problems. In fact, consider-
able damage from landslides occurred in this area even
before the scheme was put into operation. An atltempt
is now being made to stabilize the slope by planting
trees.

Musongati (Burundi}

At this site, the minimum flow in a little rivulet
amounts to about 3 {/s and the available head at the top
of a gorge is about 40 m (Fig. 4.19). Electricity was
needed for lighting and a few electric appliances; there-
fore, it was necessary to generate a few kilowatts of
power for several hours each evening. A flow several
times the existing flow would be required for this pur-
pose. Because of the low flow at the site, a dam was
necessary to store water when no power was being
generated. Because the dam is located at the lop of a
steep drop, a penstoch is used to convey the water the
entire distance to the powerhouse,

After the plant had been operational for some time, it
was decided that more power would be required. This
was accomplished by extending the penstock farther
down the gorge to gain an additional 20 m of head,
increasing the power potential by about 509% if the same
flow were used. At this site, the additional power which
could have heen gained by extending the pentock even
farther downstream would have been offset by the
increasing cost for the penstock pipe.
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Musongati, Burundi

+

Fig. 4.19. A micro-hydropower zcheme requiring a small
dam for the storage of water.

Bubiga (Burunds)

To provide power to the mission facilities and staff at
the Eglise Episcopale de Burundi at Buhiga and to serve
several loads at the administrative center of the com-
mune at Karuzi 10 km away, a 220 kW plant is being
installed at the site shown in Fig. 4.20. It is a fairly
typical site for Burundi--two flat, swampy areas joined
by a short stretch of rapids with a gradient of about 5%.

To maximize power available from the site, as much of
the drop between these two areas as possible wa3s to be




used. A low dam was built on a foundation of rock out-
cropping at the beginning of the rapids. A penstock
could then have been laid along the streambed, but that
would have increased its length about fivefold over that
of the final design. To reduce costs and the difficulties
of obtaining penstock pipe in a remote part of this land-
locked country, a canal is being constructed which
closely follows the contour of the land frowm the intake
to a point above the powerhouse (Fig. 4.21). Because
cement was expensive, imported, and in short supply,
costs were reduced further by building the dam and
canal of stone and concrete masonry rather than rein-
forced concrete (Figs. 4.22, 5.41, and 5.203)}. Skilled
masons were also found locally.

A scheme could have been laid out on either bank.
However, a scheme on the right bank would have several
disadvantages: a longer penstork would have heen
required because of the more gradual slope on that side
and, because of the location of the lead centers, it
would have necessitated slightly longer power lines and
access road.

To maximize bead with minimum penstock length, the
powerhouse was initially to be located near the point
the spillway joins the stream, with the penstock paral-
leling the spillway. Although slightly less head is avail-
able at the present site shown on the map, it is also at
the beginning of an open area. The powerhouse is more
accessible and is better protected from any flood flows
which may occur.

From the spacing of the contour lines, it can also be
seen that the original penstock routing would have
involved two slopes; the Einal routing has essentially a
single slape along the entire distance. This eliminates
the need for a bend or considerable excavation around
the central portion of the penstock. In both cases, a
bend in a vertical plane is required at the powerhouse.

Gihata (Burundi)

In the area around Gih#&ta, a series of rapids connects
two stretches of Ruvyironza River, each with a small
gradient. This is clearly the optimum location for max-

proposed
. penstock
routing

// - ,'\f’r _,—’Jfr r;/f'/}
- / . power lines/;

access road / !

. ——
50 100 m 7
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Fig. 4.21. Contour map (with 2 m contours) showing the layout of the major components at the Buhiga site.
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Buhiga, Burund) (220 a'W)

Fig. 4.22. With the canal walls largely completed, stone
masonry is being laid for the base of the canal. Before the
wail and cana! bottom in the foreground can be completed,
a small drainage ditch will be placed undemeath,

imizing available head with the minimum length of con-
veyance structures. Because considerable flow is
required to generate the approximately 90 kW which
may eventually might be needed and because stone-
masonry skills were available locally, it was decided
that a canal rathar than linported penstock pipe would
be used to convey the water to the powerhouse area
(Fig. 4.23).

The location of the intake was straightforward to
determine, but the construction of a stone-masonry weir

from the actual intake across the river to a sandy
oxhow, rather than orienting it perpendicular to this
alignment, has caused problems. Plans had been to
begin construction of the weir on the right bank, at the
intake, while directing the flow toward the left bank.
Then, as the left bank was approached, the dry-season
flow would be bypassed through both the intake and
openings in the base of the completed portion of the
weir. However, the sandy left bank gradually eroded
and it became apparent that this bank would not be
reached. Work then proceeded on extending the weir at
rizht angles, toward a rocky bank. When the photograph
in Fig. 4.24 was taken, cofferdams had hreached due to
the early start of the rainy season, and work on the
remaining several meters of weir had to await the next
dry season. (Also see Dams and weirs, p. 78).

Fg. 4.24. Problems due initfaly to inadequate investiga-
tion inte the nature of the foundation material ai the

oxbow on left bank wes later compountled by the early
arrival of the rainy season,

At this installation, an initial 30 kW unit comprising a
manually-adjustable propeller turbine directly driving a
submerged generator will be placed in a short length of
penstock at the end of the canal. Thers is nc need to
construct a powerhouse, because the generator will be
under water and sealed. The civil works have been
designed to accommodate two more similar units as the
electrical load increases in the future.

| A ¢ A 3 T N o L
Fig. 4.23. This low-head instatlation at Gihéta, Burundi,
dasigned to accommodate three 30 kW turbines, illustrates
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the use of a power canal to reduce penstock length and
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maximize local inputs.
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Bishalalo, Kivu Pro

[ i

Fig. 4.25. From the head of a waterfall near Bishalale
(center of photograph), water is conveyed along a short

Bishalalo (Zaire)

The layout at this site was straightforward to develop.
A steep series of cascades falling 10-15 m is located by
the roadside (Fig. 4,25} A power canal is used to con-
vey water from the head of the fall a short distance
away from the steep section adjacent to the fall to
facilitate construction of the pensiock and powerhouse.
A penstock then conveys water to the turbine, after
which the water is diverted back to the stream below
the fall.

Ruyigi_(Burundi)

Gently rolling terrain is found in the vicinity of the
Ruyigi micro-hydropower scheme. Along the Sanzu
River, a small strne-masonry dam is used to create
several meters of head and an additional 5-6 m is pgained
by means of a 800 m canal which carries water to the
forebay. But from this point, there is a considerable

power canal and through a penstock Lo the powerhouse
(lower left of center).

distance back to the stream. With a low head, a signifi-
cant flow is required to generate 80 kW, and it would
have been necessary to import a long, costly length of
steel penstock pipe. By excavating for the powerhouse
(Fig. 4,26}, it could be located near the forebay, reduc-
ing significantly the length of penstock pipe required
(Fig. 4.27). This also required the excavation for a tail-
race in vock to return the water emerging from the tur-
bine back to the stream. Though all the excavation was
done manuaily, this approach proved more appropriate
in this situation.

Mardan {Pakistan)

One case in which laying out a hydropower scheme
becomes trivial is along irrigation canals. The designers
of these canals have already addressed the problem of

(a)

forebay
’/.

3
"

powerhause

{b}

tailrace

Fig, 4.26. To minimize penstock length, the powerhouse
was built In rock below ground level. The forebay is
located 10-20 m behind the powerhouse but is not visible.
The structure to the right houses an 11 kV transformer.

Fig. 4.27. Two possible options for developing the same
site at Ruyigi: (a) using a long penstock and (b) using a
short penstock but with considerable extra excavation
required for the powerhouse and tailrace.
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tapping a stream or river, and the quality and quantity
of the flow in a canal should therefore already be con-
trolled.

Where the terrain drops off more rapidly than is neces-
sary for the water in the canal to attain the required
velocity, drops frequently several meters high are
included {see Drop structures, p. 110). These are

e

Fig. 4.28. At this mill, a traditional wooden vertical-axis
turbine harnesses the erergy avallable at a drop along an
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irrigation canal to miil grain. The intake to th
shown at the right, with miil behind.

obvious sites for hydropower schemes, although the low
heads available restrict the power potential of these
sites. Fig. 4.28 illustrates a micro-hydropower plant
which straddles a drop along a small feeder canal. The
water that would otherwise tumble over the drop and
dissipate its energy through turbulence is conveyed to
the turbine by means of a very short flume.

I .
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e drop {s



V. CIVIL WORKS

INTRODUCTION

The civil works for a hydropower scheme can be assem-
bled from the principal components shown in Fig. 5.1.
In addition, other components, such as spillways, gates,
trashracks and skimmers, and settling basins, may be
incorporated at one or more locations. Each of these
components serves specific purposes. If commonly
heard arguments against micro-hydropower schemes-~
their high cost and the relatively large efforts required
to implement them--are to be countered so that micro—
hydropower will be more widely accepted as an appro-
priate technology, it is important to incorporate only
those components which are necessary at a specific site,
If unnecessary components are included, overall costs
are unnecessarily increased and new problems in imple-

menting and operating the scheme might be incurred.
On the ather hand, if necessary components are not
included, the problems which these components were
meant to address will remain, and these may also lead
to increased cost of, and frustration with, implement-
ing, operating, and maintaining a micro-hydropower
scheme.

The first section of this chapter, QUALITATIVE OVER-~
VIEW, provides the information a designer of a micro-
hydropower scheme needs to decide which components
are necessary for the most efficient design of the speci-
fic project under consideration, To attain this objec-
tive, this section will:

¢ describe briefly each component and subcomponent;

s e _
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Fig. 5.1. An illustretion of all principal components which
might be included at a micro-hydropower site. This

scheme has been laid out at the site shown in Fig. 1.9,
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~ explain the function(s} sach serves, how it serves
. sse, and its relationship to other components; and

e identify the factors which determine when each
component shauld be included as part of the overall

P ER . A P AL e L A ¥

scheme.

In addition to incorporating only components necessary
for cost-effective implementation of a scheme, it is
also necessary to be careful in the design of each com~
ponent used. Although designs of individual components
might be standardized, there is still no single standard
design to suit all sites. The second major section of this
chapter, DESIGN AND CONSTRUCTION DETAILS,
covers the design of individual components. Its objec~
tives are:

e to provide a more detailed look at each components

» to raise awareness of the range of potential prob-
lems which might be encountered in the installation,
operation, and maintenance of that component;

» to identify factors which must be considered in
designing and sizing each component and explain how
these actually affect designs and dimensions;

e to present alternative materials that might be used
to reduce cost of construction; and

s to document some design options for each compo-
nent, which might be adapted as presented or serve
as a catalyst for new designs.

This chapter deals primarily with projects in the micro-
hydropower range (less than 100 kW), As projects
increase in size, however, the same factors must be
considered, although their impact of the final designs
may differ as project size increases. In addition, only
components relevant to micro-hydropower schemes are
described; surge tanks, arch dams, and power tunnels,
which are rarely used with micro-hydropower schemes,
are not covered,

QUALITATIVE OVERVIEW
Dam or weir

A dam is generally thought to be an intrinsic part of any
hydropower scheme, and this is frequently the case with
large hydroelectric projects. However, a dam, like any
component of a hydropower scheme, serves specific
functions, and it is necessary to become familiar with
these functions to determine whether a dam is actually
required. Because of the number of disciplines——such as
soil mechanics, geology, and structures--which must be
censidered, an experienced civil engineer is frequently
required to design and supervise construction of a dam.
Including a dam when it is not essential will:

# require that technical expertise he found;
¢ incur the expense of building the structure;

o lengthen the time before the scheme is operational;
and
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» possibly increase problems with maintenance.

On the other hand, excluding a dam when it should be
included may result in inadequate potential for meeting
present and future power generation needs. Rather than
a dam, a weir is sometimes used. Although the terms
"dam” and "weir" are commonly used interchangeably,
they are not regarded as synonymouns terms in this pub-
lication; they are each defined by the functions they
serve. As used in this text, a dam is a structure that
can fulfill either or both of two basic functions:

® A dam can be used to increase available head.
Where the terrain is relatively flat, there may be a
need to create head so that the required power can
be generated from the available streamflow. A dam
serves this function by raising the level of water
behind it, thereby increasing the difference between
the elevation of the water upsiream and downstream
of the dam.

*» A dam can also be used to create a reservoir to store
water. At micro-hydropower sites, the streamflow
may be insufficient to meet the peak power detnand
with the available head, and a dam cannot add signi-
ficantly to that head. In these cases, a dam might
be included to store excess water in times of high
flow or low power demand to make it available at
times of low flow or increased demand. Except at
very-low-head sites, most dams are used only to
store water} they do not significantly increase the
available head.

When adequate head and flow are both available, no dam
is required. Water is essentially used at a rate no
greater than that with which it "runs" down the river.
Such a scheme is called a "run-of-river" scheme. A por-
tion of the flow in the steam is simply directed toward
the powerhouse and then rejoins the original stream.
The vast majority of micro-hydropower schemes are
run-of-river.

A run-of-river installation is sometimes misunderstood
to be one in which the turbine is placed directly in the
river. However, this is more properly referred to as an
installation using an in-stream or water-cutrent turbine
(p. 187). As can be seen from the preceding definition,
although an in-stream turbine installation is also run-of-
river, the term "run-of-river" is much broader.

As noted in LOCATING THE INTAKE (p. 52}, the intake
to a hydropower scheme should be situated to prevent
riverborne debris and unusually large flows from being
funneled into the intake, especially during heavy rains.
At the same time, there is a need to ensure that an ade-
quate flow of water is diverted toward the intake to
generate power during times of low flows. To accom-
plish this, a low diversion structure of temporary or
permanent construction, commonly called a weir, is
often constructed across a part or all of the stream. As
used in this publication, a weir is a structure specifi-
cally designed to divert the required flow into the
intake, not to store water, It might either channel the
flow toward the intake or simply provide the required
depth of water at the intake for flow to enter of its own
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accord. Where the streambed is susceptible to erosion,
a weir also maintains the level of the streambed con-
stant near the intakej otherwise, the streambed might
erode so badly that the stream eventually will be too
low for water to enter the intake,

The following discussion describes the circumstances
under which a dam or weir would be incorporated in a
hydropower scheme to fulfill each of these three func-
tions.

Increasing head

If the terrain in the vicinity of a site is relatively flat,
the head available for power gensration can be
increased by conveying the water over a considerable
distance by means of a pressure pipe or penstock

{Fig. 5.2a). However, in areas with little slope, the
increased length and diameter of a penstock necessary
to obtain the required head and power would made this
option costly. This may be true even in fairly hilly ter-
rain if the gradient or slope of the stream itself is
small. For a stream with a very small gradient or slope,
incorporating a dam (Fig. 5.2b) may be the only viable
option for increasing head, All the head would then be
concentrated near the dam and powerhouse, markedly
reducing the dimensions and cost of the penstock. If a
dam is to be constructed, the topography of the area
must be suitable, most probably 4 section of a stream
with relatively steep banks. However, even at micro-
hydropower sites with very low head, a dam is rarely
built to increase head because of significant cost and

> ’ ) ]
{a) long, large
diameter pipe

=
,\*

shorter, smaller §
diameter pipe

power canal

Fig. 5.2. Three approaches to obtaining the same head and
power potential

effort required for its construction. It should be noted
here that, regardless of the head, a power conduit—Ffre-
quently an open canal-—is 2 most common means of
increasing head (Fig. 5.2¢). If the terrain is suitable,
this is often more cost-effective than either a dam ora
long penstock.

A dam incorporated at a low-head site can significantly
increase the head and thereiore the power potential at
that site. At higher-head sites, dams are generally not
incorporated to increase head because the increase due
to the added height of water behind the dam does not
justify the additional construciion effort required

(Fig. 5.3).

{a) Using a dam at this
lower-head site
increases available head
and power by 200%.

penstock 20 m

{b} Using a dam at this
higher-head site
increases head and
power by only 10%,

Fig. 5.3. Comparison of the relative increases in power
obtained by incorporating a 2 m dam ot a very-low-head
and at a higher-head site.

Providing storage

Incorporating a dam to store water and make it avail-
able when water demand for power generation outstrips
available streamflow requires careful forethought.
There are at least two occasions when such an approach
would be considered:

@ Storage would be considered when streamflow is
inadequate to meet the peak demand which occurs
during part of each day--for example, for lighting
and cooking during early evening hours. In this case,
the streamflow should be adequate to provide excess
water for storage during ofi-peak times, and the
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impoundment behind the dam should have the capa-
city to store this excess to meet peak power
demands on a daily basis.

# Storage would also be considered when there are dis-
tinct dry seasons. In this case, the volume of the
impoundment must be adequate to generate power
not only for several hours a day, but for weeks or
possibly months. Because this would require a dam
and storage reservoir of significant dimensions, stor-
age for more than several days is rarely considered
with micro-hydropower schemes.

In both cases, the required storage capacity and the
associated dam height can be derived simply from the
projected load patterns and streamflow data. Whether a
dam of reasonable size can provide sufficient storage to
meet present and future needs can then be determined.
In so doing, it must be remembered that cnly the volume
of water located above the outlet to the power scheme
is avaijable for power generation. This is called the
active storage. The dead storage, or the volume of
water located below the outlet, is clearly of no use for
power generation.

Even if a dam can provide adequate storage, its cost
might nrovide an incentive to look for a higher-head site
so that the same energy and power could be generated
from a smaller volume of water. If a dam of reasonable
size and cost cannot meet the expected needs and no
higher-head site can be found, twe options remains

# to consider a load pattern which makes more effi-
cient use of the power that can be generated without
an inordinately large dam, or

# to conclude that hydropower alone is not an option
at this site.

It should be noted that when a dam is used to create
pondage, the dam obstructs the normal flow of the
stream and the water is stored in the riverbed itself. In
countries with a pronounced difference between wet and
dry season flows, flood [lows can be significant and have
a devastating effect on any structure in the stream, In
addition, sediment and bed load would be deposited
behind the dam, reducing its elfectiveness in storing
water. Under these circumstances, it might be advisa-
ble to store water off the stream. A forebay can then
serve tpis function {Fig. 5.4).

In considering the construction of a dam for storage,
several factors must be kept in mind:

¢ Because the power which can be generated is propor-
tional to the product of net head and {low, the
higher the available head, the lower the flow
required to generate a given power. Lower required
flows reduce the required storage volume and there-
fore the dam's size and cost. In effect, the higher
the head, the more effective a given storage volume.
In addition, the smaller storage volume required for
a higher-head scheme implies potentially fewer
adverse environmental impacts.
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Fig. 5.4. An enlargad ,forebu stores water fur peak
evening loads wher streamflows alone are inadequate.

@ A dam for storage fulfills its function only insefar as
its reservoir capacity is filled with water. However,
in many areas—particularly in the jropics=--rivers and
streams cortain large silt and bed ioads which settle
as the stream slows down upun entering the veser-
voir. In these areas, the reservoir may fill rapidly
with sediment, stones, and othe:r debris, rendering it
largely inzffective. Even when a gate is included to
scour out this area, it will remove only the sediment
in the ir mediate vicinity of the gate, where suffi-
ciently kigh velocities exisi. Therefore, where
streams carry large sediment or bed loads, con-

structing a dam for storage should be carefully con-
sidered.

» The adverse social, economic, and envirgnmental
impacts of a dam for micro-hydropower schemes are
small but must be considered. Of all the components
in a hydropower scheme, a dam has the largest
potential for beneficial, as well as adverse, impacts
on the surrounding area. Although it is generally
small, a dam associated with a micro-hydropower
scheme can increase the incidence of certain dis-
eases by providing breeding grounds for disease-
carrying organisms, particularly in the tropics.
Malaria and schistosomiasis are two such debilitating
diseases. By decreasing streamflow, reducing levels
of dissolved oxygen, or changing water temperaturs,
a dam might also adversely affect the fishina
stream, which might be a source of both food and
income for a riverine population.

» If a2 dam is to be 2 major component of a micro-
hydropower scheme, its inclusion must be deter-
mined by calculations based con realistic streamflow
inforrmation. If streamflow information is not avail-
able but flow seems to be sufficient for most of the
year, a scheme might initially incorporate a simple
weir across the stream to bring the powerplant on
line with minimum delay. Then, after more data are
obtained, a decision can be made on the advisability
of replacing the weir with a dam.

Dhading, Nepal {30 W}



A micro-hydropower project with a capacity of 30 kW
under a head of 60 i is being implemented near the
village of Yandohun in the fairly remote northern
corner of Liberia. Based on occasional observations
of the stream to be used and comments by the villag-
ers, the streamflow was thought to be above the

80 1/s required to generate full power for all but two
months of the year. The only existing streamflow
data were gathered during a week at the end of the
dry season when the low flow was measured as 7 {/s.
Initial plans were to build a sizable stone-masonry
gravity dam about 40 m long and 2 m high. This was
intended to retain sufficient water to run the plant at
half power for a }2-hour period for several days at
the minimum observed flow or, equivalently, for
shorter periods over correspondingly more days.
Because of its design, the turbine could not operate
at less tham half power without modification.

When the plant was visited, work on the dam had
been underway for some time but with little progress
(Fig. 5.5). Construction proved time-consuming. The
volume of the dam was large, and the stone was
obtained by building fires on bedrock to crack it. The
stone was then broken with hammers to obtain aggre~-
gate.

It was recommended that the dam not be completed
but built only high enough to serve as a weir. The
weir could be built up at some later date if desirabie,
This recommendation had the following advantages:

¢ The plant could be operational with minimum
delay. The project was ambitious even without
the dam, and the villagers needed to begin realiz-
ing some of the benefits of their efforts as soon
as possible,

@ Streamflow observations showed that without a
dam, flow was adequate 85% of the time {10
months) to generate full power and that, for
another 5%~10% of the time, the flow would
probably be sufficlent to operate at half power all
day. Construction of the dam would orily permit

o expenae required to complete the dam.

Flg. 5.5 A composite vigw of the dam site fora 30 kW
hydropower scheme in Yandohun, Liberia. .

half power to be generated part of each day for
the remazining 5%~10% of the year. Because the
impoundment was too small to permit storage of
water from the earlier rainy season, it would still
be imposasible to guarantee water for power gen-
eration at all times. Therefore, not much would -
be gained by constructing a dam. In this case, an
effort to modify one of the two f{ixed nozzles by
reducing ita size would be more appropriate than
to construct a dam because it would permit at
least some power to be generated at all timen
with no storage.

¢ A delay in building the dam to full height would
permit the operators of the plant to determine
whether the silt and bed loads carried downstream
and caught behind the weir would present prob- -
lems should a dawn be built later. After the plant
begins operation, more flow data during the dry -
season--information needed for proper dam siz-

- ing—could be gathered.’ At the same time, the. -
villagers could decide whether having electru:!ty
for part of the day during the remainder of the -
dry season would be worth the additional time and

Diverting [low

With micro-hydropower schemes, a dam is rarely
required to increase head or store water; however, a
weir might be required to divert adequate flow into the

intake for power generation. At some locations, the lay

of the tind and natural formations within the stream
may direct sufficient water into the intake without a

weir. Simply placing a few stones across the streambed

also could achieve this purpose (Fig. 5.6),

Where the streambed is likely to erode, a weir can be
included to maintain its level near the intake. If the
streambed is composed of bedrock or streamflows are
not large enough to erode the bed, a weir for this pur-
pose may be unnecessary.

A weir is also useful where streamflows normally fill
only a portion of a wide streambed, at least during the
drier seasons, and the low flows may never reach the
intake {see Fig. 5.48). In this case, a weir should be
designed to deflect low flows toward the intake yet
permit high flows and waterborne debris to proceed
downstream unhindered. Such a design will prevent silt,
bed load, or other debris from having the adverse
impact on the life of a weir that they do on the life of a
storage reservoir formed by a dam.

Intake

An intake permits a controlled flow of water from a
river or stream into a conduit which eventually conveys
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Fig. 5.6. No permanent weir has been included at this site.
A few boulders placed across the stream will permit addi-
tional flow to enter the intake when required for power
generation.

Duber, KobTar, Fuhistab 1100 kW)

it to the turbine to generate power. Anintake is a
component of virtually every hydropower scheme. The
intake serves as a transition area between a stream
which can become a raging torrent and a flow of water
which must be controlled in both quality and quantity;
therefore, its design requires careful consideration. An
improperly designed intake may become a source aof
contipuing and frustrating maintenance and repair prob-
lems, not only with the intake but with all other major
components of a scheme. For this reason, the long~term
success of a hydropower scheme depends largely on the
design of the intake.

‘The selection of a design is complicated by the variety
of possible intake configurations ranging from simple,
excavated canals opening onto a stream to large, rein-
forced-concrete structures. They can be either sepa-
rated from, or an integral part of, a weir or dam. The
most appropriate design for a specific site is determined
by a number of factors, including:

s the quality and quantity of water required;

» the extremes in the stage of the siream;

e the topography and soil conditions of the site;

# the nature of the catchment area;

# whether a dam or weir is to be constructed at that
site;
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s the financial capital available for its construction;
and

@ the relative capital vs. labor resources avaijlable for
consiruction, operation, and maintenance of the
structure.

One of the major functions of the intake is to minimize
the amount of debris and sediment carried by the
incoming water. Trashracks (p. 162) are often placed at
the entrance to the intake to prevent the entrance of
floating debris and larger stones. Skimmers (p. 165) are
sometimes used to prevent floating debris from entering
the intake. Depending on the water guality, a settling
basin {p. 166} might alse be incorporated to remove
some of the more troublesome waterborne sediment.
Without these features, the sediment and debris ¢ould
settle along the power canal, eventually obstructing the
flow, or they could pass through the turbine, damaging
it or reducing its effective life. If a spring or other
source of clean water is used, trashracks, skiznmers, or
settling basins may not Le needed,

The intake also controls the flow of water which is
admitted under all streamflow conditions. Several types
of gates (p. 154) can be used to control this flow. Spill-
ways (p. 159) also serve as a backup to the gates by
permitiing excess water which has entered the intake
gate to overflow back into the stream. If the waterflow
is nut controlled at the intake, excess water may cause
the power canal or forebay to overflow unexpectedly,
leading to serious erosion which can undermine the
canal, forebay, penstock, or powerhouse. Although the
canal and forebay should be designed to prevent damage
from flows larger than those expected, it is still best to
minimize this possibility by incorporating spillways in
the intake structure.

Proper design of the intake is essential {or trouble-free
operation of the civil works; however, proper location of
the intake along the stream reduces the burden placed
on the intake itself (see LOCATING THE INTAKE,

p. 52). Adequate initial planning is necessary to place
the intake where it will be protected from excess water
and debris which might otherwise be funneled into it
during flood stage.

Power conduit

As used in this book, the term "power conduit” signifies
the component of a hydropower scheme used to convey
water a relatively large distance from the stream to the
inlet of the penstock, with minimum loss of head and at
minimumn cost.

A power conduit is most frequently a canal excavated in
soil, because this approach reduces cost (Fig. 5.7). Such
canals are sometimes lined or constructed with concrete
or other impervicus material to reduce seepage of water
which might eventually undermine the cznal or to per-
mit increased velocity and flow along t- e canal. They
may also be built of concrete or stone masonry (Fig. 5.8}
or of half-round wood, sheet-metal, or concrete sections
supported above the ground. Because an open canal
needs to have only enough slope to produce the required
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flow, its alignment shouid nearly coincide with a con-
tour line. Depending on the topography of the area,
portions of this conduit may be supported above the
ground (such as when it crosses ravines) or placed
underground in a pipe (such as when it crosses a road).

A pipe can serve as a low-pressure power conduit to
convey water from the intake to the beginning of the
penstock. The pipe has an advantage over the canal in
that it eliminates components such as spillways, drop
structures, aml <drainage which are usually incorporated
in the design of power canals. It also does not need to
remain level but can follow the rise and fall of the ter-
rain it traverses. On the other hamd, a pipe often must
be imported and generally costs more than a canal,
especially a simple canal excavated in earth. However,
lengths of pipe are sometimes included along sections of

the power conduit where a canal is not possible
{Fig. 5.9).

With larger schemes, power conduits may take the form
of tunnels; over rocky terrain, few other alternatives

may exist. Among .he several advantages they possess,
tunnels cant

s make a more direct route possible;

e protect the conduit from landslides, heavy runoff,
and debris; and

e avoid interference with surface features such as
roads, gardens, or houses.

Duber, Kohisten, Pakistan {100 kW)

Fig. 5.8. A stone-masonry power canal.

However, tunnels must usually be large enocugh to
accommodate men and equipment necessary for the tun-
neling operations and therefore are too large for the
flows used by most micro-hydropower schemes. With
tunnel boring machines, it is impractical to drill a tun-
nel much smaller than 2.5 m in diameter. In Nepal, a
local company uses compressors and jackhammers to
construct tunnels as small as 1.50 x 1.75 m,

Although tunnels are rarely included within micro-
hydropower schemes to convey water a significant dis-
tance, short tunnels may prove useful along power
canals where a rock outcropping must be crossed. These
can be seen alung traditional irrigation canals in coun-
tries such as Nepal.

. - L

Fig. 5.9. Pipes are used to conneci two sections of a canal
where a steep, unstable section had to be traversed, Three
tengths were used because a single pipe of the necessary
diameter was not available.
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Unlike most of the other components, the power conduit
is not an essential part of every hydropower scheme.
Where the drop in elevation is concentrated near the
powerhouse and there is a significant horizonal distance
between the intake on the stream wund this drop, a power
conduit is used to reduce the cost of the civil works.
Rather than using a costly penstock pipe for the entire
distance, a power conduit conveys the water from the
intake to a point as close to above the powerhouse as
possible. The design objective is to make the penstock
as steep as possible to reduce the diameter and length—
and therefore the cost—of the required penstock pipe.
The cost o1 the conduit itself must then be added, but
the conduit frequently can be constructed at a fraction
of the cost of a penstock, especially if local materials
rather than imported steel, concrete, or plastic pipe can
be used.

To illustrate this point, consider a scheme that extends
approximately 1 km, a distance not uncommon for a
micro-hydropower scheme. Assume that this site, with
a gross head of 30 m, requires about 300 t/s to generate
50 kW (Fig. 5.10}. One option is to convey the water
through a penstock from the intake to the turbine, This
would require 1000 m of 600 mm-diameter pipe. How-
ever, if there were a rapid drop near the powerhouse
which would require only 100 m of pipe to obtain approx-
imately the same head, a second option would be to
convey the water 1 km from the stream to the inlet of
that penstock pipe with as small a head loss as possible.

This is where a power canduit, perhaps in the form of a
canal, can play a role. With a drop of only 1 m over its
1 km length from the intake to the penstock, the
required flow can bg conveyed with a canal cross-sec-
tion of about 0.2 m®, Then, only a 100 m length of

400 mm penstock pipe would be required to convey this
flow from the end of the canal to the turbine.

In summary, the first option requires 1060 m of 600 mm
penstock, whereas the second option requires 100 m of
400 mm penstock and the excavation of 1000 m of canal.
For a clearer itnpression of the cost implications,
assume that 400 mm steel pipe costs $60/m and

600 mm pipe costs $140/m. The costs for each option
would be:

e first option--$140,000 for the penstock plus the cost
of excavating a trench for the 1000 m penstock if
required;

e second option—$46000 for the penstock plus the cost
of excavating a 1600 m canal and a trench for the
100 m penstock if required.

Assume further that the cost of the turbo-generating
equipment for this 50 kW plant is $800/kW or a total of
$40,000. The long penstock in the firat option would add
$140,000, making it the major cost component of the
project. The price of the penstock proposed in the sec-
ond option, however, would contribute only marginally
to the cost of the project.

In the second option, the cost of the canal itself must be
considered. If the the canal is constructed as a self-
help project, only the cost of materials for any lining
deemed necessary or for a section of the canal which
requires special attention, such as a supported gection,
would be incurred. If camal construction requires con-
tract labor or heavy equipment or if the terrain is diffi-
cult, larger costs could result, perhaps making the first
option more appropriate.

Although a power canal can considerably reduce costs,
the existence of a significant horizontal distance
between an intake on the stream and the powerhouse is
not sufficient reason to include a power canal or other
form of power conduit in the design of a hydeopower
scheme. It is always necessary to compare the costs of
these two options--a long penstock vs. a conduit and
short penstock—and to consider the nature of the ter~
rain and the potential construction and maintenance
problems associated with each option.

The principal disadvantage of incorporating a power
canal when the topography is suitable is that, unlike a
penstock, a canal is usually open. Because it is more
exposed to the elements, it requires more upkeep. Fall~
ing trees or landslides might obstruct the flow, exces-
sive runoff uphill of the canal might cause sections to
wash away, or sediment in the incoming water might
settle out along the canal. Although properly designing
a scheme can prevent many such problems, a penstock
pipe is less susceptible than a canal to these problems.

I 1 km

W m

Fig. 5.10, These two approaches to deveioping the same site can lead to considerable differences in cost.
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As mentioned, a low-pressure pipe can also serve as a
power conduit. This avoids some of the disadvantages
of using an open canal. By using a low-pressure conduit,
especially at medium- and high-head sites, a less costly
pipe can be used because a pipe wall thinner than that
used for the pressure penstock is necessary. A low-
pressure conduit generally will cost more than an earth
canal.

Because power canals are the most commonly used form
of power conduit, Power conduits (p. 96) deals primarily
with their design and construction; however, some
information on the use of pipes as power conduits is also
included.

Depending on the length, slope, and dimensions of the
power canal, spillways (p. 159} might be incorporated at
appropriate intervals, When they are used, provisions
must be made to ensure that any overflow leaving via
the spillways will not undermine the canal or other
components. Spillways are necessary if there is any
chance that a canal might overflow if excess water
enters the canal, although proper design of the intake
should minimize this possihility, Spillways are also
necessary if dirt from landslides or other debris entering
a canal could restrict the flow, causing water to back up
until the canal overflows,

If a canal is buiit on a hillside where runoff along with
debris and sediment can enter the canal, provision may
have to be made for proper drainage (p. 108) around the
canal. If significant runoff can still enter a canal, a

Rugil, W.H.P., Papua He® Guinea (2557

Fig. 5.11. A sheet-metal flume supported by ¢ trestle con-
structed of angle iron.

forebay of sufficient size will be needed to serve as a
settling area before the water enters the penstock.

When the power canal must cross difficult terrain or an
obstruction such as a ravine, streambed, topographical

depression, or road, any one of several approaches might
be adopted:

@ The slope of the canal can be maintained and the
canal supported above this obstruction in a flume
{p. 112) constructed of wood, steel, or concrete
(Fig. 5.11).

e The slope of the canal can be maintained, with a
structure to reroute that obstruction over the canal
(Fig. 5.12) which would then flow in a culvert
{p. 116).

ravine which collects considerable runoff during the mon-
soon. Two wallg visible above the culvert keep this flow
within its banks,

® Ap inverted siphon (p. 115! can be used to lead the
flow under the obstruction (Fig. 5.13). Thisis a
closed conduit which permits the water in the canal
to drop in elevaticn until it passes the obstruction
and then to rise again on the other side. Under cer-
tain circumstances, this might be the only option.
If 50, it must be designed carefully because sediment
can accumulate in the siphon and obstruct the flow.
Adequate provision should be made at the design
stage to permit removal of this sediment.

Although a power canal is usually designed to minimize
head loss, drops along its length might sometimes be
necessary to avoid obstacles in the terrain. The energy
gained by the falling water must be dissipated in a con-
trolled manner; otherwise, it might erode part of the
canal. Properly designed drop structures (p. 110) are
used for this purpose {Fig. 5.14).

When a power conduit runs near a stream, it is neces-
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Fig. 5.13. An inverted siphon conveys water across the
main Kathmandu-Pokhara road in Nepal to irrigate fields
and power a traditional water mill.

sary to ehsure that the stream cannot undermine this
conduit (Figs. 5.15 and 5.200). It is also important to be
aware of springs which may either undermine power
conduits or cause landslides above them (see Fig. 5.30}.

Forebay

The forebay is a basin located just before the entrance
to the penstock. Possible designs range from a simple
excavated zreq or pond to a structure of reinforced
concrete. Its size may vary depending on the quality of
the water being conveyed to the penstock and whether

—

Fig. 5.14. @'wo stone-rmasonry drops along a power canal.
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Fig. 5.15. Gabions are used to protect the foundation of a
canal conveying water for power generation and irrigation.

it is to serve for storage. In some cases, it is virtually
nonexistent. To be most cost-effective, the forebay
oust be of a size adequate to fulfill its function, neither
significantly larger nor smaller.

The forebay can serve several purposes:

# It can serve as a final settling basin where any
waterborne debris which either passed through the
intake or was swept into the canal can be removed
before the water passes on to the turbine. In this
case, the forebay must be large enough to reduce
flow velocities sufficiently for settling to occur (see
Settling basing, p. 166) and to accommodate the sed-
iment which accumulates between cleanings.

e The [orebay can also provide storage. Because a
significant volume of stored water would be required
to supply a turbine for several hours each day, water
is more frequently stored behind a dam in the
streambed itself. However, if the topography, geo-
logy, or land-use in an area makes storage within the
streambed difficult, a forebay might have to serve
that purpose. Storage in the streambed requires a
dam of sufficient height, On the other hand, forebay
storage usually requires excavation of a significant
volume of ground which then has to be sealed to pre-
vent water seepage which can undermine the struc-
ture. A forebay serving as storage contains a large
volume of water and is usually located just above the
powerhouse, at the top of a steep drop; therefore, it
must be carefully designed and constructed.

However, a forebay generally provides only enough
storage to cope with water demands created by a
sudden increase in loading on the turbine. This is a
transient condition because, after flow in the power
canal has re-established itself, it should convey the
increased flow necessary to continue meeting the
turbine's increased demand. Where streamflow is
sufficient, it might be more appropriate to permit
the maxirum flow that might be required by the
turbine into the forebay and to allow flows not




required by the turbine at times of reduced load to
leave by the spillway. Where a load-controlling
device is used with the turbine (see Load controller,
p. 204}, penstock flow remains constant, thus elimi-
nating the need for slorage to compensate for tran-
sient flow variations.

Several important components are usually included in
the forebay. These include a spillway, a scouring gate,
a gate to the penstock, a trashrack, and possibly a vent.

On oc¢casion, the flow entering the forebay may exceed
the flow leaving via the penstock, such as when a gate
at the intake has been set improperly, when the valve to
the turbine has been closed, or during heavy rains when
excess flows enter the canal from the stream or from
runoff uphill of the canal. For this reason, it is advisa-
ble to include a spillway (p. 159 in one wall of the fore-
bay. The water passing over the spillway must be
diverted properly to prevent erosion that might under-
mine the forebay, penstock, or powerhouse {Fig. 5.16).
The dimensions and slope of a spillway canal must be
adequate to convey safely the maximum flow which
might ever enter the forebay. A natural rock ravine
might serve that purpose. If a gate is located at the
entrance to the forebay to prevent water from entering
during its repair or cleaning out, the canal wall just
before this gate must also incorporate a spillway large
enough to permit any water descending the canal to be
diverted safely.

[ 4. iy,

into the tailrace canal, Stones embedded in the concrete
chute dissipate the energy of the descending waler,

Ftg. 5.16. Excess water {s led around ihe powerhouse back

Incoming water can carry sizable quantities of floating
debris. A trashrack (p. 162} is often included at the
inlet to the penstock to prevent this debris from enter-
ing the penstock and turbine. Skimmers (p. 165) are also
used occasionally (Fig. 5.17). If excess water is suffi~
cient, the spillway can be located to remove most of the
floating debris automatically.

A gate or valve (p. 154) should be incorporated to drain
the forebay so that any sediment which has entered and
settled can be removed easily. Draining is also required
when the forebay is being repaired. The flow through
the drain can be led away in the same canal that
removes the overflow from the spillway(s) at the fore-
bay. When the penstock must be emptied for repairs, a
valve might be incorporated at the beginning of the pen-
stock. However, because such a valve would be the
same size as the penstock, it can be costly. In addition,
it would only be used infrequently. A less costly
approach is to ensure no water enters the forebay, by
closing a gate either at the intake to the scheme or just
before the forebay {if a spillway is located just
upstream of that gate). To ensure that water which
might unexpectedly enter the forebay does not cause
erosion along the penstock under repair or flood the
powerhouse, a gate is often placed just before the inlet
to the penstock. This gate is usually a stoplog because
it is used infrequently and is inexpensive.

North McRIpsmso, ¥ T, IS, 3230 kW

Fig. 5.17. Although the trashrack is oriented upstream, a
wooden pole secured to the walls serves as a skammer, [t
prevents same of the floating debris from getting caught
up in the trashrack and, being inclined to the flow, encour-
ages the stream gradually to sweep this debris down-
stream.
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As is described in Penstock; an air vent {p. 76) is often
used as a safety precaution against collapse of the pen-
stock pipe. One design option would be to incorporate
this pipe in the wall of the forebay just below the inlet
to the penstock (see Fig. 5.109).

If a second penstock and turbine may be added at some
later date, its installation would be facilitated by incor-
porating a wooden plug in the concrete forebay wall,
possibly with a steel plate on the inside to give the
required strength., When the second penstock is to be
installed, piercing the forebay wall will prove much
easier.

Penstock

The penstock is « pipe that conveys water, under pres-
sure, to the turbine. Except for some schemes with
very low head--such as open-flume Francis and propeller
turbines, in-stream turbines, and traditional water-
wheels--it is an essential part of any micro-hydropower
plant.

A penstock pipe can be installed either above or below
ground. Flexible, small-diameter penstocks used for
plants with very low outputs are sometimes draped over
the terrain down the hiilside; however, larger-diameter
penstocks installed above the ground must be secured
properly to prevent movement which could damage the
pipe. Although this increases the cost of penstock con-
struction and maintenance, the alternative—excavation
for a buried pipe--might be no less costly. The installa-
tion of a penstock above ground increases its exposure
to the elements, but its accessibility also facilitates
inspection, maintenance, or repairs. Burying a penstock
may involve considerable time and expense, but it pro-
tects the pipe from the elements and from landslides,
falling rocks, brush fires, and tampering. In addition,
the compacted seil firmly secures the penstock, provid-
ing adequate anchorage for most small-diameter pipes.

A penstock above ground is subject to greater tempera-
ture variations. If the turbine is not functioning contin-
uously, these temperature variations can be pronounced,
because the moderating effect of flowing water with
fairly constant temperature is not felt. Variations in
temperature result in thermal expansion, which in turn
causes stresses in the pipe. Thermal expansion and con-
traction are greatest for a penstock which is likely to
remain empty during construction or repair, and provi-
sion must be made to accommodate these; either the
pipe must be designed to have sufficient structural
rigidity with the help of anchors and supports or expan-
sion jeints (p. 136} should be incorporated. These joints
also help protect the pipe against earth tremors and are
sometimes used to accommodate a slight misalignment
of two pipe secucns,

For above-ground steel penstocks, a common type of
expansion joint consists of two concentric portions of
the penstock which permit relative motion with respect
to each other, with a gland to prevent leakage between
them (Fig. 5.18). Polyvinyl chloride (PVC) pipe is com-
monly buried, eliminating the need for expansion joints.
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Fig. 5.18. An expansion joint aclong a penstock, Aithough
this plant was not yet operationai, leaking had already
caused potentially troublesome erosion.

However, joints for PYC pressure pipe are often fitted
with gaskets which permit some relative motion
between adjacent sections. Although thermal expansion
might be insignificant for buried pipe, ihe joints protect
the pipe from vibration and earth movement and permit
it to settle somewhat under loads. Cement pipes are
also available with such joints. Long lengths of poly-
ethylene pipe coupled by rigid joints are sometimes laid
above ground, but this pipe is flexible and can accom-
modate changes in length caused by thermal expansion.

Rigid penstock pipes frequently require support piers,
anchors, or thrustblocks to resist forces which can dis-
place the pipe. Supports piers (p. 138} are used along
straight runs of exposed pipe, primarily to prevent the
pipe from sagging and becoming overstressed. They
might also have to resist the longitudinal forces result-
ing from temperature-induced movement of the pipe
over the support. The pipe usually lies in a saddleon a
reinforced-concrete support pier and should be free to
maove longitudinally, to accommodate small pipe move-
ments without abrading or cutting the pipe material
(Fig. 5.19}. The spacing of the support piers is deter-
mined by the maximum unsupported span associated
with the specific penstock pipe material and size. For
buried pipe, the bed of soil on which it lies supports it,
and separate supports are not generally required.

Significant forces can be concentrated at bends along a
rigid, exposed penstock. These bends can be in a verti-
cal or horizontal plane or a cormbination of both. The
largest force is usually caused by the hydrostatic pres-
sure within the pipe--the pressure of water which tends
to cause the penstock to crawl or the jeints to separate.
Depending on the alignment and design of the penstock,
other forces also contribute to a varying extent, such as
those caused by thermal expansion of the pipe, the
weight of the upstream portion of pipe pushing downhill
against the bend, and reductions in pipe diameter.
Anchors {p. 140} are incorporated at bends in the pen-
stock either to provide the weight necessary to counter-
act the resultant of all these forces or simply to trans-
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Fig. 5.19. Metal straps are used to secure the penstock to
a support.

mit it safely to the ground (Fig. 5.20). Even along a
straight section of pipe down a steep slope, anchors may
be required at intervals to prevent the pipe from sliding
downhill because of its weight. Unlike support piers,
the anchor holds the pipe secureiy. An anchor block is
usually constructed of concrete and held together and
around the pipe with hoop reinforcement. A collaris
sometimes affixed to the pipe to allow it to be keyed
tirmly into the mass of concrete.

When the pipe is buried, properly compacted backfill
generally serves the same function as anchors and sup-
purt piers used with exposed pipe. Unless the penstock
descends a steep slope, friction between the pipe and
soil provides sufficient force to counteract the weight
of the pipe pulling it downhill. Also, forces caused by
thermally induced stresses are small because the pipe is
shielded from large temperature variations. The one

Fig. 5.2, An anchor at a bend and bifurcation at the base

of the penstock.

force which may have to be held in check arises from
hydrostatic pressures acting at bends along the pen-
stock; with an exposed pipe, this is also one of the prin-
cipal forces an anchor must resist., For pipes with
welded or mechanically joined sections, soil reaction
forces may be adequate to prevent movement of the
pipe. For loosely coupled pipe, such as PVC pipe with
push-together joints where an elastometric ring that fits
in a groove of a pipe section's'bell end provides a water-
tight seal, anchoring may be necessary, If a hend is
concave downward so that the thrust acting at the bend
acts upward, an anchor is used to counter this force by
means of its weight. Where the pipe is laid in a teench
and bends are either in a horizontal plane or concave
upward, thrustblocks (p. 144} are used to transfer the
thrust to the undisturbed soil. These do not rely on
their mass to provide the necessary restraining furce,

Gates or valves (p. 154) can be incorporated at either
end of the penstock to control the flow of water. A
turbine isolation valve is oftern included at the bottom
of the penstock. It is used to turn the flow to the tur-
bine on or off and is generally not used to regulate it. A
valve supplied as part of the turbine generally provides
this regulation, if required. Even though this latter
valve can also turn the flow to the turbine on or off, a
shutoff valve is often included to perform this function
it the turbine or the flow-regulating valve needs repair.
A lower-cost, although possibly less convenient, option
to stop the flow of water down the penstock is to avoid
this shutoff vailve and simply to open a gate at the fore-
bay to drain it and prevent water from entering the pen-
stock. The water remaining in the penstock can be
drained through the turbine before repairs are ander-
taken. Another option would be to close a stoplog gate
located at the inlet to the penstock as part of the fore-
bay (see Forebay, p- 72). Rather than a stoplog gate, a
butterfly or gate valve is sometimes incorporated at the
beginning of the penstock pipe itseif. In this case, an
air vent (p. 76) must be incorporated to permit the
water in the penstock to drain without potential damape
to the pipe. However, since the pipe diameter is proba-
bly reduced just before entering the turbine, a valve at
the beginning of a penstock would probably be larger
and costlier than one located just before the turbine,
Therefore, if a valve rather than a gate is used, it is
usually placed just before the turbine,

In the operation of a hydropower plant, the flow velo-
city in a penstock can change suddenly when the plant
operator or mechanical governor rapidly closes the
shutoff or flow-regulation valve located just before the
turbine. This sudden closure can create momentary
pressure peaks or water hammer in the penstock which
could damage the pipe. This pressure rise is determined
by the rate of valve closure, the initial velocity of flow
in the penstock, and the elastic properties and physical
dimensions of the pipe (see APPENDIX ¥, p. 274},

One way of protecting against damage caused by water
hammer is to ensure that the penstock is thick enough
to accommodate these higher transient pressures. This
is the common approach used in the design micro-hydro-
power schemes. Water hammer pressures can also be
reduced by increasing the area of the penstock, which
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decreases the velocity of the water descending the pipe.
If the penstock is unusually long, however, either of
these approaches may increase the cost of the penstock
pipe considerably. To reduce cost, a design for a hydro-
power scheme which minimizes penstock length—-possi-
bly using a power canal to convey the water most of the
horizontal distance from the intake to the powerhouse—
should be sought, Pressures can also be reduced by
designing the system to prevent rapid closure of any
valves preceding the turbine.

With large hydropower schemes, long power tunnels or
penstocks are often necessary and the preceding options
are not practical. In these cases, a surge tank can be
used to protect the low-pressure conduit section above
the tank from high internal pressures caused by rapid
valve closure., This tank is a storage reservoir placed
along the pipeline as close to the powerhouse as possible
to relieve the pressure peaks rising up the penstock
before they continue through the upper portion of the
conduit. The surge tank therefore reduces upstream
pressure fluctuations and permits the use of lower-cost,
low-pressure conduit. Nevertheless, the penstock sec-
tion between the surge tank and turbine still has to be
designed to resist high transient pressures. Because
surge tanks are rarely used at micro-hydropower instal-
lations, this publication does not cover their theory and
dasi;; .

When the pipe section between the surge tank or inlet to
the penstock and the turbine is long and pressure rise
caused by rapid closure of the shutoff valve can be too
large, a pressure relief valve can be instailed imme-
diately above the shutoff valve. With micro-hydropower
schemes, the relief valve is often activated by the high
pressure peak and permits the water in the penstock to
continue flowing by bypassing the turbine and shutoff
valve, usuaily discharging it into the air.

At times, air has to be permitted to enter or leave the
penstock at specific points along its length. This might
be necessary at three points along a penstock: near the
inlet, at intermediate high points along a penstock, and
between a gently sloping section and a steep drop to the
powerhouse.

¢ If a trash pile-up or a valve closure can significantly
restrict or seal the inlet to the penstock, a means of
letting air into the penstock just below the inlet
must be included; otherwise, as the penstock emp-
ties, the pressure within will fall below atmospheric
and the pipe may collapse. To prevent this possibil-
ity, a simple air vent--a pipe section open to the
atmosphere (Fig. 5.21)--is located at the upper end
of the penstock, possibly in the forebay wall itself.
If & scheme has been designed with no valve or gate
at the inlet, as small schemes often are, 2nd so that
a clogged trashrack cannot completely seal the inlet,
inlet, no air vent is needed,

Including a valve at the iniet does not necessarily
require a vent, because proper plant operation can
avoid low penstock pressures. However, a novice
operator may think that closing such a valve (possi-
bly in an emergency) can shut down the plant safely;
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Fig. 5.21. An air vent is incorporated at the upper end of
the penstock to prevent possible collapse of the pipe if the
intake value is closed during the plant's operation,

with anything but low-head schemes, this is not the
case unless the penstock includes an air vent. Or the
operator simply may forget that the inlet valve has
been closed and open the turbine isolation valve at
the lower end of the penstock to start the turbine.
This could also cause the pipe to collapse if the pen-
stock is full. For these reasons, if a valve has been
included at the inlet to the penstock, it is advisable
to incorporate an air vent just downstream.

If a valve is included at the ialet {o the penstock, it
may be necessary to fill the penstock to equalize
pressures across this valve before it physically can
be opened. This is done by allowing flow into the
penstock through a small bypass valve. An air vent
is then necessary just downstream of the valve to
permit air trapped there to escape during the filling
cperation.

# If the penstock has intermediate high points along its
length, any air inside accumulates at these points,
restricting flow through the penstock. An air-
release valve must therefore be included at each
peak to remove this air. Even if no air enters the
penstock during normal cperation, such a valve is
required at these points to release air while the pen-
stock is being filled. This may be an intricate valve,
shown figuratively in Fig. 5.22. As air which gathers
at the peak of the pipe enters the valve chamber,
the float descends, opening the valve and automati-
cally releasing the air. The ensuing rise in water
level closes the valve again. A small, manually
operated gate valve or faucet also can be used.
Although it is more costly, a proper air-release valve
can also serve as an air vent or air-inlet valve to
admit air into the penstock autematically when it is
being emptied.

@ If a gently sloping portion of the penstock is fol-
lowed by a steep drop to the powerhouse, an air-inlet
or air~admission valve may be required at the bend.
If the flow into the turbine increases rapidly, water
in the steeper portion of the penstock may acceler-
ate faster than water in the upper part. This can
cause the column of water in the penstock to sepa-
rate at the change in grade, subjecting this part of
the pipe to a pressure low enough to collapse it. An
air-inlet valve allows air in to relieve this transient
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chamber

Fig. 5.22. A figurative depiction of an air-release valve at
a high point along a penstocik.

effect but prevents water from escaping. It is sim-
ply a check valve set on top of the pipe, normally
held shut by the penstock pressure aided by a light
spring. Even when a penstock includes a gradually
sloping section followed by o steep drap, this valve
can be omitted provided the system design prevents
turbine flow from increasing suddenly.

To function properly, an air-inlet valve or vent must be
adequately sized. If the opening is too small, air will
enter too slowly and decreasing pressure within the pen-
stock may still cause the pipe to collapse. {See Air
valves, p. 147, to determine the appropriate size for this
opening.)

If a penstock crosses undulating terrain, a blowoff
should be installed at each low point along its length to
drain the penstock or to remove any sediment which has
accumulated at these depressions. A blowoff usually
consists of a short pipe connected beneath the penstock
at these low points. This pipe is generally fitted with a
gate valve and is long enough to lead the water away
from the penstock. Sometimes a valve is also placed
just uphill of the turbine isolation valve for the same
purpose.

Access ports also may be incorporated at the end of a
penstock so that any large objects which have unexpect-
edly entered the penstock can be removed by hand with-
out removing the turbine or nozzle. At times, a bifur-
cation or "Y" is placed just before the turbine, with an
access port at the end of the lower branch of the "Y".

Powerhouse

The powerhouse protects the turbine, generator, and
other electrical and mechanical equipment. Its size and
configuration depend on the functions it serves. Con-
ventionally, it is large enough to include not only this
equipment but also a workshop, office, and sanitary

facilities. This is not generally the case for micro-
hydroelectric schemes, except for those built by institu-
tions in the habit of designing and implementing larger
schemes (Fig. 5.23). If praject size and cost are to be
minimized, a powerhouse should be sized to house only
the turbo-generating equipment, with sufficient space
on all sides to permit easy access for installation, oper-
ation, maintenance, and repair. The only exception is a
plant designed {0 accommodate mechanically driven
agro-pronessing equipment or other machinery. In this
case, additional space is required for the equipment
operators and customers bringing their crops to be pro-
cessed.

r Rohistan, Pakistan {100 W)

Fig, 5.23. This powerhouse, which is expected to include a
second 50 kW turbo-generating unit in the left fereground,
is significantly oversized for the functiorn it serves,

With small micro~hydroelectric powerplants, it is also
possible simply to cover the generator and other compo-
nents sensitive to the elements (Fig. 5.24). Although
this "powerhouse” costs virtually nothing, this design
makes it difficult to repair the equipment during incle-
ment weather. If a unit is properly designed, hiowever,

Lowesville, VA, U.S.A. 16 AW

Fig. 5.24. At this site which has been in operation since
1975, a simple metal box hinged on one side and a belt
guard protect the turbo-generating equipment from the
elements, See Fig. 6.9 for a view of the unit with the
cover removed.
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access to the turbo-generating equipment is not fre-
quentiy required.

With some low-head axial-flow turbines in the bulb con~
figuration, both the turbine and generator are located in
the water passageway {see Fig. 6.12b}; only cables car-
rying the power emerge. In this case, neither power-
house nor simple cover is required. Any switchgear near
the turbo-generating equipment can be placed in a small
weatherproof enclosure.

The location of the powerhouse is as important as is its

design. For a discussion of this subject, see LOCATING
THE POWERHOUSE (p. 56).

Tailrace

The tailrace is usually a short, open canal which leads
the water from the powerhouse back into a stream—
generally the stream from which the water came

(Fig. 5.25). It is a component of every scheme except
low-head plants where the water emerges from a draft
tube directly into the stream.

LW

Syanga, Nepai -8

Fig. 5.25. This taflrace will carry water from the power-
house back to the stream. The shorl penstock can be seen
behind the powerhouse (also see Fig. 5.121).

Liike a power canal, a tailrace is also a canal, but much
more eflort is spent nn the design and construction of
the former. Power canals are usually long and must
traverse sloping hillsides and ravines while keeping head
logses to a minimum, maintaining water quality, and
guarding against excess water. A tailrace, on the other
hand, is usually very short and located near a stream.
Often it is simply a ditch which is designed te ensure
that erosion will not undermine the powerhouse. If a
taiirace is long and/or a plant is operating under a low
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head, more care is necessary beczuse head losses can be
rmore significant. Flow in a tailrace canal is governed
by the same law governing flow in power canals {see
Determining canal dimensions and slope, p. 96).

DESIGN AND CONSTRUCTION DETAILS

Dams and weirs

This section emphasizes weirs, because a majority of
micro-hydropower schemes in developing countries only
need water to be diverted into the intake. However,
because there iz sometimes also a need for water stor-

age or for increasing head, several types of dams are
also reviewed.

Where water resources are adequate, the simplest

and least costly diversion structure is a weir of loose
boulders extending acrcss part or all of the stream

(Fig. 5.26). This is clearly a temporary structure, but
that is one of iis virtues. Large flows, common in the
tropics, sweep the structure away, permitting boulders,
tree trunks and branches, sediment, and other debris to
pass the intake unhindered. There is no structure in the
stream which restrains debris and sediment and has to
be cleared out manually after the flows have subsided.
And a weir is not needed during periods of high flows,
because the level of the stream is already sufficient for
adequate water to enter the intake. The only disadvan-
tage of this approach is that it requires a manual effort
to rebuild the weir when flows recede. This is a minor
effort, however, and many developing countries have no
shortage of labor. Such temporary weirs are found in all
countries where irrigation has been practiced tradition-
ally and are used at virtually all of the hundreds of
modern micro-hydropower plants in Nepal and Pakistan.

It is interesting 10 note that conventional designs for
small-hydropower plants often include a "permanent”
weir across a stream. Not infrequently, however, these
are eventually damaged or destroyed and, in the end, a
temporary weir of loose boulders is still commonly
adopted as a permanent solution (Fig. 5.27). Use of a
temporary diversion weir is not limited to smail

e - -

Fig. 5.26. A simple weir of loose stones diverts water toa

smali turbine-driven mill.




oa, Peru (320 kW)

Fig. 5.27, Though the weir was ruptured by flood flows and
has never been rebuilt, the plant run by Electroperu con-

tinues to operate using flows diverted into the intake by
means of a temporary weir of boulders slightly upstream.

schemes; Fig. 5.28 illustraies its use at a 1000 kW plant
to divert dry-season flows toward a side intake. The
dam was incorporated solely to increase available head
by several meters, It neither permits storage of water
nur ensures that adequate water is diverted for power
generation. A temporary weir serves this latter pur-
pose.

Where a streambed is likely to lower over time, leaving
the intake high and dry, the previous approach has been
modified to include a permanent sill across the stream~
bed (Fig. 5.29). At some sites {Fig, 5.30), a sill con-
structed of box gabions and mattresses--stone-filled,
wire baskets—is used to stabilize the area around the
intake. At others, gabions are keyed into the streambed
and overlaid with reinforced concrete (Fig, 5.31). In
addition to these permanent sills, a simple weir of loose

Fig. 5.28. A temporary diversion weir across the stream is
used to divert water toward an underground intake at the
left. This dam is used only to increase head; it does not
form a reservoir to store water.

intake to
power canal

Fig. 5.29. A weir used for diversion purposes,

stones is frequently cunstructed across the stream near
the crest of the sill to divert flow toward the intake
dwring low flows.

The sill in Fig. 5.32 is a variation of the concrete sill
just mentioned and was desigred to overcome the need
to build a temporary stone weir during low-flow periods.

Dhading, Nepal (10 kWi

I e . AL EET e el R
Fig. 5.30. Box gabions and mattresses serve as a sill across
the stream. A small wall of stones near the crest diverts
the low flows found in the dry season. The covered partion
of canal and masonry retaining wall were built as an after-
thought, after a spring just uphill of this area caused a
small landsiide over the canal,
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Fig. 5.31. At tms s:te, gabions covered with a layer of
concrete reinforced with a luyer of heavy-duty mesh
generally used for fencing stabilize the streambed near the
intake located off to the left (3ee Fig. 5.47}.

At this site, the portion of the concrete sill away from

the intake is slightly raised to divert low flows toward

the intake. During the rainy season, large streamflows
aoverflow the entire width of the sill, permitting debris

to pass unhindered. The raised portion is low enough to
have minimal restraining effect on flood flows.

Unlike the previously described weirs, conveniionally
implemented diversion weirs are often designed as per-
manent structures, usually of concrete or stone masonry
(Fig. 5.33), with a crest a meter or mera above the
riverbed. Even though the water surface is higher
behind this structure, there is negligible storage. Its
primary function is to create an adequate depth of
water at the intake to ensure adequate submergence of
the penstock pipe or adequate depth in the canal so that
it can carry its design flow. Such structures are consi-
derably more costly than the weirs described previously.

To achieve its purpose, a permanent weir generatly does
not need to be placed exactly at the intake location as
is shown in Fig. 5.34. In this case, a weir slightly down-

Fig. 5.32. The bedrock por-twn of this stream was covered
with a concrete sill slightiy raised at the right to divert
low flows toward the intake at the left (see Fig. 5.47)
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stream, perpendicular to its present orientation but still
at the head of the rapids, would have required a much
shorter weir, avoided 2 major problem which was

encounterad, and functioned as well feaa Gihata
ERco =]

MEIRTL Ty AU UL IV 21 Yo

(Burundi}, p. 59).

There is usually no need to construct a weir obliquely
across the stream [Fig. 5.35). This merely increases the
structure's length and cost and is likely to funnel bed
load directly in front of, or into, the intake.

If a weir is constructed to raise water level slightly, it
will also collaect bed load and other debris carried down-
stream. Sowme means must be incorporated to remove
the sediment, bed load, and debris which accumulate in
front of the intake. For this purpose, a sliding gate (see
Gates and valves, p. 154) is usually located at the end of
the weir near the intake (see Figs. 5.57b and 5.59).
Opening the gate should permit sufficiently high veloci-
ties near the intake to sweep away most of the
unwanted debris. Unless manually removed, sediment
behind the rest of the weir wil! remain because veloci-
ties there are too low to scour it out. However, this has
no adverse impact on the operation of a weir, as it
would on a dam used for storage.

Burund) 190 W}

Nam Dang, Thailand (130 kW}

Fig. 5.33. Examples of concrete and stone-masonry weirs.
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Fig. 5.34. After construction of the weir was started from
the right bank, streamflow began eroding the left bank at
the oxbow, As a result, a right angle bend in the weir was
subsequently incorporated to reach the firmer rock founda-
tion on the left bank slightly downstream (also see

Fig. 4.24)

To ensure that velocities are high enough for effective
scouring in front of the intake area, frequently a wall is
constricted perpendicular to the weir near the intake
end, with a sliding gate located between this wall and
the intake area as is shown in Fig. 5.56. This is also
illustrated in Fig, 5.51 where it can be seen that, even
with this design, only the accumulated sediment in the
immediate vicinity of the intake has been removed.
Fig. 5.28 is a broader view of this same area.

At times, the crest of the weir is constructed lower
near the intake end of the weir (Fig. 5.59). If the intake
trashrack were located partially above water level, any
excess water overflowing the weir would carry away

T

Fig. 5.35. Although this scheme had been shut down for
repairs on the penstock, it is apparent thai, by crossing the
strearn obliquely, the weir has caused the stream to trans-
port and drop bed load end sediment directly in front of
the intake.

Boone, NC, U.5.A. (1T kW!

debris which would otherwise accumulate in front of
this trashrack. If the trashrack were exposed and the
crest were lower at the end away from the intake,
debris would tend to accumulate in front of the intake
trashrack, requiring more frequent cleaning. This is not
critical in the case illustrated, because the entire trash-
rack is below water level.

Anocther approach which permits slightly raising the
water level behind a weir, for storage or to ensure ade-
quate depth of water at the intake, is to incorporate
flashboards along the crest (Fig. 5.36). In their simplest
form, these consist of one or more tiers of boards sup-

Fig. 5.36. Flashboards used along the crest of a concrete
dam.

ported by vertical pins embedded in sockets in the spill-
way crest (Fig. 5.37). To prevent the boards from fall-
ing over if the water level behind them drops too low,
they are loosely fastened to the pins by wire. Com-
monly. solid steel rods or pipes are used as pins. Sock-
ets are usually pipe sections set vertically in the con-

. _-wooden plank

| pipe socket}) streambed

crest of weir

Nortks Momtpetier, VT, U.S.A- 1255 k)

Fig. 5.37. Cross~sectional view of a weir with flashboards.

Civil works 81




crete crest of the weir (or spillway) and sized so that
the pins fit in loosely. Occasionally sprinkling ashes
behind the flashboards can prevent leakage around
them. If the boards are removed before times of high
flows, any accumulated sediment can be swept down-
stream.

If flashboards are located where they have to be
removed during flood flows so that high water levels do
not cause damage at the intake or elsewhere, either
they must be manually removed at the onset of heavy
rains or the pins must be sized to bend over when the
river stage exceeds a preset value and the pins can ne
longer support the load. In the latter case, the boards
are then swept downstream and lost. Aithough solid
steel rods or pipes are conventionally used because
these can be smaller and have more clearly defined
strength characteristics, wooden pins also could be uscd
(38,112).

Any permanent structure in a river that carries boulders
during flood flows must be protected. Buoyancy causes
heavy boulders to lose a significant portion of their
weight in water, making it easier for torrents to carry
them downstream. Their mass remains unchanged, how-~
ever, and because of their momentum, they can destruc-
tively impact any obstacle they encounter. Protecting
exposed surfaces of concrete structures with pieces of
timber is a common approach {see Figs. 5.49 and 5.51).
A timber protecting layer along one portion of the crest
of a dam shown in Fig. 5.38 was not maintained and the
degradation of the crest is evident. At this installation,
wooden cores left over from plywood manufacture at a
nearby factory were split in half and secured by bolts in
the dam crest. The pounding this facing receives even-
tually bends the bolis and ruins their threads. When the
timber facing has to be replaced, holes are drilled into
the crest during the dry season and new threaded rods
are grouted in.

If there is a significant fall below the crest of the weir
ot dam, erosion can take place just downstream and
underwine the structure (Figs. 5.27 and 5.39). If this
area is not bedrock, a zone of riprap can be laid down-
streain of the structure. The riprap should be placed on
a blanket of gravel or rock spalls to prevent streambed
material from being drawn up through its interstices. A
cutoff wall is usuaily provided at the downstream end of
the structure to protect it from being undermined. To
help dissipate the energy gained by the water as it
moves over the crest, a stilling basin can be incorpo-~
rated in the design (see Fig. 5.59).

Permanent weirs are usually constructed across the
entire width of the stream. If a design partially
restricts the width of the stream {Fig. 5.40), the water
overflowing the crest will be deeper during flood flows
than it would be otherwise. This factor should be con-
sidered at the design stage to ensure that it has no
adverse impact on the intake or water conveyance
structure, erosion at the downstream edge of the weir,
etc.

If storage or increased head is needed, a dam is
required. For micro-hydropower schemes, gravity dams

BZ Civil works
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Fig- 5.38. Degradation of the dam crest is evident where
the timber facing has not been replaced.

are used most frequently. These are commonly of con-
crete or stone masonry, although timber dams are used
occasionally.

Dams are more than large weirs. Although dams and
weirs may have similar features--sluice gate near the
intake, erosion protection at the toe, protection against
boulders, etc.~~there are significant differences:

e A dam must withstand significant water pressure,
which tends to push it downstream and lift it up.
The design must ensure that the dam is safe from
overturning along its downstream edge, that it is
safe from sliding, and that no part of it is under ten-
51011
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Fig. 5.39. Even before an opening for the penstock pipe
could be made through the concrete intake structure to the
teft of the weir, flows had already seriously undermined
the structure and completely backfilled the intake and
area behind the weir. The design did not include an open-
ing behind the weir for stuicing out the accumulated sedi-
ment behind {L.
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Fig. 5.40. This design of a weir with drop intake and
wingwalls, proposed for use at a site in Nepal, reduces the
width of the stream at this point, To preclude any adverse
impact on this structure during flood flows, the increase in
stage upstream of the weir caused by constriction of the
flow must be considered during the design phase. (One-
meter contours are shown.)

» Piping—the carrying away of finer foundation mate-
rial when water seeps beneath the dam under suffi-
cient pressure and velocity--can be a significant
problem and undermine the structure, unless the dam
is built on bedrock.

# The bearing strength of the dam's foundation must
be sufficient to support the weight of the structure,

Most of these factors are not critical in the design of
weirs because their size is small and minimal water
pressures are encountered.

When small dams are constructed in developing coun-
tries, stone masonry is used more often than concrete
(Fig. 5.41). Cement can be difficult to obtain, costly,
and heavy to transport, especially into remote areas.
Stone-masoury structures require less concrete. On the
other hand, stone-masonry work requires special skills
and a larger labor input, but this poses no major con-
straints in most developing countries.

A timber dam which has been popular for generations is
the crib dam. It is built of green logs or heavy timbers
stacked perpendicular to each other and spiked
together. The spaces in between are filled with rocks
and gravel. This structure often requires no cofferdam,
because the cribwork offers little resistance to flow
during construction. The upstream side is covered with
planks and then clay and earth to minimize leakage.
Cutoff walls are incorporated at the toe and heel of the
dam to increase the length of the path of percolation
beneath the dam and thereby reduce piping. This type
of dam can be attractive in remote areas because it
requires very few materials from outside the region.

Bubige, Burusd {125 W3

Fig. 5.41. The portion of a stone-masonry dam an the left
bank has been compieted. Laborers are excavating for the
remaining portion while an earth cofferdam visible at the
left keeps water outside the work area. Biittresses support
the outside walls of the settling basin at the far right.

Another timber dam is a wooden [rame and deck dam
(Fig. 5.42}, which can be built on either earth or rock
foundation. It is composed of a timber deck supported
by a timber frame. This is not a gravity dam; the
weight of water is the principal force holding the dam in
place. Wooden dams deteriorate rapidly if not continu-
ously wet.

Although earth dams can be built on almost any founda-
tion, as can earth weirs (Fig. 5.43), they are rarely used -

P et e
Fig. 5.42. A wooden frame and deck dam.
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g gl T, R o, Sog g g
Fig. 5.43. The purpose of this permanent earth weir,
covered with hand-placed riprap, is to divert water into
the intake for irrigation ¢nd power generation. Because
this streamn carries little bed load, no sluicing gate has

in micro-hydropower schemes. Earth dams have been
built safely to immeuse dimensions; however, small
dams fail far more often, probably because inadequate
attention is given to studying the foundation conditions
and to properly designing and constructing the struc-
ture. Failure of a dam is most commaonly caused aither
by seepage tiwrough or under the dam or by overtopping
of the structure during periods of high flows.

To keep seepage to a minimura, an earth dam consists of
an impervious core which extends well into the imper-
vious foundation and is located in the central or
upstream portion of the dam. Generally, this core is
constructed of properly compacted clayey material.
Cost is reduced if this material can be found near the
site. If not, a concrete wall or steel sheet piling can be
used instead. It is then covered with an upstream and
downstream shell or embankments of well-compacted
soil which provide structural support for the core. The
slope of these embankments is commonly 1:2 to 113, but
the actual value depends on the stability of the material
used., The upstream surface is sometimes covered with
riprap to prevent wavz action from eroding it. If a pipe
is placed through an earth dam, antiseep coilars should
be used arcund the pipe. These retard seepage along the
outside of the pipe by increasing the length of the
seepage path. As a general rule, collars should increase
the length of the seepage path by 25% (71).

If no impervious foundation can be economically
reached or if the foundation consists of plastic clay, the
site will require more careful investigation. An earth
dam on a bedrock foundation should present no problem,
unless the rock contains seams or crevices through
which water may escape too rapidly.

To ensure that the dam is not overtopped, the design

must incorporate a spillway sized to discharge safely
the maximum expected flow, This spillway is often
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been incorporated in the design. With the considerable
seepage which can be seen emerging from the toe of the
dam (photo on right), such a structure couid not be used for
storage.

lined with concrete to protect against erosion and
should lead well below the toe of the dam.

To build a durable structure, it is necessary to analyze
the condition of the [oundation and core and ewbank-
ment materials. This, in turn, requires a working know-
ledge of soil mechanics, A simple introduction to these
various considerations in the construction of earth dams
can be found in "Ponds--Planning, Design, Construction”
(20]0

Intakes

An intake must be designed to address the conditions
encountered at a specific site. There is no standard
design. Even a person who has been involved in the
design of several schemes and has used the same basis
design must modify it to satisfy site-specific conditions.
As discussed in the overview of intakes (p. 67}, four
basic components are usually incorporated in any
intake—trashracks, gates, spillways, and a settling
basin. The gates (p. 154} and spiliways (p. 159} are
incorporated intc the design of an intake primarily to
control the quantity of water entering. To control the
guality of that water, trashracks and skimmers (p. 162)
and settling basins {p. 166) are used. For each site, it
must be decided whether each component is necessary
and, if so, what size and design are appropriate. All
four components might be incorporated in the intake

at some sites, whereas few, if any, might be used at
others, depending on site conditions. In additien to
these components, the orientation of the intake with
respect to the stream is another important factor which
can be used to control, to some degree, both the quality
and quantity of water entering an intake.

Because all components of an intake structure, which
are noted above, are also commonly found at other




points in a hydropower scheme, specific design consid-
erations for each of these are discussed in Other com~
ponents (p. 154). This section presents a variety of
designs which are currently in use and illustrates how
each of these components might be incorporated in the
design of an intake.

Regardless of the design finally adopted, it is necessary
to consider the need to protect the intake from flood
flows when planning its placement and design. If this is
not done, excess water might enter and introduce
waterborne debris over the trashrack. Excess sediment
might also be deposited and interfere with the proper
operation of the intake structure. Water in the canal
and forebay may rise, overflowing these structures and
undermining their foundation if spillways are inade-
quately sized.

One approach which addresses this problem in part is to
consider natural features in locating the intake, as dis~-
cussed in LOCATING THE INTAKE (p. 52). Another
approach is to ensure that the wall separating the
stream from the intake is high enough to deflect flood
flows. In this case, high streamflows will still force
larger flows through the intake opening, and spillways
along the conveyance structure from the intake to fore-
bay must be adequately sized to accommodate these.

If the intake leads directly to a closed conduit—a pipe
rather than an open canal--another approach can be
used. The intake structure can be covered entirely,
permitting flood waters to submerge it, yet prevei.ting
water from entering it except through the designated
opening. In this case, the structure should be designed
to withstand uplift pressures (buoyancy), forces which
arise when pressure forces water to infiltrate under the
structure, Ii the intake structure is not built on rock,
care must be taken to prevent scouring around the
structure, which might undermine it.

The most rudimentary design for an intake is simply a
opening on the stream being tapped. To keep out excess
flows and debris, especially during flood flows when
stream velocities are high, the intake should be oriented
approximately pespendicular to the stream, If the
intake's opening is directed upstream, high streamflows
and accompanying sediment, debris, and bed load will
tend to be channeled directly into the intake.

The intake to traditional irrigation canals frequently
violate this rule by facing almost directly upstream,
often as an extension of a stone weir diagonally across
the stream (Fig. 5.44). In these cases, the intake is fre-
quently situated so as to use natural features in the ter-
rain to help shield it from high flows. For example, it
might be located behind or under large and permanently
placed boulders (see LOCATING THE INTAKE, p. 52).
Traditional irrigation canals require so small a flow,
however, that the dimensions of the intake are insignifi-
cant compared to those of the stream, leaving flood
flows largely unaffected and not diverting them away
from the stream. This is often encouraged by the con-
struction of a low, temporary weir which washes out
during high flows to let the water continue downstreamn
unimpeded.

Flg, 5.44. Intake to a traditional irrigation canal. Despite
the fact that the beginning of the canal is oriented nearly
paratlel to the stream, a rock outcropping deflects water
toward the right bank during the river's high stage. The
tempurary weir would also wash away.

When it is physically impossible to orient the intake
approximately perpendicular to the stream or when
added protection of the intake is desirzd, a wall can be
constructed across part of the stream slightly upstream
of the intake on the intake side (Fig. 5.45).

Another rudimentary intake for micro~hydropower
schemes requiring relatively smal) flows is a pipe sec-
tion extended into the stream. A screen over the intake
can be used to keep out debris. The mesh should be
large enough to prevent rapid blockage by fine debris.

It is also possible to begin the pipe with a slotted or per-
forated section (see Fig, 5.194}. In every case, the total
area of the openings must be sufficient to permit water
to pass through even if they are partially obstructed by
debris (see Trashracke and skitamers, p. 162). This pipe
can lead to a open settling area or directly toward the
turbine. If the pipe drops more than several meters, a
vent should be included at the upper end {see discussion
of air vents, p, 76, in Penstock).

rirkikdl (B0 kW)

Fig. 5.45. Because of the solid rock on which the intake is
located, it would have been difficult to orient the intake
perpendicular to the stream, A stone-masonry wall was
constructed stightly upstream of the intake to deflect any
flood waters and debris from it.
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Because this simple pipe intake requires that all points
along the pipe be below water level, some excavation
wiil be necessary. If this is noi possible because the
stream flows over bedrock or because the water is to be
taken over an existing dam or weir, a siphon intake can
be used. In this case, the outlet of the pipe must be
lower in elevation than the inlet for the siphon to func-
tion. A siphon intake generally leads directly into the
penstock; therefore, debris and sediment must be
removed before they enter the siphon. A trashrack or
screen should be provided at the inlet to the siphen to
remove floating debris. The pond or body of water
behind a dam or weir in which the inlet to the siphon is
placed serves as a settling basin to remove the sediment
carried by the incoming stream. Because an air vent is
not possible with a siphon intake, it is essentiai that the
inlet never be obstructed during operation of the siphon.
In addition, the lift through a siphon is limited to
several meters because greater heads can lead to col-
lapse of the pipe. Air valves (p. 76} describes the max-
imum safe head which can be accommodated by unrein-
forced pipe.

A major disadvantage of a siphon intake is that some
means must be found to evacuate air in the siphon to
initiate and maintain its operation. For larger schemes,
a vacuum pump connected to the high point of the
siphon performs this function. Flow to the turbine is
then cut simply by permitting air to re-enter the siphon
through a valve at this point. For small schemes where
a vacuum pump would be too costly, both ends of the
pipe can be closed temporarily while water is povred in
through an opening at the peak of the siphon. When the
pipe has been [illed completely, the opening at the peak
is closed and the inlet to the pipe reopened. The siphon

Papus New Guytaga .3 bW

Yobes, Enga Frow.

Fig. 5.47, These intakes to two hydropower schemes in
Papua New Guinea incorporate only gates. In the itlustra-
tion at the left, the small dry-season flow flowing at the
right iz diverted toward a well-shieided intake by a tempo-

T
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is then primed and ready for operation as soon as the
lower end of the pipe is opened,

One component which is frequently included even with a
rudimentary intake to a canal is a gate (p. 154} to con-

trol or stop the flow of water (Fig. 5.46). The flow into
a canal might have to be stopped when the turbine is not

Koragem; Irus Sayk, Indonvsis (10 0¥3

Fig. 5.46. Only a simple gate (3 incorporated at this intake

to a canol.

in use, when the intake, canal, forebay, or penstock is
being cleaned or repaired, or during flood flows to pre-
vent potential damage if the scheme has not been
designed to withstand them. The intakes shown in

Irelys, Engs Prov., Papus New Cidnea {12 kW}

rary stone weir (also sge Fig. 5.31). In the illustration gt
the right, small gates pivoted along their lower edge con-
trol water admitted at right angle to the streaniflow (also
see Fig. 5.32).




Fig. 5.47 are oriented perpendicular to the stream and
each incorporates only a gate to control flow into
unlined earth canal. No settling area, trashrack, or
spillways are used at these intakes.

A side intake, used with a simple temporary weir across
the stream when necessary, is one of the better ways to
avoid the brunt of torrential fiood flows. In Fig. 5.48,
such an intake has been placed at a narrower portion of
the stream to facilitate the diversion of water toward it
during the dry season. No permanent structure is placed
within the stream. This intake is composed of a trash-
rack oriented parailel to ihe stream (Fig. 5.49). The
only other component incorporated at this intake is a
gate (Fig. 5.50). Figure 5.51 illustrates a side intake
incorporated as part of a large permanent dam.

Syangla, Kepal {E0

: - . - ; * . "
Fig. 5.48. A side intake places no obstruction in the

stream which can be adversely affected by flood flows. A
temporury stone weir deflects flow into the intake.

If flows larger than those required by the turbine might
enter the intake and overflow the sides of the canal at
any time, sEillwaxs (p. 159) are incorporated before or
after the gate (Fig. 5.52). Because excess water over-
flows the spillway, the effect of high water levels at the
intake is moderated in the canal downstream. The

Srangls, Nopal (80 W)

t‘g. 5.50. Another vie of the side intake shewn in

Sywsegta, Hieps! (80 hW)

Fig. §.49, with a platform from which the gate can be

aperated to control flaw into the power canal.

- F

Fig. 5.51. Timbers beolted to the concrete side intake

‘ul'l]-‘“lﬂl‘ liﬂﬁ W

protect it from pounding by boulders carried during flood
flows. When the photograph was taken, the powerplant
was operiting but sediment and riverborme debris which
had accumulated behind the sliding gate just downstream
af the trashreck had caused it to jam. Water taken in
through the trashrack at this installation is conveyed

underground in tunnels to the powerhouse.
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spillway should be wide enough to accommodate most of
the excess flow before it enters the canal (see Spill-
ways, p. 159). A spillway that is too narrow can cause
the water in the canal to exceed a safe level. If a
closed power conduit is used rather than a canal, a
spillway may not be necessary.

With a low-cost scheme using a simple unlined canal, a
masonry wall is sometimes placed over the canal inlet
to help deflect flood waters and avert or reduce poten-
tial damage (Fig. 5.53). Witl traditional irrigation
canals, the same objective ig accomplished by placing
the intake under large bould¢rs found alon:, the stream
{see Fig. 4.9). i

A settling basin (p. 166) periaits matter suspended in the
incoming water to settle ou? to prevent it from settling
in the power conduit (and eventually impeding flow} or
from being carried through the turbine (and causing
abrasion which will decrease the turbine's life and effi-
ciency).

If the water is always free of suspended matter, as it is
with a scheme that uses toe flow from a spring, a set-
tling basin is unnecessary. A settling basin at the intake
is often omitted with small micro-hydropower schemes
that use power canals. In this case, it is necessary to
clean out the sediment along the entire length of cana!
periodically. In Nepal and Pakistan, for example, farm-
ers have been removing sediment from small irrigation
canals for centuries. They do the same for power
canals. Generally, these are cleaned out once before
the rice-growing season each year and then after each
[lood during the monsoon. On the other hand, with a
closed power conduit--a pipe or tunnel—removing sedi-
ment is virtua.'y impossible. If a settling basin is not
used befcre this cuaduit, the condnit must have suffi-
cient slope to maintain the high velocities required to
keep the sediment in suspension, In this case, a forebay
at the end of the power cunduit can serve as a settling
basin to prevent sedimeni from continuing inio the pen-
stock and damaging Li= turbine.

When a dam is plaved in the stream to provide water
storage, no settling basin is required at the intake

Fig. 5.52, Only a gate followed by a spillway is used at the
intake at this site,
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because the reservoir itself serves this function.
Although this might simplily the design of the intake
structure; sediment will gradually fill the reservoir,
preventing it from fulfilling its original function—the
storage of water, In addition, whereas a properiy
designed settling basin is relatively easy to clean, there
is no easy way to remove sediment which has accumu-
lated in a reservoir.

If a scheme's layout is very compaci, a separate settling
basin is unnecessary. In this case, the intake, power
canal, and forebay virtually coincide. The short canal
itself then also serves as the seitling basir.

T

streamflow——~----- -

Fig. §,53. A wall used to resirict flow into a power canal
during flood flows.

Where a settling basin is used, it can be placed before
the gate to the intake (Fig. 5.54). Where stream veloci-
ties are always low, a section of the streambed itself
sometimes can serve as a settling area; however, the
accumulated sediment then may have to be removed
periodically. More frequently, the settling basin is
placed after the gate, but close enough to the stream so
that the accumulated sediment can be flushed back into
it (see Fig. 5.56). The settling basin should always be
protected from flood flows to keep out excess debris
and sediment.

Trashracks {p. 162) are used to prevent larger objects

and floating debris. They are not always used at an
iniake leading to a power canal. Trashracks at the
intake to larger schemes are used primarily on streams
that at certain times carry large debris—tree trunks,
sizable branches, and boulders. Proper placement of the
intake along a stream may make a trashrack at the
intake less essential. But at virtually all schemes, a
trashrack is at least included at the inlet to the pen-
stock.

A trashrack should not extend down to the streambed,
but should rest on a step or ledge rising above the
streambed, as shown in Figs, 5.56-5.60. Otherwise, bed
load might be drawn through it or might stop in front of
the trashrack and restrict the flow through it. Any bed




Fig. 5.54. The photograph on the left shows the primary
settling aree which is located before the intake gute, The
scour gate visible at the right is used when cleaning out

load restrained Dby this step will not affect flow through
the trashrack if it is periodically removed.

Skimmers (p. 165}, which generally prevent the passage
of floating debris, are rarely found with smali-hydro-
power schemes, probably because this option is not con-
sidered. When debris must be strained out, the first
option gencrally considered is a sizve-like device or
trashrack that intercepts the entire flow entering the
pipe or canal. Skimmers are useful bocause, by
restraining much of the fleating debris without
obstructing flow below the water's surface, they reduce
the frequency with which the trashracks farther down-
stream have to be cleaned.

Figure 5.55 illustrates the design of a simple intake on a
small stream which incorporates some of the basic com-
punents described above, A temporary stone weir keeps
the water level sufficient for an adequate flow to enter
the intake. A spillway is unnecessary because the
intake leads to a pipe. Sediment in the settling basin
has to be shoveled out periodically. A second trashrack
may be incorporated before the pipe to remove small
floating debris that may have passed through the first
trashrack. The entire area can be covered to prevent
debris from falling in and to discourage tampering.

this areq. Long spillways before and after the intake gate
seen in the photograph on the right ensure a fairly constant
tevel in the canal.

stone weir .

shiliine-

T XX L LT A A A A A A
llrh&,, trashrack /
H, I— settling area \({(((..,g\
\\\\4};. stoplog saclp- Pipe
.-"43, groove // ==\

\‘//&myf A T Rl
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Fig. 5.55. A section view of a simple intake.

Figure 5.56 illustrates a more sophisticated, reinforced-
concrete intake design which incorporates all four com-
ponents. This is an example of a more conventional and
expensive design developed for a site in Peru. Although
this intake could not easily be placed at right angle to
the stream because it is located in a narrow gorge, an

Civil works B9

Mutizaba, Barunds (30 KW




to power canal

||

ol

.

Section AA

Fig. 5.56a. Views of the weir and intake for a smali-hydropower project in Tabalasos, Peru (from Electroperu drawings).
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Section BB

Section DD

Section CC

S Section EE

Fig. 5.56b, Additional Wews of the weir and intake.

attempt was made to approach thiz optimum as closely
as possible. Te prevent large debris from entariug, a
trashrack is placed on the stream, followed by a second
trashrack to remove small debris, A settling basin after
the trashracks permits removal of sediment. To help
prevent large debris from interfering with the flow of
water through the intake, two features are incorpo-
rated: a scep in front of the trashruck prevents rolling
bed load from obstructing flow through the trashrack,
and a sliding gate just downstream of this area permits
any accumulated debris to be flushed out periodically.

Extending the wall located between the weir and scour-
ing arez to a position in front of the trashrack ensures
that scouring velocities in front of the trashrack are
high enough to remove this debris. A sieep gradient in
this area aiso facilitates this task, However, if scouring
is delayed, accumulated debris resting against the gate
can interfere with its operation. This problem was
encountered at a larger plant in Nepal (see Fig. 5.51)
where the sliding gate could not even be forced open.
The proposed solution at this site was to shut down the
plant, divert all the flow over the weir during the dry
season, and drain the water remaining in the gate area
through the underground intake. Debris which has

accumulated in this area would then be manuaily
removed to free the gate. Regular operation of the
gate to ciean out this area prohably would have avcided
this problem.

In the design in Fig. 5.56, only a single gate has been
incorporated at the beginning of the power canal to con-
trol flow through the intake area. Spillways along the
settling basin regulate the volume of water directed
toward this gate. Because there is no gate at the
entrance to the intake area, it cannot be drained if
rvepair work is necessary, Including slota for a stop-log
in front of the initial trashrack might have been advis-
able.

Another conventional design incorporating the four
basic components is illustrated in Fig. 5.57. The area in
front of the intake {a) is paved to facilitate cleaning
sediment whken the sliding gate (b) in the weir is opened.
A stoplog {c) can be closed to permit cleaning of the
settling area (d) or repair of components downstream.
Accumulated sediment can be removed through the slid-
ing gate {e). A trashrack (f) removes any floating debris
from the water before it passes a gate {g) which regu-
lates the flow into the canal (93).

Civil works 91




Plan view

1
Section AA

Section BB

Fig. 5.57. A standardized intake design (B0).

The long spillway (h) permits most of the excess water
during times of heavy rains, as well as some floating
debris, to return to the stream. A shorter spillway
located after the regulating gate ensures that excess
water which might pass the gate does not greatly
increase the depth of water in the power canal. Without
ity if streamflow rizes significantly, the extra head
across the gate might cause a larger flow and therefore
a greater depth of water in the canal. Use of a closed
power conduit rather than a canal would make a spill-
way unnecessary, because a closed power conduit cannot
overflow. A small wingwall (i} prevents flood flows
from overflowing the intake area into the canal.

Placing the trashrack after the spillway rather than at
the entrance to the intake means that much less debris
will be held back because some of it will overflow the
spillway. Also, a smaller, less costly trashrack is
required.

The small size of the settling area shown in Fig. 5.57
makes it suitable only for preliminary settling. Depend-
ing on the gquality of the water, more complete settling
might be required. If velocities in the power conduit
are sufficiently high to prevent settling, the forebay can
serve as a settling basin.

Because engineering costs associated with the design of
intakes and other components can be significant, some
implementing organizations have begun standardizing
designs. But there are problems in blindly adopting this
approach. The intake structure shown in Fig. 5.57
represents one of three sta.ndardizsd designs propased
for flows ranging from 0.1 to 10 m°/s. The {irst prob-
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lem with this design is its complexity; fairly intricate
formwork is required. Second, with this type of stan-
dardized design, the configuration is fixed; only dimen-
sions are changed depending on the design flow it ia to
handle. Because there can be a large difference in cost
and s%phistication between a plant thgt consumes

.1 m*/s and one that consumes 10 m”/s, this approach
does not encourage a simple, more appropriate design

stoplog gate
A A
) bypass 1 $
L J
trashrack sottling basin
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staplog groove (a::aﬂ)I
also accommodate
secondary trashrack)

sluicing gate

stopiog groove

trashrack

(- sloping floor
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S

Section AA

Fig. 5.58. A bypass permits the plant Lo continue opera-~
tion while the settling area is being cleared.




for schemes requiring less water. Such standardized
designs inevitably imply that there are economies of
scale--that larger designs are more economical-—and
therefore discourage the implementation of cost-effec-
tive micro-hydropower schemes.

bypass—either an open channel, as shown, or a pipe—
which permits flow to continue while the settling basin
is closed for cleaning. Simple stoplogs direct the water
through the desired area. Platforms can be incorpo- .
rated across the top of the structure behind each trash-
rack to permit access to the racks to facilitate clearing,

The basic configuration for ar.other type of standardized

design is illustrated in Fig. 5.38. Not only is the design
simpler, but both the shape and size can be changed to
meet specific site ¢conditions and flow requirements.
The principal component of this intake structure is a
settling area. Also incorporated in the design is a

A design resulting from work by the Swiss in the Came-
roons is shown in Fig. 5.59. Although designed as an
intake for a potable water system, it exhibits several
interesting features which should be considered at
intakes to hydropower schemes:

settling chamber )

section

Section AA

scouring

| 1] pipe -

weir

lower water
level \ r joint

joint
4

- man
S @‘ﬁ”//)}

Section BB

sliding
basin riprap

LI H ARy

oty

=

\\\"Il ?’—"@\\“\

Fig. 5.5y, Anintake to a potable water supply system (12).

Civil works 93




#» The intake is located perpendicular to the stream,
thereby encouraging any debris suspended in the
water to be swept by and carried downstrean.

e The opening of the intake is located below low water
level, thereby reducing the possibility that floating
debris will become lodged in the trashrack. At the
same time, it is above the floor of the streambed so
that bed load carried along the bottom is not swept
m.

¢ A sliding gate is placed in the diversion dam just
downstream of the intake, thereby permitting any
bed load or sediment which has accumulated in front
of the intaks to be scoured away by opening this
gate.

Because a closed pressure conduit is used downstream
from the intake rather than an open canal, no spillways
are incorporated in the design.

The area behind a dais or weir, where [low velocities
are low, is often used as a settling area to remove the
bed load and some sediment from the water before it
enters the intake. However, this area must be cleaned
cut periodically if it is to continue to serve this func-
tien. This can be done manually. It can also be facili-
tated somewhat by use of a gate to scour out the area in
front of the intake. A self-scouring intake is shown in
Fig. 5.60. During normal flows, grave] transported by
the stream is trapped in the bowl, and the downstream
lip keeps the trashracks over the side slots submerged.
During flood flows, water passes through the bowl under
conditions of shooting flow, and any debris already pre-
sent or in the {low is swept out, During these flows, the
water level is below the side slots, and no water or
debris is carried into the main conduit. The intake must
be designed so that shooting flows occur oxly as often as
is necessary to keep the bowl free of gravel or debris.

The operation of a drop intake (Fig. 5.61}, also known as
a bottom or a Tirolian intake, differs signi{icantly from
those previously described. It is essentially a canal built
in the streambed, stretching across at least a portion of
the stream and covered with a trashrack (Fig. 5.62).
The trashrack ba.s are oriented in the direction of the
streamflow. To minimize the debris which might be
caught in the intake, the trashrack should have a slope
about 1in 10 greater than the slope of the streambed
(104). By nature of its construction, this type of intake
tends to trap sediment and can cause serious
maintenance problems; therefore, a sluicing pipe should
be included to remove the sediment periodically and
discharge it back to the stream below the intake. The
slope within the intake must be sufficient to [acilitate
scouring out the sediment {13,104).

In Bundi, Papua New Guinea, a less sophisticated version
of this design is in use. Rather than excavating into the
streambed, a concrete weir was built across a narrow
stream and a drop intake incorporated in it (Fig. 5.63).
The area behind the weir eventually filled with sediment
and other debris, but this was unimportant because it
was not designed for water storage. A sheet of steel,
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intakes fitted
with trashracks

0 1 2 I m

Fig. 5.60. A scoop intake (87).

perforated with closely spaced 1 cm-diameter holes and
placed on tue upper portion of the downstream face of
the weir, serves as the trashrack (Fig. 5.64), Sections of
iron pipe are welded to the upper surface of the sheet

Khalrenitar, Higs 1280 W)

e gl

Fig. 5.61. A drop intake located at the crest of a dam.
Inadequote flows when the photograph was taken had
Jorced the powerplant to shut down.




both to reinforce it and to prevent large boulders car-
ried downstream during the rainy season from damaging
it. Apparently, water falling through the trashrack only
carries with it fine sand; anything larger is swept down-
stream.

Figure 5.65 illustrates an intake and weir configu-ation
which contributes to larger maintenance requirements
than should be acceptable, During operation, the intake

structure is submerged, and the area behind the weir
quickly fills with sediment up to the inlet to the pen-
stock, which is nearly level with the bottom of the weir.
During the rainy season, students from a vocational
school more than 2 km away have to come to clean out
the structure about three times per week, sometimes
working by flashlight. A sandbag plug at the base of the
weir is removed to drain the area. QOne improvement
woitld have been to raise the inlet to the penstock to

sliding gate

r-

sluicing pipe -

I¥—

"?\'-l'i'\‘-',l:p'

inclined
trashrack

Section BB

Section CC

Fig. 5.62. Views of a drop intake.
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beginning
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Bunedi, Madang Prov., Papus New Gunea

Fig. 5.63. Cross-gsectional view of a drop intake, In this
view, the canal carries water out perpendicular to the
stream before tuming in the downstream direction toward
the settling basin. (Source: B. Vogtli)

/ :
Fig. 5.64. A view of the drop intake shown in Fig. 5.63.
Water falling through the trashrack at the upper left can
be seen entering the canal at lower right.

reduce the time belween sediment removal. This would

leave the gross head unchanged. Another would have
been to include a simple sliding gate to drain the water
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Fig. 5.65. A concrete box behind

Baibreis Atren, P

the small weir serves as
the intake. The apening on top of the intake structure is
usually closed with a removable concrete plug, A portion
of the penstock pipe can be seen between the box and the
base of the weir. Several feetures of this design could
have been improved to facilitate maintenance.

and sediment from behind the weir. The design also
could have been improved by providing easier access to
the intake box for the removal of sediment or by rede-
signing it altogether. Finally, the penstock goes through
the left side of the weir and passes through the nappe of
water overflowing the weir crest before iy continues
down the right bank to the powerhouse. Consequently, a
section of the penstock pipe is subjected to considerable
abrasion from sediment in the water. The penstock
should have been placed through the right side of the
weir to avoid crossing the nappe.

Power conduits

Determining canal dmensions and slope

To determine the cross-sectional dimensions and slope
of a canal required to convey a given flow, the value of
each of the following parameters is required:

» velocity of water in the canal "v",
® roughness coelficient of the canal "n", and
& cross-sectional profile.

The paragraphs below first discuss how to determine the
value of each of these parameters for a specilic site and
then continue with an explanation of how to use these
values to determine the dimensions and slope of the
canal at that site.

Velocity in a canal. The velocity of water within a
canal generally must be within a narrow range. This
velocity must be high enough to prevent sedimentation
yet low enough to prevent erosion of the canal if it is
unlired and to keep the head loss over the length of the
canal within acceptable limits.

If a scheme is properly constructed, any riverborne
debris which is fine enough tc he readily deposited will




have settled either in the reservoir or pond before the
intake or in a settling basin just before the beginning of
the canal. The velocity in the canal should be high
enough so that any susp.aded material which has not
settled out in the settling area will net do so in the
canal. To keep any silt still in suspension from settling
out, the average minimum flow velocity in a canal
should be (30):

Apart from this consideration, the growth of aquatic
plants in earth canals can seriously affect their capacity
in somc climates. This is rarely serious if water tem-
perature is below 20 °C or the water is turbid or deep.
A mean velocity of greater than 0.7 m/s will generally
prevent growth that can seriously affect the flow in a
canal (38}.

To minimize the cost and Jabor necessary to construct a

Yein = 03 m/s for silty water canal, the velocity in the canal must be maximized.
= 0.3-0.5 m/s for water carrying fine sand The greater the velocity, the smaller the required crosa-
Nature of canal surface and finish
Earth Masonry and Brickwork Metal Wood
0.05F e partially obstructed with -
debris and weeds
0.04 e rock cuts, jagged and
irregular
a r -
= & stony bed and weeds on bank
I -
g
& = -
8
< 0,03 ® rock cuts, smooth and
§ uniform
5 - ® dry-rubble surface -
%
0 B d
=4
® corrugated
- semicircular -
@ ordinary conditions
0.02 ¢ regular surface, good » masonry in bad condition » slightly
condition, or well-packed or inferior brick or stone | tuberculated
B gravel B
® uniform, very good
= conditions T
® rough-face brickwork o riveted # unplaned, badly
B fitted or aged g
e concrete, wood troweled » cast or
- o sand and cement plaster | wrought iron { ® well laid, unplaned
0.01 # neat cement plaster e glazed @ well planed and -
fitted

Fig. 5.66. Values of roughness coefficient "n" for canals constructed with different materials and finishes (32,40,83).
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sectional area of the canal and the smaller the volume
to be excavated. Canals for micro-hydropower schemes
are often unlined because of the cost savings this
implies. However, there is a maximum permissible
v.hlnr-‘if}r above which the banks and bottom of an unlined

canal will start eroding. The magnitude of this velocity

depends on the nature of the soil. For bare cznals,
approximate values of this maximum velocity are shown
in Table 5.1. APPENDIX C (p. 269) explains how to
ascertain the nature of the 50il at a specific site.

TABLE 5.1. Maximumn permissible velocities to awid ero-

sion in an earih canal (38,40,83)
Velocity
Type of soil (m/s)
Fine sand 0.3-0.4
Sandy loatn 0.4-0.6
Clayey loam 0.6-0.8
Clay 0.8-2.0

If the canal is lined, wear by abrasion sets the upper
limit on velocity. For clear water in concrete canals,
velocities above 10 m/s have been found to do no harm.
However, if the water containg sand, gravel, or stones,
damage may occur at much lower velocities. Unless the
abrasive material is particularly bad, velocities up to

4 m/s should not injure wood or quality concrete, Thin
metal flumes may be damaged by coarse sand or gravel
at 2-3 m/s, and the galvanizing that ‘night cover the
sheet metal may be injured 2t even lower velocities
(40},

exs coefficient. The roughness coefficient "n",
also called Manning's coefficient, is an empirical meas-
ure of the roughness of a surface. Its value for canals
ranges from 0,010 for those with the smoothest finish to
about 0,050 and more for earth canals in very poor con-
dition and obstructed with weeds and debris. The value
of "n" for an average canal ranges frow 0.012 to 0.023.
Values of "n" for various materials and finishes are
shown in Fig. 5.66. Although a specific value of "n" has
been assigned for each canal surface described, the
actual value of "n" may vary by 0,005 or even more.
For this reason, the figure has been prepared to give the
reader a feel for the sensitivity of "n" to the actual sur-
face roughness.

Cross-sectional profile. The material in which the canal
is excavaied or of which it is constructed generally dic-
tates its cross-sectional profile, The following para-

graphs describe the common profiles used for canals and
when each is used,

A semicircular cross-section is the
most efficient profile because, for
a given canal slope and cross-sec-
tional area, it passes the maximum
flow or discharge. However, this
form is impractical to excavate, It

{e——gq —|
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is therefore used primarily with materiais which lend
themselves to this shape. Examples are prefabricated
concrete, sheet-metal, and wood-stave sections. Dlus-
trations of these can be found in Flumes (p. 112).

A trapezoidal cross-section is the most common profile
for both lined and unlined canals excavated in earth. If
the canal is unlined, the maximum side slope is set by
that slope at which the material
will permanently stand under
water. The nature of the soil in
which the canal is excavated is
the major determining factor.
Clay soils, for example, can have
steep slopes (see Fig. 5.7) whereas 0
sandy soils have flatter slopes. S
Some soils car stand fairly steep

sloper when dry but disintegrate into a fluid mass

and assume a flatter slope when wet., Also, original
ground which has been cut into may safely be steeper
than slopes made of the same material but filled in

{Fig. 5.67). However, it is always safer to excavaie the
portion of the canal carrying the water in original earth.
The level of the water table will also affect the stabil-
ity of the slope, because incoming ground water can
cause the walls of the canal to slough (38). Table 5.2
presents suggested slopes for the banks of unlined
canals. (See APPENDIX C, p. 269, for guidelines for
determining the type of soil in which a canal is being
excavated.)

"

.-

“_—__

Fia. 5.67. Comparison of a canal section with slopes both
cul in origina! ground and made of the same material but
filled in,

The mnagnitud of the slope of a lined banks depends on
the nature of the material on which the lining will reat.
The banks of a canal made of almost any free-draining
material can be lined if the slope is not steeper than 1
in 1. Clayey material, on the other hand, which is apt
to become saturated with water, requires a lining with a
flatter slope. Any lining on slopes steeper thau 1 in 3/4
must be built to act as a retaining wall {40).

One disadvantage of a trapezoidal cross-section is that,
if a canal is built across a hillside which has a signifi-
cant slope, excavation on the uphill side of the canal
may be significant (see Fig. 5.77).

For a trapezoidal canal with a given slope for its banks,
the most efficient trapezoidal cross-sectior is one in
which a semicircle can be inscribed in the wetted area
(Fig. 5.68). For this section, it can be shown that the




TABLE 5.2. Suggested slopes for the banic of unlined Procedure. In the following approach for determining

canals (40) the canal dimensions and slope, it is assumed that the
most efficiert cross—section for the cross-sectional pro-
Type of Soil Slope* file adopted is to be used. This is the cross-section
which will result in the greatest discharge for a given
For cuts in fissured rock, more or less cross—sectional area ard profile. Mathematically, this
disintegrated rock, or tough hardpan 1in1/2 permits a more direct solution to the problem. In the

actual construction, however, there is no need to adhere

For cuts in cemented gravel, stiff precisely to these “"optimum” dimensions as long as the

clay soils, or ordinary hardpan 1in3/4 required cross-sectional area and slope are maintained.
For cuts in firm, gravelly, clay sil, It is possible to deviaie considerably from these values
or for side-hill cross-section in without markedly affecting the flow conveyed by the

average loam lin1l canal, as seen in Fig. 5.68. In that {igure, all trapezai-

dal sections have the same area. Although section (c) is

For cuts or fills in average loam or the most efficient—it conveys maximum flow and would

graveliy loam lin3/2 ve the section obtained by the procedure described
For cuts or fills in loose sandy loam 1in2 below—there is little difference in the capacity of the

. . canal in spite of significant changes in the ratio of
For cuts ar fills in very sandy soil lin3 depth to width.

* Vertical to horizontal Fig. 5.69 summarizes the procedure necessary to deter-

mine the cross-sectional dimensions of a canal and its
slope. Each circled number in this figure refers to the
correspondingly numbered paragraph below which
explains how to derive the desired quantity following
that circle. Before embarking on this procedure, it is

length of either sloping side of the wetted area is half
its top width.

A rectangular cross-section is often most appropriate
when excavation is undertaken in firm rock. It is also
commonly used when the canal

incorporates properly constructed oW ——el required roughness
stone- or brick-masonry walls. Use flow coefficient
of a rectangular canal reduces the Q T
excavation required (see Fig. 5.77). I
For the most efficient rectangular FERENEEENE
cross=section, the width of the | area canal
canal is twice the depth of the wetted area and, like a A slope
trapezoidal section, is a cross-section in which a semi- 3
circle can be inscribed. oo

velocity hydraulic canal
Although a triangular cross-section @ radius cross-sectional
is seldow encountered, this profile I r dimensions
would be of use, for example, when :
a flume is constructed of two slabs canal
of timber or the equivalent or when profile
a canal excavated in earth is lined

with concrete slabs. The most

efficient triangular cross-section is Fig. 5.69. Flow diagram of procedure for determining
one where the side slopes are 1in 1. canal dimenasions and slope described (n the text.

{a) Q=2461/s b) Q=314t/s c) Q=3251/s d Q=3131t/s

{most efficient

cross-section)
Fig. 5.68. Comparison of discharge in trapezoidal canals depth to width. In this example, A = 0.5 mz, 5§=0.00l,n~=
identical in all aspects except for the proportions of their 0.02, and slope of banks = I1:1.
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necessary to have determined the desired velocity "v" of

the water in the canal, the desired profile of the canal,
and its roughness coefficient "n*. (Guides to selecting
these were covered in the preceding sections.) It is also
necessary to establish the flow "Q" required for the
generation of power before a canal can be sized. These
four elements permit the dimensions and slope of the
canal to be determined by following the four steps
below. EXAMPLE 6.1 (p. 103} and the dashed lines on
the accompanying graphs illustrate the procedure.

In the following procedure, a parameter "r" called the
hydraualic radius is used. This is simply defined as

_A
r = > (5.1)

where

A = cross-sectional area
of the water in the
pipe or canal

p = the wetted perimeter
of the pipe os canal

Although the hydraulic radius does not refer to any spe-
cific physical dimension, it is related to the efficiency
of a pipe or canal—the larger the hydraulic radius for a
given cross-sectional area of water, the smaller the
area of contact between the water and conveyance
structure and the smaller the friction between the two.
Therefore, for a given flow, a canal with a larger
hydraulic radius requires a smaller slope "8" to convey
this flow, independent of profile (Fig. 5.70).

S = 2.2 m/km
=== E=—x ]
0 0.5 1.0 m

Fig. 5.70. The larger the hydraulic radius, the smaller the
required slape te convey the same flow of water. Here,
Q=050m/s, v=10m/s, A=0.5m* and n = 0.02.
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(D The cross-sectional area "A” {m3/s) of the water in
the canal is determined from the basic relation

A= (54.2)

“‘|.O

where

2 = flow to be conveyed by the canal (m'?‘/s}
v = design velocity in the canal (m/s)

A graphical solution to this equation can be found in
Fig. Sl7 lo

(® ror the most efficient canal section, the hydraulic
radius depends only on the profile selected and the
cross-sectional area of water it contains. To deter-
mine the value of "¢", substitute the value of "A"
obtained above in the expression in Table 5.3 for the
profile selected. If a trapezoidal section has bean
sel.cied, the slope of its sides must be chosen based
on the nature of the material in which the canal is
built (Table 5.2). The angle "6" is the angle of the
banks of the canal above horizontal.

TABLE 5.3. Expressions for hydmulic redius "r™ for the
mast efficient canal section for common profiles

Profile Hydraulic radius, r (m)
Semicircular 0.40 ﬁ
: sin 8
Trapezoidal 0.50 Beos B -JE
Rectangular
or 0.35 ﬁ
Triangular

An approximate value for the hydraulic radius is
independent of the profile and can be found below
the appropriate value of "A" in Fig. 5.72. Note that
this in only the case when the must efficient cross-
sections are being considered.

(3 Once the hydraulic radius has been determined, the
canal slope "S"--the ratio of its vertical dvop to its
length—can be found using Manning's equation:

_ g, nv
§= (m) {5.3)

A graphical solution to this equation ¢an be found in
Fig. 5.73.

(@ After determining the hydraulic radius, the cross-
sectional dimensions of the wetted area can be
derived using the expression in Table 5.4 for the pro-
file selected. The variables "d" and "w" are defined
under the relevant profiles in Cross-sectional profile
(p. 958).
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Fig. 5.71. A groph for determining required cross-sectional area of flow for a given flow and velocity.

In designing an earth canal for a micro-hydropower
scheme, there is a rather narrow range within which the
velocity of the flow should lie, and this velocity largely
determines the slope of the canal. The procedure
described above approaches the sizing of a power canal
in this manner. Given certain flow requirements at a
specific site, the slope 13 determined, and the canal is
laid out accordingly.

However, at certain sites, the topography may require
that a different slope be used, If the topography from
the area of the proposed intake or the stream to the
proposed forebay location indicates that a canal with a
smaller slope is necessary, a graphical approach can be
uged to determine its dimensions. In this case, the pro-
cedure is to select a smaller velocity than originally
chosen and find the canal slope associated with that
velacity (using the first three stepe in the general pro-
cedure described above). By going through this procass
several times, it is possible to narrow in on the velocity

Cross-sectional area "A" (mz)

0.001 0.01 0.1 1.0 10
0.02 Q.05 0.1 0.2 0.5 1.0

Hydraulic radius "r" (m)

Fig. 5.72, Approximate values for hydraulic radii of the
most efficient cross-sections obtained using this conver-
sion scale are within £10%. This scale is based on the rela-
tionship r = 0.36 YA, The expressions in Table 5.3 should be
used if more accurate values are required,

associated with the desired slope. This is illustrated in
EXAMPLE 5.2. Then the canal dimensions can be
obtained from the corresponding hydraulic radius by fol-
lowing the fourth and final step of the general proce-
dure. Because a lower velocity will result from the
smaller slope, more of the suspended silt and fine sand
may settle in the cana) itself (unless the water is always
clear or a sufficiently large settling area is located
upstream of the canal).

Using Eqs. (5.2) and (5.3) and the appropriate expression
for the hydraulic radius from Table 5.3, it is also possi-
ble to derive a mathematical expression for the hydrau-
lie radius of the canal required to convey the desired

TABDLE 5.4. Expression for crass-sectional dimensions of
moat efficient crosy-sections for common profiles

Profile Dimensions
Semicircular diameter,d=4r
Rectangular depth,d=2r
width, w=4r
Triangular depth,d =2.8r
width, w = 5.7 r
Trapezoidal depth,d=21r
. . 4r
width, w = {"___sin 8

Civil works 101




(my/m) adors

o e o = W o - w . - v e
S W om - o & = M M
Y
AN L/ A
NV A/ 7
R AV AN /7 1
o_v.a 4, Z W/ _\\\.‘\W pd
S AN IV s v
S AT T T I 77T AT
VIO A ) /M T X
i 04V, VMY /s I VS PO DTS,
. T 7 = g IS
L )71 YAV N YA N
LLL NN XA AN X L7 s WHMAry ¥ 2477 A
AL L NNV A T 277 o S MANA ¥ Vo SN
AL L /YA W/ e W A VA
AT ¥ ST T
V' 7 MAAANA ¥ | A/ /7 LA AN VA7)
0 777 T AT -
T 7Aoo T T A B
4 /A DAL AL - ot o i PP d
1 A IILAD AN S AN X MW
&W“mwm kau. i /AN S AMA A LA M\\\\\
] _\\&_\ \\ \\\\ 4 \\\\h‘\ Pe om...f\\
/AL L VA p Al a7 |
TEEAR.7%4 A A red®
AVERY /PP g L A
A 7200 O A Y
1 1A 114 L4
4 \\\\M\\W‘“\WW \_\\ \\“\ L \x\\\\\“ \\\.\
W, 7/ 995 N ANV A
W/ Y VA7
AN S UViAAL X A
v/ /AL 44 \‘\w\\
- T LA
u\u\\\ \ﬁ“\
il ]
P 23 3 3 3 3 s ¢ & 8 2 8 g g g B g g 2
i3 & 83 % 88
«S. 2dotg e °

(5/m) A, L1201

Fig. 5.73. Graphical solution to Manning's equation [Eq.(5.3)).

102 Civil works




EXAMPLE 5.1

The flow of 150 t/s or, equivalently, 0.15 m3/s is to
be conveved in an unlined earth canol. The soil is
clayey loum, What are the required canal slope and
cross-sectiongl dimensions?

Before this problem can be solved, it is necessary to
decide on the appropriate profile and to determine
the values of "n" and "v".

Because an earth canal is desired, the most appro-
priate profile is trapezoidal. Excavation of the cana)
in clayey loam implies that a suitable slope for the
sides is 1 in 1. The flow velocity must be at least
0.3 m/s =0 that =ilt does not settle, but it should not
exceed about 0.8 m/s to prevent erosion. Let us
select v = 0.6 m/s. For an earth canal with clean
banks, Fig. 5.66 suggests that a roughness coefficient
should be n = (.023.

To obtain the slope and canal dimensions, it is neces-
sary to follow the four steps described previously,
using either the equations or graphs.

If the equations are used, the sequence of steps
shown below are followed:

(1) Using Eq. (5.2}, the area is found to be

A-R_ 015

- F
= 0.6 - 0..5m

(© If the slope of the canal sides of 1 in 1 is selected
for the soil conditions found, then this implies a
slope of 8 = 45° From the appropriate expres-
sion in Table 5.3, the hydraulic radius

o
r=0.60 /224 o5 -08m

(9 The required canal slope can be determined using
Eq. (5.3) to be

2
S=FMEMQ]=mmn

(0.18)%/3
or a 17 cm drop for every 100 m of canal.

(@) From Table 5.4, the basic canal dimensions can be
found to be

d=2(0.18=0.36 m

_4(0.18) _
Wv-m:yL = 1.0

If the graphs rather than equations are used for this
example, the dashed lines shown in the respective
graphs illustrate how these are used to solve the first
three portions of this problem.

EXAMPLE 5.2

For the site considered in EXAMPLE 5.1, assume that
the arca between the intake on the stream and the
forebay is fairly level and that e canal cannot easily
have a slope of greater than 0.0010. What are the
required canal dimensions for a canal with this slope?

For the originally selected velocity of 0.6 m/s, the
first three steps of the general procedure indicated
that a slope of 0.0017 was required. Because only a
smaller sivpe can be accommodated, lower values of
velocity must be chosen until one whose slope
matches that required is found. For example,

¢ With v = 0,6 m/s, the slope was found to be
S = 0.0017.

® Because a smaller slope is available, the velocity
associated with that slope must also be smaller.
i v = 0.4 m/s is selected, the slope which would

give rise to this velocity would be found (by fol-
lowing the first three steps in the general proce-
dure) to be S = 0.00056.

s Because the slope is now too small, v = 0.5 m/s is
selected. The required slope would then be
S = 0.0010.

@ Because this is equal to the available siape,
v = 0.5 m/s must be the velocity which is required
to convey 150 t/s down the canal. The associated
hydraulic radius is found to be r = 0.20. Using
Table 5.4, the actual canal dimensions necessary
to convey 150 {/s can be determined.

Equivalently, Eq. (5.4) can be used to approximate
the hydraulic radiug directly. Using this equation,
r=0.19. Table 5.4 can then be used to determine
canal dimensions,
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flow when a specific slope is available. The exact rela-
tionship depends on the canal profile used, but an appro-
ximaie formula is

g0.19 )
If the area’s topography indicates a larger average slope
between the intake on the stream and the forebay than
that required, a similar procedure can be followed. In
this case, the larger slope implies that a smaller and
therefore less expensive canal would be necessary but
that the velocity would be greater. This may make it
necessary to line the canal, which would increase its
cost. Another approach is to maintain the original slope
and use canal drops where appropriate (see Drop struc-
tures, p. 110).

Excavation

Before work can proceed, it is necessary tao lay out the
alignment ar route of the canal. After the canal
centerline and right-of-way limits have been staked, all
vegetation along the canal alignment or route should
then be stripped from the surface and removed, Strip-
ping should be deep enough to remove all roots and
crganic matter, because they prevent proper conpac-
tion of the soil and can introduce earthworm and rodent
activity.

The canal should be excavated in original subsoil. To
avoid future settling, it should not be built over filled-in
areas. Settling can cause cracks in any lining; with an
unlined canal, it can change the canal gradient and
thereby cause overspilling of the banks. Inadequate of
compaction of the soil may also increase the water's
rate infiltration into the ground, which in turn may
adversely affect the integrity of an unlined canal or a
canal with cracked lining. It is often preferable to use a
properly supported flume {p. 112} over a dip in the ter-
rain rather than to build over a filled-in area.

Excavation should be neat and as close to the desired
profile as possible (Fig. 5.74). Wooden templates can
facilitate the task for larger canals. For grade and
alignment between grade stakes, a string line should be
used. Over~cutting during excavation should be avoided,
because it requires extra time and effort to backfill and
properly compact this fill, or if the canal is to be lined,
extra material would be required for the lining.

The subsoil excavated from the canal can be used to
build up the bank. The top of the bank should be wide
enough o ensure stability, prevent excessive seepage,
and facilitate maintenance. It should equal or exceed
the design flow depth in the canal but not be less than
about 30 cm.

If it is necessary to fill in a slight dip and the original
subsoil is dry, the surface should be scarified (locsened)
to a depth of about 5 ¢m and moistened to ensure that it
bends with the fill material. Fill should be added in
approzimately 7 cm layers over the area to be filled and
then compacted manually or mechanically.
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Fig. 5.74. Excavation should be carefully undertaken to
the desired profile. At this site, concrete sills rather than
grade stakes have been placed at 4 m intervais. A 4 m
tength of square steel channeling spanning these sills witl
be used as a reference for placing a stone-masonry lining
ai the base of the canal.

Soil material used for fill should be selected from out-
side the canal right-of-way. It should be moist and uni-
form, have as many fine par*- :les as possible (silt or
clay), and be free of stones, roots, sticks, and organic
matter. Moisture in soil is necessary for proper com-
paction, It acts as a lubricant to allow soil particles to
slide closer together when tamped. The proper amount
of water can be judged by taking a handful of soil, ball-
ing it up in the hand with a good grip like a firm hand-
shake, and releasing the pressure. The soil must remain
in a ball. Optimum compaction is obtained with 12%-
15% moisture by weight, depending on soil type., Com-
paction is adequate when a heel print with a person's
full weight upon it will not indent the fill over 0.3 mm
(17

Canal lining

For centuries, numerous countries have used unlined
earth canals for conveying water for irrigation. These
are also frequently used with micro-hydropower
schemes because:

o they are easily built and maintained by unskilled per-
sonnel,

# they require no special equipment or material, and

@ their initial cost is low.

Occasionally, it may be necessary to line a canal with




Lowearille, VA, U.5.A. 1% kW)

an impervicus material such as clay, concrete, or stone
masonry (Fig, 5.75). This might be done to reduce seep-
age losses, prevent the growth of weeds, or reduce dam-
age caused by rodents, livestock, and erosion. A canal
should not be lined without reason, because the lining
increases the cost of construction considerably. Lining
a canal with simple stone paving limits erosion but does
not belp reduce seepage losses 1Fig. 5.76h

Seepage can have two adverse affects:

e On hillsides, it can saturate the soil below the canal
and eventually cause a landslide which can carry
away part of the canal.

e It can also cause loss of water, Although this gener-
ally has little impact on the water available for
power generation, it can be a serious problem in irri-
gation canals, where water is usually a more valua-
bir commodity. For ordinary soils with negligible
sand, losses becas!,:se of seepage amount to approxi-
Mately 2-10°% m /s/m? of wetted area (or, equiva-
lently, 2.1078 m/s). It can vary from 1'10°° m/s for
impervious clay loam to 20:107° m/s for gravelly
soils (5,38,40,46). EXAMPLE 5.3 illustrates how
seepage in a canal can be estimated.

The actual loss of water from seepage is determined by
a number of factors in addition to the nature and poros-
ity of the soil, These include the turbidity of the water,
the age and shape of the canal section, the compaction
of the scil, and groundwater level. Seepage lossin a
canal usually decreases with age, particularly if the
water carries silt. The addition of clay or other fine
material to the water initially can significantly improve
porous formations.

Fig. 5.75. The stones and cement lining this power canal
were necessary to limit erosion. Although more care in
the alignment of the canal would have reduced the slope of
the canal and losses, the terrain made it difficult to cost-
effectively use the greater head that is awailable.

EXAMPLE 5.3

In ordinary silt soil with little sand, a canal 500 m
long is to be excavated to convey 0.10 m”/s to the
forebay. The wetted perimeter of the canal is

1.3 m. What percentage of the canal flow is lost
through seepage? . S

Qq = (500 m)(1.3 m)(2-1076 m/s)
=00l miss - '

so that

Q 001

Lining a canal also reduces surface roughness and per-
mits larger velocities in the canal, because erosion is no
longer a limiting factor, This, in turn, allows the cross-
sectional area of a canal to be reduced. For a canal
excavated in soil, lining also permits use of a rectangu-
lar profile where only a trapezoidal profile would
otherwise be possible. All these factors can consider-
ably reduce the required volume of excavation

(Fig. 5.77)

Brick or stone masonry are commonly used to line power
canals, Bituminous mixtures, soil-cement (Fig. 5.78},
chemical sealants, clays, wood (Fig. 5.79), and imper-
meable membranes are also used, but not frequently.

Syangie, Nepaj (86 kW

Fig. 5.76. The portion of this canal where sofl {3 not very
porous is lined with stones. The small uphill canal serves
a3 a settling area for uphill runoff and (s paved to facili-

tate cleaning. No drainage around the canal has been
tncorporated.
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n=0.015 v =09m/s

Fig. 5.77. Two canals conveying the ?me flow along iden-
tical alignments (S = 0,002, @ = 0.2 m“/8). Although
material costs are greater, a properly constructed reetan-
gular, lined canal reduces canal dimensions eyl the volume
of excavation.

Table 5.2 (p. 99) shows permissible side slopes for
unlined canals. The same side slopes should also be used
if the lining is thin (not designed as a retaining wall).
The canal embankment is prepared for lining like that of
an unlined earth canal {sce Excavation, p. 104). If the
lining is built as a retaining wall, such as when a rectan-
gular canal is constructed of stone masonry {Fig. 5.80),
the side slope is unimportant.

Brick or stone-manonry. This is the most frequent type
of lining encountered in micro-hydropower installations.
The principal reasons for this in many developing coun-
triea are probably the difficulty of obtaining sufficient
cement for a concrete lining and the high cost of this
cement, which often has to be imported. Use of stone
masonry permits savings by reducing the quantity of
cement required {see APPENDIX E, p. 272). Whether
brick or stone is used depends on their relative availz-
bitity and cost.

With a brick- or stone-masonry lining, a rectangular
canal section is often uied, In this case, the sides of the
canals are constructed as retaining walls to counteract
the lateral forces of either the earth backfill or the
water within the canal. Commonly, the walls are built
first, sometimes on concrete footings, and then the base
of the canal is laid between the completed walls (see
Figs. 4.22 and 5.80).
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Yanabusra, Dapt. of Cusco, Peru (3 kW)

Fig. 5.73. A canal lined with a thin soil-cement mortar.

A canal to be lined with brick or stone masonry is laid
out like an earth canal. In the design of such a canal,

the excavation must allow for the thickness of the lin-
ing. If a canal bas to be lined, it is even more critical
that the canal! hottom {and sides aiso, if a trapezoidal

profile is used) is properly compacted to avoid any

Fig. 5.79. Along a awiftly flowing section of a canal, a lin-
ing of planks is used to prevent erosion.

Katams, Kiva Pror, Zeirs
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Fig. 5.80. The uphill stone-masonry wall of the canal is
lergely completed. A portion of a concrete footing for the
downhiil wall can also be seen. The base of the canal will
be placed when the walls have been completed.

Kalam, N.W.F.P., Pakistan (160 XW}

future settling and cracking of the lining. If the original
soil has not been disturbed, that soil is already suffi-
cieantly compact.

Grade stakes should be set level with what will be the
top of the finiched floor of the canal (Fig. 5.81). Then a
string line between grade stakes can be used to establish
the grade of the finished canal flecor. Fig. 5.74 illus-
trates another appreach.

Before the bricks or stones are laid on the compacted
earti: foundation, it should be wetied slightly and time
given for the water to penetrate the soil to prevent the
mortar from «drying too fast. However, the foundation
should not be wet cnough to cause tracking and distur-
bance by the workmen., APPENDIX E {p. 272) contains a
description of the procedure for constructing brick or
stone masoury.

To reduce resistance to flow and possible seepage
through poor-quality brick or a poor joint, the masonry
surface can be hand-plastered. This requires an extra
level of work and is rarely done for micro-bhydropower
canals.

Concrete. Because a concrete lining requires more
cement than a brick- or stone-masonry lining, it is
generally more costly and found less frequeatly in
micro-hydropower schemes.

The excavation of a canal with a thin, unreinforced con-
crete lining is similar to that of an earth canal. It
should be done carefully to ensure that the lining con-
forms closely to the desired profile when it is com-
pleted; otherwise, the lining will require more material

than expected. For example, an extra centimeter of
excavation below the design grade for a 5§ cm lining
would require that 20% more material (cement, sand,
and gravel). The foundation should be adequately com-
pacted and moistened before the concrete is placed, as
explained previously.

excavation for canal

grade stake

Fig. 5.81. A template which can bs used for laying sec-
tions of concrete lining.

Concrete sections of a lining can b hand-formed, If
the side slopes exceed 1 in 1, forms may be necessary to
hold the concrete in place until it sets. In placing con-
crete by hand, some form of template is usually used. It
might be fabricated of steel in the form shown in

Fig. 5.81.

In preparing concrete for lining a canal, it is important
to use the minimum amount of water needed for work-
ability. Excess water will cause the concrete to slump
and not stay on the canal slopes. A mixture of a 113:4-5
volume proportion {cement, sand, gravel} is adequate for
lining a canal {17). Further guidance is found in

APPENDIX D {p. 270).

When a template is used, concrete is placed at the bot-
tom of the stope between the template sides. A straight
piece of lumber serves as a screed which is worked back
and forth, starting at the bottom of the slope and slowly
woving up. After both sides are finished, concrete is
placed at the bottom of the canal and leveled with the
screed. All that is needed to finish the concrete surface
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is a light troweling with a wood trowel. The concrete is
then cured as explained in APPENDIX D (p. 270).

Soil-cement. Althouph there is little documentation cn

the use of soil-cement in the lining of power canals, the
following excerpt describes one use of this material in
Colombia {(49):

A long thin-walled polyethylene bag is filled
with water to form a flexible sausage which
serves as a form. This is placed over a bed made
of a very lean cement and soil with stone mix~
ture {in the proportion 1:6) and then covered
with the same. (Once the mixture has cured and
the water withdrawn from the plastic bag, a
large diameter pipe, cast in place, remains.
Every 15-20 m, an inspection shaft is built to
avoid pressure build-ups in case the level is
incorrect. This type of power condiiit is neces-
sary because of cattle, leaves, and plants, all of
which could ruin the operation of an open canal.

Drainage

Some form of cross-drainage must be considered if the
canal follows a slopc where, during heavy rains, runoff
from the uphill side of the canal can enter the canal and
interfere with its proper operation.

If the runoff is concenirated in gullies and ravines, it
may be possible to pass above or below the ravine by
respectively. A less complicated approach might be to
let the canal flow through a culvert {p. 116] and ensure
that all the runcff in the ravine is constrained and
diverted over this culvert (Fig. 5.82).

Wbhere the runoff is more uniformly distributed along
the canal and might introduce debris and sediment into
it, a small drainage ditch may be placed on the canal's

Fig. 5.82. Any runoff which gathers within the ravine is
conveyed over the power canal by g stone-tnasonry struc-

ture. The power canal here (s temporarily not in opera-
tion,
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uphill side (Fig. 5.83). This wonld gather the runoff,
and, at appropriate intervals, this flow would then be
diverted below the canal {see Figs. 4.22 and 5.84}.
Drainage ditches must be sized adequately to handle the
expected runoff and may have to be cleared of sediment

Fig. 5.83. A drainage ditch to the right of the power canal
collects runoff and diverts it under the canal at severul
points alang its length, The power canal here has not yet
been pat into operation.

Fig. 5.8. A drainage ditch will eventually pass
bottom of the power canal. At this site, the portions of
the canal incorporating the drainage ditches are completed
last.




and debris periodically. If the runcff is small and does
not carry debris, directing it into the canal will abviate
the need for cross-drainage; however, spiliways (see
below) must then be incorporated at strategic locations
along the canal to prevent excess flows diverted into it
from overflowing unexpectedly.

Freeboard and spillways

The [inzl eross-sectional
dimensions of a canal are
not those derived in
Determining canal dimen-
sions and slope (p. 96);
those are the dimensions
of the wetted area only.
The actual dimensions
have to include sufficient
freeboard~-the height of the bank above the water level
in the canal--to prevent excess water which might enter
the canal from overspilling its banks. Unless the canal
is built on or over rock, overspilling may cause erosion
and breach the canal (Fig. 5.85), Minimum freeboard
requirements for unlined earth canals are about one-
third of design flow depth or 0.15 m, whichever is
greater. For lined canals, these requirements are about
0.10 m (16). More freeboard may be provided if
required for bank settlement, siltation, or expected poor
maintenance.

freeboard

]

The water level in the canal may rise for several rea-
s0Ns:

#» There may be a problem at the intake, caused by the
control gates or flood flows, and excess water may
enter the canal.

» Rainwater may run off the slopes uphill of the canal
and, if drainage is insufficient, may enter the canal.

o Foen:;, Taire

Fig. 5.85. A canal with inadequate freeboard can overflow
and start eroding the downhill slope. This problem is fre-
quently aggravated by people who use the banks of canals
as footpaths.

Nyakabrgols, &

o The water may rise because the canal flow is
obstructed, possibly by a landslide or by closure of a
gate located at the forebay, perctock, or turbine.

One obvious way to prevent overflow of the canal is to
include a large freeboard. However, this increases cost
and labor for excavation. The usual method is to
include spiliways at appropriate intervals, Spillways are
designed to permit controlied overflow at specific
points along the canalj this excess water is carefully led
away in an existing streambed, ravine, or otherwise, so
that it does not undermine the canal or other st-uctures
downhill of the canal.

The slope of the canal and the amount of freeboard
determine whether spillways are required and, if so, the
distance between them. Fig. 5.86 shows a canal section

proposed spillway to

prevent overspilling at B level of water landslide
- —_—— backed up debris design
A T ——— B freeboard

. :
e el Y I

i

[P IERANNGR 7 3 S e AR
““canal bottom e
(with slope = s}

j 0U o.. \;»‘"{:ja‘_" g
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horizontal B
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" design depth
of water

N freeboard

slope = freell:‘t‘oard

L= frecboard

s

Fig. 5.86. Water, backed up behind an ebstruction in a canal, is shown gbout to start uncontrolled overspilling of the bank.
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where the bottom and the banks both have the same
slope, as is usually the case. Assuming an obstruction
along a canal as shown, the water will start backing up
and rising, until it reaches point B. Water will then
start overspilling the banks of the canal unleas a spill-
way has been located somewhere hetween points A and
B. Over each distance "L* which can be found from the
formula shown, there must therefore be at least one
spillway to avert uncontrelled overspilling. If the canat
is short or has a very small slope, "L" will be greater
than the canal length and spillways may not be neces-

sary.

The value of "L" derived above is only approximate and
serves as a maximum limit. All the excess water in a
canal will pass over the spillway only if the water level
in the canal is high encugh above the level of the spill-
way (Fig. 5.87), By lengthening the spillway suffi-
ciently, it is possible to reduce this extra head needed
to permit all the excess water to leave. If the spillway
is not wide enough, it may not prevent the canal banks
from overflowing. (See Spillways, p. 159, for descrip-
tions and sizing of various types of spillways.)

head above
spillway which
is necessary
for all excess ____ %
water to leave

design
depth

Fig. 5.87. Water lavel may have to rise significantly above
the spillway crest to permit all excess flow (o leave,

Unless a canal is very level or short, the magnitude of
the waterflow entering the canal will not be affected by
obstructions to the flow downstream. In this case, the
dimensions of a spillway must be adequate to permit the
entire flow which might enter the caral to cverspill.

If a canal is short or its slope is very small, its banks
can be constructed horizontally from intake to forebay
(Fig. 5.88). The banks will not overspill unless a major
flood submerges the intake. As that figure shows, this
approach cannot be adopted for long canals or for those
with laxrge slopes, because the canal would become too
deep at its lower reaches. In this case, the banks should
be built parallel to the canal bottom, and spillways
shouid be incorporated at appropriate intervais,

Drop struciores

For some canals, the drop in elevation between the pro-
posed intake on a stream and the proposed forebay loca-
tion is more than that necessary to provide the required
fiow. One solution is to use a steeper canal with
sraaller cross—sectional area; however, this would
increase velocities, and the canal may then have to be
lined. Anocther alternative is to use segments of canal
with the original slope and to connect these by one or
more drops {Fig. 5.89). Appropriate design velocities
are thereby maintained alomg the entire length of the
canal except at the drops. At these points, properly
designed drop structures should be included to ensure
that the energy gained by the falling water dissipates
without undermining the canal.” If the drop in not over
natural rock, it is usually necessary to conatruct a deop
structure of concrete, brick, stone masony, or timber.
Timber is usually not chosen because of its relatively
short life. Low-cost drop structures can also be built of
discarded oil drums or the equivalent.

(a)

a— penstock

intake
area

(b)

- - - maximum level that the water will
atiain if the flow is obstructed
anywhere up to the turbine

Fig 5.88, Comparison of canal depth for a short (a) and
long (b} canal where the banks are constructed horizontally
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slope required to

Fig. 5.89. Canat drops permit small slopes antd velocities te be maintained even where g large average slope i3 required,

Strictly speaking, a drop is used only when the differ-
ence in elevation from one section of the canal to the
next is smail and can be effected over a relatively short
distance, sften by a vertical fall. Fig, 5.90 illustrates
the basic configuration of one design for a drop. In this
case, the drop is approximately 1 m. Drops usually
include a section along which the drop in elevation takes
place and a stilling basin in which the excess energy
gained by the falling water is dissipated. They can alsc
include an inlet structure with a weir or gate designed
to control the level of water in the upstream stretch of
the canal. The water leaving a drop is often turbulent,
and this can cause erosion in the section of canal imme-

” :
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extension wall
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Fig. 5.90, Isometric view of a typical brick-masonry drop
structure used along irrigation canais in India. {83)

diately downstream of the structure. If the canal is not
lined, it is necessary to place riprap over a length of
several meters. Also, sufficient freeboard must be pro-
vided around the stilling basin because of the splashing
which occurs there.

Another design for a drop is a pipe drop structure

{Fig. 5.91). A stilling basin, suitably lined, is still
needed to dissipate the energy of the incoming water.
To prevent seepage along the outside of the pipe, a con-
crete apron around the inlet or coilars along its length
are often used. A lid on the inlet to the pipe can func-
tion as a check valve. The required pipe diameter for a
specific flow is found in the same manner as that for an
inverted siphon (see luverted xiphons, p. 115},

upstream canal

downstream
canal

stilling basin

Fig. 5.91. A sectional view of a pipe drop.

With conventional projects in some areas, there has
been a tendency to abandon vertical drops In favor

of short, inclined, concrete drop structures. 7he

one shown in Fig. 5.92 is designed for a flow of

0.15-2.0 m3js and a maximum fall of about 5 m. These
often have a rectangular cross-section, but trapezoidal
or semicircular cross-sections have also been used.
Engineering Field Manual for Conservation Practices (9)
includes a detailed design for an inclined concrete drop
which can be made without formwork and can convey up
to 1.0 m“/s through a maximum drop of 1.5 m.
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platiorm

this wall section warped

from vertical (at left) to
slope of bank {at right)

sto.plop, groove

Plan View
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riprap

protection
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riprap

Longitudinal Section prutection

Fig. 5.92. A view of a rectangular inclined drop (40),

Where larger drops are required and a series of drop
structures might be used, an inclined lined channel
catled a chute may be mere economical {Fig. 5.93). It
has essentially the same design as an inc¢lined drop
(Fig. 5.92) and generally contains the sams features.
Detailed descriptions of larger drop structures can be
found .n Design Standards No. 3, Canals and Related
Structures {5).

Circumventing obstacles

Obstacles may be encountered along the alignment of a
canal. It may be necessary for a canal to be supported
above or to go around or below these obstacles. A
flume, inverted siphon, or culvert can be used for this
purpose.

Fiumes. A flume is often used when it is necessary to
traverse a stream, ravine, gulley, ot sther depression, to
detour around an obstacle such as a large boulder or
part of a ciiff face (see Fig. 5.11}, or when the ground is
too rough or too steep to permit excavation for a canal.
The flume is simply an extension of the canal, often
continuing with the canal's slope but generally supported
on concrete, steel, or wooden piles, piers, or trusses
above the ground. A flume may be an open channel
made of timber with a rectangular or sometimes a
triangular cross-section or of wood staves, sheet metal,
or reinforced concrete, frequently with a semicircular
cross-section.
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Fig. 5.93. A chute permits cont
along @ power canal.

ro!l dissipation of nsrgy

A flume may also be a pipe of reinforced concrete,
steel, or other material. Although a pipe seems the
optimum choice to minimize labor requirements, pipes
are expensive in rural areas of developing countries and
often must be imported. Also, it can be very difficuit
to remove sediment and debris deposited within the pipe
during operation of the scheme, especially if the pipe is
more than several meters long. Removing settied silt or
clay is not siwply a matter of re-establishing the design
velocity through the pipe by putting the plant back in
operation, because the velocity at which the deposited
¢lay or silt is eroded, picked up, and carried back in sus-
pension is considerably greater than the velocity at
which it was deposited.

In sizing a flume constructed of any material, the same
principles apply as those for canals. Even if the slope of
the flume and canal are equal, the difference in the
roughness coefficients "n" of the two sections may
itmply that different cross-sectional dimensions can be
used.

The joint between the canal excavated in the ground and
the inlet and outlet of the flume should be built care-
fully to prevent leakage that might undermine the canal
at that point. To minimize losses as well as turbulence,
any transition between the canal and flume cross-sec-
tions should be gradual. Depending on the velocities
encountered and the nature of the canal bed, riprap or
other protection against scour may be needed for a
short distance beyond the outlet.

Ample freeboard also must be provided, especially if
overtopping of the flume can erode the ground below
and undermine the supports. If the flume is long, it may
be necessary to include spillways at appropriate points

Buglung, Nepal (182 kW)
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to safely convey any unexpected excess water away
from the flume. Freehoard for a flume is usually less
than that for a canal. A common rule is a freeboard of
about one-tenth the width of the flume, with a minimum
of about 5-7 cm {40). Curved flumes require greater
freeboard, especially along the outside edge.

ple boards with a rectangular (Fig. 5.95) or semicircular
cross-section, and collars become wore important.

Semicircular wood-stave flumes ara similar to wood-
stave pipe and generally require staves that have been
specially milled. Timbers for rectangular flumes are
easier to prepare and, because wider planks can be used,
there are fewer joints through which water might leak.
To make the joints more watertight, various types of
joints can be used (Fig. 5.96). Good-quality timber, free
of warps and knots and at least 3 ¢m thick, is often
recommended even for small flumes, because thinner

In areas with a ready supply of sawn timber, wood is a
cheap and convenient material with which to construct
a flume. Small wooden flumes are made of plain boards
nailed together with a triangular o1 rectangular cross-
section, reinforced with timber collars at 1-2 m inter-
vals, and supported on the ground or on timber posts
(Fig. 5.94}. The walls of large flumes are built of multi-
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butt ship tongue butt double
end lap and spline lining
groave

Fig. 5.94. A commn design for ooden flumes ed t

Fig. 5.96. Various joints that can be used between the
convey water to mills,

wallboards or floorboards of a wooden fiume,

50 x 300 ;30 x 100
splined

round

100 x 100
{(if h< 2 .n)

\\1\%&;

Cross-saction Elevation

Fia 5.95. A wooden flume on a supporting trestle. Nominal timber sizes are given {p millimeters unless otherwisenoted (40%
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boards tend to warp or crack. Boards properly seasoned
before use will swell and tighten when wet.

The life of a timber flume depends on the type of tim-
ber and the treatment it was given. An untreated tim-
ber flume may last 10-50 years, and creosoting may
extend its life 50%-100% (40). Intermittent service
shortens its life.

Collars for the rectangular flumes usually consist of a
rectangular frame around the three sides of the flume
tied across the top. If floating debris may pass along a
flume, there must be sufficient freeboard to permit this
debris to continue unhindered. Steel bands with wooden
crossties are used as collars for semicircular timber
flumes.

Support trestles can be pairs of posts for smaller
flumes; multi-column teestles can be used for larger
flumes. The posts should be inclined slightly and
anchored to supports—concrete or masenry piers—to
increase stability. The structure should be secure
enough to resist overturning by strong winds and earth~
quake loads when either full or empty. All frame joints
should be connected by boits, except for very light con-
struction; side and floor boards can be nailed in place.

If the flume is placed on a bench cut into a hillside, the
sills can rest on the ground or on blocking. Broken
stones or gravel under the sill facilitates draining and
prolongs its life. If the flume ia on trestles, the sills are
supported by longitudinal stringers; with small fluraes,
the flume itself acts as a girder between supports,

A flume can also be built of sheet metal. Generally,
such flumes consist of thin steel sheets curved to semi-
circular form and suspended from wooden or steel
stringers or crossties {Fig. 5.97). The design of trestles
is similar to that for wooden flumes described above.

Overlapping edges of the sheets forming the flume bar~
rel are generally pressed together between an outside
rod ov hanger and an inside compression member. The
rod is supported by a crosstie and the inside compression
member reacts againesi the underside of the crosastie as
shown in Fig. 5.98. Various types of joints have been
used. The Newcomb and American types are simple to
manufacture and install, particularly on curves. These

upper stringer crosstie

L)

galvanized steel sheet
bolted to stringers

Fig. 5.97. Elewvation and sectional views of the flume
shown in Fig. 5.11.
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tension
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Fig. 5.98. Some examples of metal flume joints including
{a) the Newcomb type, (b} the American type, and (¢} the
Lennon type (40)

joints can accommodate moderate curvature without
specially mitered sheets. Tightening the outside (ten-
sion) member of an American-type joint forces the out-
side sheet against the inner sheet which serves as the
compression member. More sophisticated designs such
as the Lennon type have alsco been used. These provide
greater structural security and watertightness while
minimizing resistance to flow, but they require specially
formed beads or grooves at the ends of the metal
sheets, and mitered joints have to be custom-made for a
specific curvature (40).

The metal sheets and all metal parts that come in con-
tact with them should be galvanized. When the galva-
nizing wears away, the interior surface should be
treated periodically with coal-tar paint or enamel.
Considerable other details concerning sheet metal
flumes can be found in "Design, Construction and Use of
Metal Flumes" (57).

At the Christian Radio Missionary Fellowship station at
Rugli in Papua New Guinea, sheet-metal flumes are
used both to cross depressions in the terrain and to tra-
verse steep areas. In this case, stringers are reinforced
by welding steel rods as shown in Fig. 5.97 and crossties
are constructed of angle iron. Bolts along the edges of



the galvanized metal sheets secure them to the angle-
iron stringers. Consecutive sheets of metal simply
overlap, with no attempt to seal these areas, but leaking
has not been a major problem. During several decades
of operation, these sheets have had to be replaced about
every 10 years. Rusting through the galvanized surface
seemed to be most severe at areas of overlap. The
number of overlapping joints can be reduced by using
long roils of galvanized steel sheet rather than small
rectangular sheets.

As part of one shorter sheet~metal flume at Rugli which
traverses a stream, a simple gate was fabricated by not
bolting one edge of a short section of sheet metal to the
stringers. When the canal has to be emptied or the flow
has to be prevented from flowing bevond a specific
point, this edge is lifted, permitting the water in the
canal to drain into the stream beneath (Fig. 5.99).

Rugli, W.H.P., Popoa New Guinea (15 kW)

G

gate in a sheet-metal

s P g
Flg. 5.99. A simple but effective

flume.

Reinforced concrete flumes can also be built but are
rarely used for micro-hydropower schemes. They are
the most permanent type, but also the heaviest and
tnost expensive. It is also difficult to make concrete
products of reliable quality in thin sections, and heavy
sections pose handling problems if they are precast. If
they are vast at the site, appropriate skills are required
and formwork costs may be excessive. Although they
can be supported above ground level, concrete flumes
are generally built as bench flumes, resting directly on
the ground.

Flumes made of other materials or designs are possible.
One example proposed in "Micro-Hydro: Civil Engineer-
ing Aspects" (72) has a basic appearance that resembles
a sheet-mwetal flume; however, rather than sheet metal,
a steel mesh covered with a sheet of rubber or other

suitable material is hung from the stringers (Fig. §.100).

v concrete or
"0 4, timber beam

steel mesh

Fig. 5.100. A flume design proposed as appropriate for
remote areas where the quantity of materials to be trans-
ported should be minimized (72),

Inverted siphons. At times, an obstacle such as a road

or streambed may lie just below the elevation of the
canal. A flume might not permit sufficient clearance
underneath or it might be diificult to support ade-
quately. At other times, the canal may have to traverse
a long and deep depression, and a flume might be too
expensive or objectionable for some other reason. In
these cases, the canal discharge could be carried in an
inverted siphon (Fig. 5.101).

An inverted siphon consists of an inlet and outlet struc-
ture connected by a pipe. If the canal is unlined, includ-
ing inlet and outlet tanks may be advisable to Eacilitate
removal of debris or sediment which accumulates in the
siphon (Fig 5.101a). These should be adequately sized to
permit access. If possible, a valve should be included at
the low point along a longer siphon (Fig. 5.101b) so that
the siphon can be drained.

The size of a pipe used in an inverted siphon is governed
by the same principle that governs flow in a penstock
pipe. {See Selecting pipe diataster, p. 125, for more
information). Assuming that the velocity of water in
the canal is the same at the inlet and cutlet, Bernoulli's
equation gives the following relationship between the
head lJoss through the siphon "hy"—the difference bet-
ween elevation of the water at the inlet and at the cut-
let--and the velocity through it:

L ¥
2g

2 2
_ 120n \ ¥
'____D4/3 +(Ke+l{b+1,-— {5.5)

k %
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road or section of
streambed power canal

(a) inverted siphon b

i

(b} inverted siphon

Fig. 5.10i. Two examples (tlustrating how an inverted siphon may be used along a canal alignment to circumvent obstacies.

where
hy = head loss through inverted siphon (m)
n = roughness coefficient (see Fig. 5.126)
D = diameter of siphon {m)
L = length of siphon (m}
v = velocity in siphon {m/s}
g = gravitational constant (9.8 m/s%)
K = coefficient of losses at entrance {see

Fig, 5.128)
K}, = coefficient of losses at bends (see Fig. 5.128)

The [irst term represents friction losses along the
siphon [see Eq. (5.13}]; the other terms represent
entrance and exit losses caused by turbulence and losses
at any bends included along the siphon.

If a coefficient of friction losses is defined as

2
_120n
KP = —]5—4—7? (5.6)
Eq. {5.5) can be solved for the velocity in the siphon:
v = -~ (5.7
—\[KPL+he+l{b+l

Using Eq. (5.7) and the relationship

2
Q= '4'3 v (5.8)

it is possible to derive the equation

*D2 I 2ghy
F '\!Kp]‘"'Ke*'Kb*l

Q:

or

h 1

PA [ i

Q=35D (5.9)
-QKPL+KE+Kb+1

which must be solved for the required diameter of the
siphon. However, because K_ depends on pipe diameter
as is apparent in Eq. (5.6}, it¥s not possible to solve
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Eq. {5.9} to obtain a simple expression for the required
diameter for a given flow and head loss. Rather, a trial
diameter should be selected and the flow derived from
Eq. (5.9} should be compared with the desired flow.
Repeating this process several times will quickly lead to
the required diameter.

If the water contains cilt or other sediment, velocities
in an inverted siphon should be maintained at levels high
enough to prevent it from settling. Minimum velocity
should range from 0.3 to 0.5 m/3. To determine the
maximum siphon diameter required to maintain this
velocity, the design flow and minimum velecity can be
introduced into Eq. (5.8). This value of diameter can
then be substituted into Eq. (5.9} to determine the head
loss across the siphon required to obtain this velocity,
A smaller diameter pipe would lead to increased velo-
city but also to an increased head loss.

Fig. 5.102 shows the typical design and dimensions of an
4nverted siphon used along irrigation canals in India.
The inlet and outlet tanks act as settling basins because
of the increased area of flow and lower velocities
through them. Any silt carried by the water is likely to
be deposited in these tanks; therefore, their interior
dimensions are commonly 0.6 m square to permit access
for cleaning out the accumulated sediment. The bottom
of the tank is at least 0.15 m below the invert (bottom)
of the pipe to prevent this sediment from inter{ering
with the operation of the siphon. The pipeline should be
buried deep enough to protect it from any tratfic over
it.

Culverts. When a canal has to avoid an obstacle such as
a road o1 streambed which is just slightly higher in ele-
vation, a common culvert can he used (see Fig. 5.12).
This is simply a pipe which flows partially full. To pre-
vent piping—the flow of water along the outside of the
pipe--which may lead to collapse of the ground above,
masonry headwalls should be constructed at the ends of
the culvert or buried pipe; alternatively, collars could
be included along the pipe.

On steep slopes, where providing for dreinage around a
canal can prove difficult because it would require too




road, track, or
riverbed to be
circumvented
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Fig. 5.102. Typical dimensions (m) of an inverted siphon used in India to carry irrigation weter below obstacles (83).

S e
Fig 5.103. The steep, rocky soil slope at this site makes it
difficult to provide drainage. In this case, flat concrete

covers will eventually be placed along the length of the
canal to prevent debris from entering.

much excavation (Fig. 5.103}, one approach is to cover
the canal and construct a culvert. Flat covers made of
timber or reinforced concrete can be placed over the
canal (Fig. 5.104}. These covers can be removed to
permit access to the canal for repair or cleaning. Any
debris coming off the hillside would either settie on
these covers ar be carried aver. Because some rain-
water and sediment may still enter the canal, some set-
tling at the forebay may be necessary.

At a site at Bundi, Papua New Guinea, where it seemed
better to backfill over the canal, a rectangular canal
with a width slightly larger than the diameter of a 200¢

Fig. 5.104. A canal section showing flat covers to prevent
eniry of debris.
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0il drum was built. When it was completed, a half-drum
was used as formwork and placed over the canal on tim-
ber supports, and concrete was laid over it (Fig. 5.108}).
When the concrete had set, the timber supports were
removed. The oil-drum forms dropped down and were
removed for use farther down the canal. The outside
surface of the drum was oiled before use to facilitate
its removal. Soil was backfilled over this "culvert.”
Occasional access holes along the canal (Fig. 5.106)
permitted a workman to enter and crawl along the canal
to remove sediment carried from the intake area.

At Kagua, Papua New Guinea, a culvert was cast in
place {Fig. 5.107). Automobile tires were placed side by
side along their common axis, and planks were then laid
around this core of tires, also parallel to this axis. This
served as cylindrical formwork around which concrete
was poured. When the concrete had set, the tires were
pulled out and the planks were removed, leaving a con-
crete culvert.

For large canals, brick arches over the canal have been
built (Fig. 5.108). However, this is generally costlier
and requires brick-masonry skills.

Sizing low-pressure conduits

Although canals are the most common type of power
conduit used with micro-hydropower schemes, low~pres-
sure pipes are also used for the reasons mentioned in
Power conduit (p. 68). The appropriate pipe diameter
can be determined from Figs. 5.125 and 5.129, the same
figures used to determine losses in a penstock pipe.

Forebays

A forebay is basically a basin with dimensions that need
be no larger than theose required for it to perform either
of the functions mentioned earlier. Any of several
componenis--settling basins, spillway, gates, and trash-
rack--mray be incorporated within this basin as described
in Forebay (p. 72). This section describes various fore-
bay designs to illustrate how these components have

Fig. 5.106, An access hole permits access to the covered
canal,

been incorporated. (For information on design and siz-
ing of these components, see Other components, p. 154).
It also discusses design considerations for the shape and
location of the inlet to the penstock to minimize losses
and the chance for air entrainment into the penstock.

One version of a forebay design frequently recom-
mended by the Ossberger Turbinenfabrik of Germany at
installations using its turbines illusirates how all the
basic components are incorporated into the forebay
(Fig, 5.109). The initial portion of the forebay can be
sized as a secondary settling basin if necessary. A stop-

hali-drum

formwork

temporary
wooden
supports

Fig. 5.105. Steps in the construction of a covered stretch of canal at Bundi, Papua New Guinea (Source: B. Vogtii).
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Kagua, 5.H.P., Papus New Guinea

Fig. 5.107. This culvert wes cast in place using tires and
sawn timber as formwork,

Fig. 5.108. An
to prevent slides from obstructing the flow of water.

irrgation canal is covered with a brick arch

Dohradun, U.P., India

primary
spillway

=]

\ trashrack

stoplog
groove

(not to scale)

stoplogs

stoplog
groove

power canal

o B penstock
S i *?si;.na\h\\\:":—',

ol

Fig. 5.109. Basic feqtures of a forebaey.
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log gate permits the forebay to be drained so that sedi-
ment can be cleared or repairs made. Because the
trashrack is located below the surface of the water,
much of the surface debris is not caught. The srillway
is strategically placed so that excess, overflowing water
continuously sweeps floating debris out of the forebay.
Less frequent cleaning of the trashrack is therefore
necessary. Just before the trashrack, stoplogs can be
inserted to prevent flow into the penstock when this is
necessary. The design shows a vent incorporated in the
wall of the forebay; however, this vent is frequently
installed at the upper end of the panstock pipe itself
(see Fig. 5.21).

To reduce turbulence and losses, the penstock inlet of
large hydropower schemes is generally bell-shaped.
However, for many micro-hydropower plants, the pen-
stock inlet is simply a portion of the pipe extending
through, or flush with, the forebay wall. Even for these
configurations, the losses incurred are usually minimal.

The head loss coefficient "K_" associated with various
pipe entrances is illustrated in Fig. 5.128. The actual
head loss is found by using the following equation:

{5.10)

where “v" is the velacity in the penstock. By incorpo~
rating a proper bell-shaped rather than a square-edged
entry, head losses at the inlet are significantly reduced.
But for penstock velocities even as high as 2 m/s, these
losses amount to only 0.1 m. Consequently, these losses
are penerally insignificant, and only for very low-head
sites should an effort be made to incorporate a proper
bell-shaped entry. Even slightly rounding the eatrance
reduces head loss by at least 50%. Although a hooded
inlet increases losses slightly, it makes it more difficult
for passersby to drop small stones into the penstock.

A vortex which forms at the inlet to the penstock occa-
sionally can cause troubles. It can induce loss of turbine
efficiency, possible cavitation, surging caused by the
formation and dissipation of vortices, and flow reduc-
tion as air replaces part of the water through the inlet.
It can also draw floating debris into the penstock.

Most research on the formation of vortices has involved
hydraulic model studies of specific sites. These are
appropriate for large hydropower schemes, but those
implementing micro-hydropower plants cannot afford
the cost and delays associated with such studies. Design
criteria to prevent vortex formation are needed, but
little has been done in this area.

Designing for a low velocity into the penstock and
increasing submergence of the inlet can help prevent
the formation of vortices. Also, a vertical inlet has a
greater tendency for vortex formation than a horizontal
one. Whereas these parameters are easy to quantify,
vortex formation also seems to depend considerably on
the circulation {swirl} in the water as it approaches the
inlet. This circulation is primarily a function of the
configuration of the area just upstream of the intake
and can be caused by canal irregularities or separation
of flow at the edge of a canal or forebay wall. Flow
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approaching the intake asymmetrically is more prone to
vortex formation than symmetrical flow (Fig. 5.110). It
is therefore important that flows upstream of the inlet
area be as straight and uniform as possible.

Several studies have attempted to use empirical data
from both actual sites and model studies to derive
guidelines for minimum inlet submergence. Although
these efforts are not conclusive, they do indicate design
parameters for which vortices are less likely to form.
From data from 29 sites, one study derived the two
curves drawn in Fig, 5.111 (48). Regimes which are pre-
sumed free of vortices are found above each of these
curves. Also included in this figure are data points
obtained in a more recent study undertaken at the St.
Anthony Falls Hydraulic Laboratory (53}, Based on this
more comprehensive study, the two previously derived
curves, which are still used for inlet design, are clearly
not adequate to specify vortex-free regimes. Had it
been possible to quantify appreoach conditions, more
accurate curves presumably could have been derived.
Although there is no area where vortices are certain not
to occur, the area bounded by the dashed lines indicates
an arga where they are less likely to occur. Even in this
area, however, vortices may form if approach conditions
are poor.

Even if factors discouraging vortex formation are con-
sidered during the design stage, vortex flow can stil}
occur during cperation of the plant. By then, it may not
be economically feasible to increase the submergence of
the inlet, increase its diameter, or alter approach condi-
tions to discourage vortex formation. In this case,
several remedial actions to suppress these vortices are
possible (94),

One of the simplest and least costly remedies is a float-
ing raft which disrupts the angular momentum of the
water near the surface (Fig. 5.112). It can be a square
grid built of strips of lumber. On one occasion, a float-
ing piece of plywood has also been used. However, if
this latter approach is taken, the piece of wood should
be large enough not to be sucked underwater and seal
the inlet to the penstock, especially if the penstock does
not include a vent pipe. In tests, a better location for a
raft was found to be slightly below the surface of the
water, where it is more effeclive in removing swirling

(a) {b}

B

Fig. 5.110. Asymmetrical (a) and symmetrical (b} flow
approaching an intake.




O horizontal intake
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Fig. 5.111. This dimensionless piot of deta obtained from
intakes at existing installations and from mode! studies of
proposed instaliations identifies intakes with and without

vortex problems (53).

motion below the raft. If the raft is submerged too
deeply, it will not be able te provide resistance to the
swirl above it.

A hooded inlet with baffle is another vortex suppressor
common to small intakes such as culverts. Figure 5.113
illustrates one such design used with culverts 150 mm or
greater in diameter (94}). With the penstock velocities
commonly encountered in micro-hydropower installa-
tions, the pipe will then flow full even if submergence is
somewhat less than aqual to pipe diametar, although the

Top:

baffle can be shaped
circular, square, or as shown

It-.;_-.,—-—:—-.—_l— :‘—"‘ - —1
'x' *
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w =T penstock pipe 4 D
LN |
x ’
~ ’
] \-—.—.—;.r:.—.;?_‘.‘.‘-:—_ 3
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all angle-iron braces
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Fig. 5.112. Section view of floating (a) and submerged (b)
raft vortex suppressors.

Fig. 5.113. Three views of a baffle on a hooded inlet used
to suppress vorter formation (9).

flow may still have some swirl. If a metal baffle is used
on a metal pipe, the same coating should be used on
each component to avoid cathodic corrosion.

Trashracks fabricated of bars of rectangular cross-sec-
tion can also disrupt the angular momentum of flow and
suppress vortex formation. A variation of thisis a
perforated plate (52). Laboratory tests have shown

that the head loss across a plate pierced with holes
through 50% of its area suppressed vortex formation
{Fig. 5.114), With low-head schemes where head losses
should be minimized, a perforated plate would not be an
appropriate method of vortex suppression.
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Fig. 5.114. A perforatad plate can also be used to suppress
vortex formation.

Although micro-hydropower schemes generally require a
flow of less than 1.0 m3/s, the design shown in

Fig. 5.115 is proposed as a standardized design for flows
from 0.1 to 10 m3/s. Accompanying the original figure
is a table which assigns values to the variables repre-
sented by letters. The magnitude of these values
depends on the design flow the forebay is to accommo-
date. This is an example of a more sophisticated and
costly design that is simply reduced in size to accom-
modate the smaller flows used by micro-hydropower
plants. The previous design (see Fig. 5.109) has the
same basic features but is simpler and less costly. The
principal differences are the use of screw hoists on the

two gates and more intricate concrete work with the
standardized design.

In Fig. 5.116, a simple design for a small scheme incor-
porates the basic features required of a forebay. In lieu
of a gate valve, a loosely fitting PVC (polyvinyl chio-
ride) elbow is inserted between the penstock inlet and
the main penstock pipe. Flow to the turbine is cut off

Section BB

Section CC

Fig. 5.115. A standardized forebay dasign (90).
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cord for raising
penstock inlet
above water level

perforated
PVC pipe at
intake

loose 90° elbow

Fig. 5.116. A forebay for a small plant (n Colombia (49).

simply by pivoting the inlet end of the penstock out of
the water. As shown, the drain is used primarily to
drain the forebay and, depending on its size and loca-
tion, may permit scouring out any sediment; otherwise,
this sediment will have {o be shoveled out, In addition,
the forebay can be covered because it is amall, This
prevents debris from falling in and, possibly more
important, reduces chances of tampering by curious on-
lookers. In this design, a length of perforated PVC pipe
has replaced the conventional trashrack. In this case, it
is necessary to ensure that the total area through which
the flow enters is large enough to keep the pressure
drop across this inlet within acceptable limits, even if it
ia partially obstructed (see Trashracks and skimmers,

p. 162).

Anocther proposed forebay design is illustrated in

Fig. 5.117. In this design, a pipe section serves as a
cylinder gate through which the forebay can be drained
and debris and sediment removed. (See the end of Slid-
ing gates, p. 155, for a discussion of cylinder gates.)
The pipe section can also serve as a shaft spillway if it
has been adequately sized (see Spillways, p. 159}). The
operation of the circular trashrack is described in
Trashracks and skimmers (p. 162). If this forebay is also
to serve as a primary settling basin, it would have to be
adequately sized (see Settling basins, p. 166).

At times, no true forebay is included before the pen-
stock. The installations shown on Figs. 5.118 and 5.119
are both low-head sites and use considerable flow. The
trashrack is placed at the end of the power canal, In
the first case, excess flow passes over a sliding gate} in
the second, part of this flow passes over the trashrack,

A , A
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I-q__.‘.‘- "{ “‘ ‘—__-J
=@ ;[
Y . +

shaft spillway/ handle
drain plug

trashrack
AV ERA:

power
conduit

NI N
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[?T‘?T.;/%\l J'J%ﬂ‘b/"/ﬁm ij:;_..‘.

O M 77
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Section AA

Fig. 5.117. Plan and section views of a forebey design pro-
posed by Rupert Armstrong Evang which features a cylin-
drical trashrack.

Fig. 5.118. At this site, the top edge of the sliding gate
serves as the spillway. Trash is raked off the trashracic
and pushed off the edge into the spillway caral.
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Ruyigi, Burundi {70kW)

Fig. 5.119. The basic design is similar to that in

Fig. 5.118, but the trashrack has been lowered so that it is
submerged in normal operation. The gaie is shown in its
open position because the plant was not yet operational.

carrying away some of the debris which might other-
wise become lodged in the trashrack. In this regard,
Fig. 5,119 is similar to the design recommended by Oss-
berger (see Fig. 5.109), except that the latter is better
designed-~all excess flow passes over the trashrack.

At other times, the forebay can be a substantial struc-
ture used to store water for peak generation purposes
{Fig. 5,.120). Because a forebay used for this function
can be large, concrete is used only for the area around
the intake to the penstock, If the soil is pervious, the
entire forebay must be lined with concrete or other
impervious material. Fig. 5.121 shows a view of another
scheme which incorporates a forebay with significant
storage capacity. A close-up of the forebay (Fig. 5.122)
shows that concrete is only used around the inlet to the
penstock (at the left), The remainder of the forebay has
been carefully excavated and lined with a 10 cm~thick
layer of clay to seal it {(Fig. 5.123). Hand-placed riprap
protects this clay lining (Fig. 5.124).

'

Fig 5.120. A forebay used to store water for poer gener-
ation during peak demand periods.
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Fig. 5.121. A view of the forebay (with 4000 m> capacity),
penstock, and powerhouse at an 80 kW scheme to provide
power to Syangja, Nepal,

Penstocks
Materials

Steel is the most frequently used penstock material, but
various types of concrete are also used. Wood-stave
penstocks with steel reinforcing rings, used extensively
in large, old plants, were entirely satisfactory. How-
ever, wood-~stave pipe is now rarely used, probably
because of increased familiarity with steel penstocks.
For small schemes, the low cost, low weight, and ease
of installation of plastic pipe has made plastic an
attractive material. For very small self-help schemes,
pipes have also been constructed of other materials,
such as oil drums {(see Fig., 10.53) and ordinary timber
(see Fig. 10.54). Properties of materials used for pen-
stock pipes are shown in Table 5.5 and will be referred
to in subsequent sections.

In selecting the type of penstock pipe for a specific site,
the following factors should be considered:

required operating pressure and diameter;

method of coupling;

weight and ease in handling and accessibility of site;
local availability of pipe;

maintenance requirements and expected life;

nature of terrain to be traversed; and

e effect on pipe of water quality, climate, soil, and
possible tampering.

Although polyvinyl chloride (PVC) pipe has become more
popular, a source of concern with this material is its
degradation from exposure to ultraviclet radiation, pri-
marily from sunlight. This exposure can occur when a
portion of the pipe is installed above ground or during
shipment or storage at the job site.

Degradation occurs on the exposed surface of PVC pipe
where the sun’s radiation breaks the chemical bonds
within the polymer chains. The structure of the plastic
is permanently altered in the affected area, which often




e

Fig. 5.122. Close-up of the forebay under construction, Concrete i3 used only in the vicinity of the inlet to the penstock

turns the surface a light yellow. But penetration depth Sizing penstack pipes

of this altered area rarely exceeds 0.003 mm. Degrada-

tion ceases when exposure ends. When sizing a penstock pipe, two parameters must be
specified:

Tests were performed across the United States to gage

the effect of ultraviolet radiation on PVC pipe. During # its diameter, which should be selected to reduce

the two yecars Lhat the pipe samples were placed out- frictional and therefore energy losses within the

doors with maximum exposure to sunlight, both tensile penstock to an acceptable level, and

strength (which is directly related to pressure rating)

and modulus of elasticity (which is related to the pipe's & the thickness of its walls, which should be selected

ability to resist external loads} remained virtually to accommodate the pressures encountered during
unchanged. Impact strength was somewhat reduced but plant operation.
still within acceptable limits (7).

Selecting pipe diameter. A more widely used form of

Because long-term trends may be less clear, pipe the power equation is not Eq. (4.2) but

installed above ground should be protected from sunlight

by an opaque shield of any thickness. The pipe can be P=98e, QH {5.11)
painted, coated, or wrapped. Because some paints and
cements contain solvents which can be detrimental to where, in addition to the variables defined earlier,

PV(C, it is advisable to apply the proposed paint or coat-
ing to a sample length of pipe to ensure compatibility
and adhesion. Generally, water-based latex paints for-
mulated for outdoor use work well,

e, = efficiency of the turbine (or turbo-generating
equipment i electricity is to be generated)
H = net head acting on the turbine (m)

= Hg =Ry

Syanga, Hepal bl kW

B . W,
- ' oy

Fig. 5.123. A layer of clay (seen stacked on the right) is Fig. 5.124. The clay li
being tamped on the floor of the forebay. hand-placed riprap.

Syangjs, Nepal (60 kW)
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TABLE 5.5. Properties of matericls used in the manuifacture of penstock pipe

Young's modulus Coefficient of Ultimate
Materia Ehatiomd  aGvmte)  egremdy”  oeted
A m
Steel 21-105 121075 3500 7900
Polyviny! chleride (PVC) 0.28-10% 54-1076 280 * 1400
Polyethylene 0.02-0.08-10% 140-107¢ 60-90 * 949
Concrete 2105 10-107% 1800-2500
Asbestos cement 8.1-107° 1600-2100
Cast iron 8-10° 10-1076 1400 7200
Ductile iron 17-10% 11-107% 3500 7300

* Hydrostatic design basis

As the value admitting water to the turbine is just
beginning to open, the net head acting on the turbine is
equal to the gross head across the penstock, the differ-
ence in elevation between the penstock inlet and the
turbine. But as soon as the water in the penstock starts
to descend, fluid friction and turbulence result in losses
in head "hy" which reduce the actual head acting on the
turbine. ’llhe magnitude of these losses is approximately
proportional to the square of the velocity of the water
in the pipe. Consequently, if a less costly, small-dia-
meter pipe is used to convey the same flow as a larger-
diameter pipe, the velocity and therefore the losses are
greater in the former, Greater losses decrease a site's
net head and therefore its power potential. Thus,
selecting a penstock diameter is a trade-off between
cost and power losses;: selecting as small a diameter as
possible to minimize cost and selecting as large a dia-
meter as necessary to minimize losses.

As discussed in Selecting wall thickness (p. 133}, the
pipe diameter also affects the required pressure rating
and therefore the wall thickness of the penstock. A
smaller-diameter pipe would be less costly, but the
resulting higher velocity would cause pressure surges,
such as those caused by rapid gate closure, to be higher.
A more costly pipe with a higher pressure rating might
therefore be required. In selecting vipe diameter, it is
best not to consider the effect of diameter on pipe
thickness until an initial choice of pipe diameter is
made based solely on keeping head losses within accept-
able limits. The choice can always be changed if it is
later found to im-1y unacceptable surge pressures.

Pressure or b +89¢s are comprised of losses caused
by friction bucween the water and the pipe "h;" and
logses caused by turbulence created by changes in velo-
city or direction of flow which occur at the inlet, bends,
va.lves, and enlargements or constrictions along a pipe
* + Losses caused by turbulence are commonly
referred to as minor losses and are small in the case of
micro-hydropower schemes with relatively long pen-
stocks. However, if a short penatock is used, these
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"minor losses™ may be greater than friction losses. The
tatal head loss is simply equal to the sum of these two
losses:

One means of approximating these losses is described
below. The equations used to estimate these losses are

based on tests in both laboratories and full-scale instal-
lations.

The graph in Fig, 5.125 can be used to determine losses
caused by friction in a penstock pipe. It is based on the
following equation, which is derived from Manning's
equation:

h FA
f . {nv}
T 6.3 -—-—04/3 (5.13)

where

hi‘ = head loss due to friction (m)
penstock length {m)

roughness coefficient (see Fig. 5.126)
mean velocity (m/s)

internal pipe diameter (m}

s

g<o

The use of this graph is illustrated in EXAMPLE 5.4.

A more convenient form of this eql..atlcm expresses the
losses in terms of the flow through the pipe "Q" (m fs}

—_— lOE—-Q—

(5.14)
L bS53

The very strong dependence of friction losses on pipe
diameter is more clearly seen in this form of the egua-
tion. Just halving the pipe diameter for a given flow,
for example, increases friction losses by a factor of 40!
The equation also shows that, for a given flow and pipe
diameter, losses are proportional to penstock length.
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Fig. 5.125. Graph used to determine head losses caused by friction within a pipe.
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n (roughness coefficient)
008 016 024

Plastic -—
Welded steel

Wood stave I
Concrete

very smooth '
made from steel forms %
with rough forms

Galvanized iron I

Corrugated metal H

Fig. 5.126. The roughness coefficients for Manning's for-
mula used in determinirg head loss caused by friction in @
pipe of good condition conveying water,

This is one reason that hydropower schemes are laid out
to minimize penstock length for a given gross head {see
DEVELOPING THE BASIC LAYOUT, p. 49).

".Assum thata PVC pipe with an tntemai diameter of

. ‘'will be the head loss due to friction, and-what per-

-line in Flg. 5,125 from the flow which’ the pipe i

: 1£ only frictlon lossea are conmdered L

:.; Because the power ava:llable from a turbme wrl:b a
‘given flow is proportional to net head, this loss of

250 mm is to convey a flow.of 60¢t/sfora distance of
500.m at a site with a gross head of 80.0'm. What

centage loss in power does this head !oas represent? .

_accommodate on the upper left-hand scale, a- bead
-loss is Iound to I:e 0.0060 :nlm of pxpe. The' actual

head represents a loss of power through pipe frictmn :
of. 3}80 or. about 4%. . '

Whereas Manning's equation is used here, other empiri~
cally derived formulas also can be used, such as those of
Darcy-Weisbach, Hazen-Williams, and Scobey. Informa-
tion on these can be found in texts on hydraulics. Mann-
ing's formula is widely used and can be applied to con-
duits of any shape, including canals {see Determining
canal dimensions and slope, p. 96). Although it can he
used only for water at normal temperatures, this
testriction has no impact on its use for hydropower
applications.

The 4% loss in power caused by friction losses in
EXAMPLE 5.4 is usually acceptable. One factor which
determines acceptability is an economic one--whether
the extra cost involved in instaliing a larger penstock to
reduce the energy losses can be recouped by the addi-
tional revenue generated by selling this additional
energy. This might be the case if all excess energy can
be sold or, equivalently, if it replaces diese] fuel at an
isolated site. In the United States, small suppliers of
power are guaranteed a market in the local utility for
their excess power; however, at most isolated micro-
hydropower installations in developing countries, few
arguments can be made for reducing such small power
losses. At these sites, short-term peaks are usually bet-
ter addressed by better load management—spreading the
load more uniformsly during the day--than by increasing
the initial capital outlay for larger-diameter pipe.

Clearly, each situation must be considered on its own
merits. EXAMPLE 5.5 presents a simple analysis of
whether an increased diameter pipe is warranted in the
case of a grid-connected scheme.

.'\Assume that in the case presented in EXAMPLE 5.4,
‘the owner of -the power scheme.can sell power for
?S.f 5/kWh to the grid. - Would it be’ -adwintageous _

;The' increasad pnce o

'_The owner will theﬁ have to declde whether an. add:— B
tional investment of at least $5000 is worth an annual
__retu.rn of $310. S

EXAMPLE 5.5

htm. ) spend mone for a larger-d!ameter ptpa

the: pipe-alone would amount 3:;

10{m)(500 m) = 35000
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A more rigorous approach to selecting the optimum
pipe diameter—-that diameter resulting in the least cost
over the life of the plant--is to select several possible
pipe diameters. First, for each diameter, power and
annual energy losses are computed as illustrated in
EXAMPLE 5.5. Losses caused by turbulence {discussed
below} should also be included in this calculation, The
present value of this energy loss over the life of the
plant is then calculated and plotted for each diameter
(Fig. 5.127). Second, the cost of the pipe for each dia-
meter is computed and plotted. These computations
should include all factors which might significantly
influence its cost. For example, decreasing the pen-
stock diameter for a given flow may appear to reduce
the price of the pipe; however, decreasing the diameter
also increases the velocity and potential surge pres-
sures, which may mean that a thicker, more expensive
pipe is required. Once both curves are plotted, they are
added graphically. The optimum diameter is the one
associated with the minimum cost. If standard, com-
mercial pipe is to be used, the optimum diameter would
be that diameter closest to the theoretical optimurm.
Commercial pipe in non-standard sizes is either not
available or may cost significantly more to fabricate.

cost of

energy lost

{CL) ~— tot/al cost {C.IJ
- minimum cost /
c [ .
© /]

. 4 Co=
cost of penstock, C T, ¢
valves, installation, L P
etc. (CP) \ Cp |

e |

C

] (L

optimum
diameter

Pipe diameter

Flg. 5.127. Graphlcal method for finding optimum pan-
stock diameter.

If the internal diameter of the pipe changes aleng the
length of the penstocn, the approach to determining
head losses described above can be applied to each con~
stant-diameter section. Because head losses are addi-
tive, total head loss caused by friction is simply the sum
of Eriction losses in the individual sections of pipe.

When pipe has to be shipped a considerable distance,
using pipe of two different diameters may save on proj-
ect costs, For a plant in Koarae in the Federated States
of Micronesia, shipping custs for PVC pipe were approx-
imately halved because the 15" pipe sections could be
telescoped into the 18" pipe sections, reducing ihe bulk
to be shipped by half. Volume, not weight, determines
the cost of shipping the pipe in containers. When the

penstock was assembled, all the pipe sections of one
diameter were secured together and laid, followed by
those of the second diameter, A reducer was used to
couple the two lengths of different diameter.

Losses caused by turbulence are generally expressed as
a product of a loss coefficient and velocity head:

w2
hy=K 32 (5.15)

where

h, = head loss due to turbulence (m)

K = head loss coefficient (see helow)

v = velocity where the loss is taking place {or the
higher of the two velocities if a contraction or
expansion occurs).

The coefficients for losses at entrances, valves,

bends, and contractions along a pipe are presented in
Fig. 5.128, Different sources show considerably differ-
ent values for these coefficients, and they should be
used only to obtain approximations of expected losses.
The loss coefficient for a 90° bend with a radius equal
to one pipe diameter, for example, is given in various
sources as 0.21 (26), 0.35 (32), 0.4 (47}, .50 (73), and
1.0 {40). Clearly, the losses derived using these coeffi-
cients should not be considered correct to more than a
single significant figure. For example, for a 90° bend
with a radius of three pipe diameters and a velocity of
2.0 m/s, the loss found using Eq. {5.15) should properly
be written as 0.8 m and not 0.0816 m. Because of the
meaning of "significant figures," the loss could actually
be 0.5 or 1.0 (see APPENDIX B, p. 267).

Using Eq. (5.15}, losses at points along a pipeline where
turbulence cccurs can be calculated and added together
to determine the total loss resulting from turbulence.
The graph in Fig 5.129 permits approximating these
losses along a length of pipe of constant diameter, The
total loss coefficient, K, is simply the sum of all the
individual loss coefficients along the pipe.

If a smaller-diameter pipe is used for one portion of the
penstock, Figs. 5,125 and 5.129 can be used for each
constant~diameter portion. In this case, the contraction
loss caused by the change in diameter between the two
pcrtions of pipe should be included only when deriving
losses for the smaller-diameter portion. This is illus-
trated by means of EXAMPLE 5.6.

When a penstock configuration and the flow to be con-
veyed are given, the head loss can be determined

using the graphs in Figs. 5.125 and 5.129. However, as
was mentioned previously and as can be seen from
EXAMPLE 5.6, friction losses are usually significantly
greater than turbulence losses. In this case, turbulence
losses can be neglected and Fig. 5.125 alone can also be
used to approximate head losses with a given flow and
penstock configuration {Fig. 5.130a). Or when the pipe
diameter is unkuown, as is more frequently the case, an
approximate value can be obtained from Fig. 5.125 if
flow and maximum acceptable head loss {perhaps 5%

of pross head) are known (Fig. 5.130b) or if flow and

Civil works 129




(a) Losses at entrance

inward

hooded inl_(_at_ projecting pipe

Type

sharp-cornered

slightly rqunded

bell mouth

(b} Losses through fully opened valves

Type K

spherical 0
gate 0.1

butterfly
{t/D = 0.2Y| 0.3

{c} Losses at bends

For 90° bends:

r/D 1 2 3 5

Ky, 0.6 |05 |04 (03

where /D = ratio of radius
of bend to pipe diameter

For 45° bends: Use 3/4 of
above values

For 20° bends: Use 1/2 of
above values

{d) Losses caused by sudden contractions

DllDz 1.0 [ 1.5 |2.0 | 2.5 | 5.0

K, ¢ |0.25 |0.35 | 0.40 {0.50

where D /D, = ratio of large to
small pipz diameter

Fig. 5.128. Coefficlents used to determine losses resulting
from turbulence,
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maximum acceptable flow velocity are specified

{Fig. 5.130c). To maintain head losses and surge prea~
sures within acceptable limits, the maximuz flow velo=
cities are usually restricted to 1-3 m/s for micro-hydro-
power schemes. After a tentative value for pipe dia-
meter has been determined, total head loss from both
friction and turbulence can be determined as is illus—
trated in EXAMPLE 5.6 to ensure that it is within
acceptable limits.

EXAMPLE £.7 illustrates an approach for determining
the pipe diameter and the flow and net head under
which a turbine is to operate where only the site’s gross
head and the power required are known. This example
goes into more detail than is necessary only to give a
clearer idea of how all the variables are interrelated.
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Fig. 5.129. Graph used to determine head losses caused by
turbulence within a pipe.




EXAMPLE 5.6

Assume a penstock configuration as iy
shown, The upper portion isa 150 m length
of 500 mm welded steel pipe which reduces
to g 100 m length of 400 mm pipe. The radius at
each bendafs equal to two pipe digmeters. If a flow
of 0.20 m°/s is to be conveyed by the penstock, what
is the net head available at the turbine?

For the upper portion of the penstock:
hy = {0.0026}{(150 m) = 0.4 m
{from Fig. 5.125}
v =10n/s
Kp =K, +K, =0.5+0.3=0.8 (from Fig. 5.128)
hy =00m {from Fig. 5.129)

Similarly, for ihe lower portion of the penstock:

v =lbm/s The total head loss is

KTzKC+Kbl+Kb2+KV h!=0.4+0v0+0-9+0t2m=ln5m
=0.1+04+05+02=12 and the net head is therefore
hy =02m H=Hg-h =904-1.5=92m
(a b} (3]

&
N, A Lo

LY — ™ -
Q] — (9]

I\

(=]

@ DA

Fig. §.130. Knowing design fliow "Q", Fig. 5.125 can be and required pipe diameter if maximum pipe velocity (3
used to determine (a) head loss and pipe velocity if pipe is specified. Known variables are placed within squares and
specified, (b) required pipe diameter and associated pipe derived wariables are circled.

velocity {f acceptable head loss is known, or (¢} head loss
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EXAMPLE 5.7

An 85 m-!ang steel penstock is to have a shurp—cor—
nered iniet at the forebay, twe 452 bends of moder-
ate radius, and q gate valve located in the power-
house. The turbine, which operates under a gross
nead of 35.0 m, has an efficiency of 70%, and is to
generate 18 kW, Assume that standard pipe is avait~
able in diameters which are multiples of 50 mm.

(o} What diameter pipe would be regiired
is to remain within 5% of gross head?

(b} With the pipe diameter which has been selected,
what would be the net head under which the tur-
bine will operate if both friction and turbulence
losses are considered?

(c) If 250 mm steel pipe (s difficult to procure, can a
200 mm PYC pipe be used?

(a) A number of approaches can be used to solve this
problem. Initially assume that turbulence losses are
negligible and that only friction losses "hy" are to be
considered, As shown in Fig, 5.130b, Fig. 5.125 can

then be used to estimate the required penstock pipe

diameter if flow is known.

The flow required by the turbine to generate 18 kW
depends on the net head under which it eperates and
can be determined by the power equation [Eq. {5.11}].
For an initial estimate, assume that the net head will
be the gross head less 5% or about 33 m. Fiom the
power equation, the required flow then would be

P 3
Q= g3 =0.080m”/s
9-3 et Hg
Restricting the head loss to 5% implies that
R
i =" (005}{—" = 0.021
g

is about C.012. From Flg_3 5.125, a steel pipe to con-
vey the iequired 0.080 m- /s at the site with a head
loss "h,/L" of 0,021 would recuire a diameter of
about 5.30 mm. To keep lossea within 5%, a standard
250 mr: steel pipe would be required.

(b) If a flow of 0.080 m?/s descends a 250 mm-dia-
meter penstock, the loss in head caused by friction
can be calculated to be about 1.2 m using Eq. (5.14)

From Fig. 5.126, the roughness of a welded steel pipe

or the graph in Fig. 5.125. Continuing to assume that
turbulence losses are negligible, the net head actually

will then be 33.8 m. Because the net head is greater
than initially assumed, the turbine will require
slightly less flow to generate the required power.
Using the power equation as was done in (a), the
requiredaflow under this revised head is found to be
.078 m~/s. With this more precise value for flow,
the penstock friction losses are still found to be
about 1.2 m. When analyzing any site, this process of
iteration can be continued in order to approach the
exact value of head loss, but ane or two iterations

---------- Efinn o ~htnie dha o ean
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Now that the penstock friction losses have been
determined, the actual losses caused by turbulence
can be determined from Eq. (5.15) or Fig. 5,129 if
penstock velocity is known., With a flow of

0.078 m3/s decending a 250 mm-~diameter penstock,

the volacity can be datermined to he

Wy Sedan U vava mmed (o pe

The coefficient of losses from turbulence is the sum
of the coefficient of losses of each point where losses
are incurred—the inlet, bends, and gate valve.
Therefore, from Fig. 5.128,

Ky =0.5+2{0.3) +0.1 = 1.2

and the losses can be derived from Eq. (5.15) or

Fig. 5.129 to be about 0.2 m. The actual head is
therefore closer to 33.6 m if losses from both friction
and turbulence are included.

Because the net head has now been determined to be

slightly less than the 33.8 m calculated considering
only frigtion losses, a flow slightly greater than
0.078 m~/s would now be required to generate 18 kW.
The steps performed above can be repeated assuming
a net head of 33.6 m rather than 33.8 m to obtain a
more precise value for the losses caused by friction
and turbulence. However, changes in the values of
flow and net head will be negligible.

{¢) To determine whether a 200 mm-diameter PVC
pipe can be used, the above procedure is repeated. In
this case, the net head is found to be 32.2 m.
Whereas a penstock of reduced diameter can be used,
the reduced operating head means that the flow
required to generate 18 kW has increased very
slightly, requiring a slightly larger turbine to gener-
ate the same power. Although penstock velocity is
now larger, the surge pressures are not necessarily
higher because of the lower elasticity of PVC. (This
will be discussed in Selecting wall thickness, p. 133.)

If a mathematical rather than graphical solution is
desired, it is possible to incor, _ute both friction and
turbulence iosses in a single equation for the case of a
penstock with a constant diameter:

Lnd 083Ky

hy = hy + by = Q% (10 + ) (5.18)
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Although it is straightforward to determine either "hy "
or "Q" if the other is known and the pipe diameter is
given, this equation cannot be solved in closed form for
pipe diameter. If friction is indeed the major source of
the losses, the second term can be neglected and the
resulting equation can then be solved for pipe diameter
for a given head loss and flow:




D - [10 Q n}z} 0-19 (5.17)

(hy /L)

Commercial pipe of standard diameters is often used for
micro-hydropower schemes, Because available pipe
diameters probably bracket the desired diameter
derived above, selecting the larger of the two diameters
will keep losses and velocities within desirable limits.
Once pipe diameter has been established, actual head
losses in the pipe, including those caused by turbulence,
can be determined with the original, longer equation,
Eq. (5.16), to ensure that total head loss is acceptable,
Equivalently, the graphs may be used,

If the diameters of available pipe are less than that
required, two or more pipes can be laid in parallel and
joined together before entering the turbine (Fig. 5.131).
If pipes of equal diameter are used, both the flow and
hiead loss in each are equal. Any of the previous
approaches can then be used to find losses. With more
than one penstock pipe of equal diameter, total head
loss is equal to the loss for any one pipe, not the sum of
individual pipe losses. If pipes of unequal diameters are
used, any of the previous approaches can also be used to
determine the flow in each pipe. However, in this case,
although the head loss in each pipe must still be the
same, flows in each will be different.

Selecting wall thickness. The approximate wall thick-
ness selected for a penstack pipe is generally a function
of the material selected (its tensile strength), the dia-
meter of the pipe, and the operating pressures it wiil
experience during use. The operating pressure at any
point along a penstock results not only from the head of
water above that point but also from surge pressures
which arise from rapid changes of flow in the penstock.
Although transitory in nature, surge pressures can be
large and must be considered in selecting the wall
thickness of a penstock pipe.

When a hydropower plant is operated, gradual changes in
flow cannot be guaranteed. Sudden changes in flow can
occur when the plant operator or governing apparatus
rapidly opens or closes the inlet gate or valve or when
debris enters the penstock and lodges itself in the noz-
zle. With this sudden change in flow velocity, the cor-
responding change in kinétic energy of the water gives
rise to pressure surges in the penstock, commonly
referred to as "water hammer." The size of these
momentary pressure surges can be significant. They can
exceed the static pressure and can cause the pipe to
burst or they can reduce pressures to below ambient
pressures and cause the pipe to collapse. A gualitative
description of the water hammer phenomenon is found
in APPENDIX F (p. 274).

A parameter used to indicate under what circumstances
water hammer pressures should be considered is called
the critical time (s) and is defined as

r . 2L

c* 3 (5.18)

Nyakabongols, Kiwn Prov., Fairr 110 a i

o

Fig. 5131. Because the diameter of a single length of
asbestos-cement pipe available at the time of construction
would have baen toe small for the flow which was required,

two parallel lengths were used.

where
L = penstock length (m}
a = wave velocity (m/s} {Eq. 5.19]

The wave velocity used in this equation can be
expressed as

1420

1000 KD
Et

(5.19}
1+

where

a = wave velocity (m/s)

K = fluid bulk modulus = 2.1+10% kPa or
2.1-10% kgf/cm® for water

D = internal pipe diameter {m)

E = modulus of elasticity of pipe {use same units as
K above) (see Table 5.5)

t = wall thickness (mm]j

The effect of critical time on the magnitude of surge
pressure is described below. It is assumed that the pen-
stock pipe has a uniform diameter and thickness along
its entire length, as is usually the case. (If not, the con-
clusions would have to be modified to take this factor
into account. This case will not be addressed here.)
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The magnitude of the surge pressures which will be
encountered in the operation of a plant depends on how
quickly flow velocity changes in the penstock. If this

rhamms Asaraaes in lase than ~eidiscal #ima, Tasimnm cliscs
Cuabge OTCUr:s 1 D55 widll Cvican UIIe,y Makiinuly Surgs

pressures will be experienced. If the valve is closed
instantaneously, the entire length of penstock will
experience this pressure peak. As more time is taken to
close the valve, a decreasing tength of pipe from the
valve up is subjected to this peak. When the time of
closure equals the critical time, the peak pressure is

folt enl'll 'htr the valve at the end of the nenstock. JIou-
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kovsky's equa.tlon expresses the value of this peak pres-
sure ast

adv

Ps= =g (5.20)
where
Pg = maximum surge pressure {in m of water)
a = wave velocity (m/s), see Eq. (5.19)
Av = change in flow velocity in pipe (m/s) 2
g = acceleration due to gravity = 9.81 m/s

EXAMPLE 5.8 illustrates how peak surge pressures at a
specific site can be determined,

If uniform valve closure is relatively slow, maximum
pressures will be experienced at the valve, with the
pressure rise decreasing to zerc uniformly along the
length of the penstock. If hydraulic losses in the pen-
stock are assumed to be insignificant, an approximate
expression for the maximum pressure "p." is given by

2
Py = 5 t4fK+ 5T (5:21)

where
v
K= 1;]
3
T = t1m for valve closure [s)

This expression gives a good approximation if valve clo-
sure times are greater than avout twice critical time
(39). The positive sign is the pressure rise caused by a
closing valve; the negative sign is for an opening valve.
Fig. 5.132 provides a quick solution to Eq. {5.21).

If closing time is long enough and the value of "K" is

significantly less than 1.0, Eq. (5.21) can be reduced to
the form

. = HJK = L4 (5.22)
I K =25 (5.22)

Even if the closing time for a valve is greater than the
critical time, a sudden velocity change can still occur
unexpectedly, such as when a large nut or other fruit is
swept in by the water or an improperly secured spear
valve suddenly becomes lodged in the nozzle opening. If
there is any possibility that the flow velocity will
change rapidly during the plant’s operation, the surge
pressure caused by this sudden change can be derived
uging Eq. (5.20) and will set the upper limit of its value.

To determine the minimum pipe thickness required at
any point along the penstock, it is necessary first to find
the maximum pressure which can act there, This pres-
sure is the sum of two pressures—the net head at that
point (gross head to that point minus friction losses} plus
the surge pressure. The contribution from pressure

EXAM PLE 5.8

_Aasume that, foraaite with a groaahendo 2
etther of two pemtock options is being conside

' o 300 mm PYC pressw- pipe.{with-14 mm wall
- thickness) -

#.300 mm welded 3teel pip

'(a) If the flow valocity in the' "PVC penstock:
1.2 m/s, what iathe-‘wgepmssm  the: floy
suddenly stops?

_;(b) How much grec
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Fig. 5.132. Graphica! sclution to Eq.(5.21) for determining
peak pressure surge caused by a slowly cloging valve.

surges is only transitory but it should be included unless
the hydropower scheme has been designed to preclude
the possibility of surge pressures. An approximation for
the absolute maximum pressure can be abtained by add-
ing the gross head at that point to the surge pressure,
assuming instantanecus gate closure at the base of the
penstock. This is illustrated in Fig. 5.133. Friction and
turbulence losses are usually negligible. The gross head
at each point is simply the difference in elevation bet-
ween the forebay water level and that point. The max-
imum surge pressure is that found by using Eq. {5.20).

If commercial pipe is used, it is often rated by pressure
class, which is related to the maximum working pressure
under which it is designed to operate. For such pipe,
there ia no need to derive the thickness required under
specific operating conditions. Rather than being speci-
fied by its thickness, this pipe is simply specified by its
maximum working pressure. The pressure rating of a
pipe already includes a safety factor, the magnitude of
which depends on the standard used, and sometimes may
include an allowance for surge pressures.

When pressure ratings are used, they must be understood
if the most appropriate pipe is to be selected. For
example, AWWA (American Water Works Association)
€900 is one standard specification among several for
PVC pressure pipe used in the United States. This one is
based on a design saf_ty factor of 2.5 and includes an
allowance for surge pressures based on an instantaneous
velocity change of 2 ft/s. For example, pipe rated as
Pressure Class 150 under this standard can accommo-
date pressuras up to 150 psi plus a surge pressure of

35 psi, This pipe can be used for working pressures
somewhat above its rated pressure and still operate with
the same safety factor, but then the allowance for surge
pressures is reduced correspondingly. With no allowance
for surge pressures, a working pressure can attain

150 + 35 = 185 psi. If a salety factor of 2 rather than
2.5 is deemed adequate, the maximum working pressure
for this pipe can attain 185 {2.5/2.0) = 230 psi. Conse-
quently, although it may appear that AWWA C900 Pres-
sure Class 150 PVC pipe can accommodate only a max-
imum working pressure of 150 psi, a knowledge of stan-
dards shows that this pipe can accommodate a working
pressure of up to 230 psi with a fully acceptable safety

factor, if surge pressures can be avcided in the design of
a hydropower scheme.

If pipe is to be fabricated, the minimum pipe thickness
required to safely accommodate a given pressure has to
be determined. This can be expressed as

t=50 B2 (5.23)

where

t = pipe thickness (mm)

p = pressure (m of water)

D = pipe internal diameter {(m)

s = design stress of pipe material (kgt/cm?)

= ultimate tensile strength/safety factor (see
Table 5.5}

inlet to penstock

I
penstock -+ _l
| I
': ‘.
': !
' }
.l I ¥ .
: ! \ =1 _turbine
i : ' 3 . location
: : ‘l “‘\‘
Y \ \l )
Hg -
— maximum pressure
2
o100 |
3 p
= H, /-“ps +"S-gross head
“ J’
o""
%

L
Distance from penstock inlet

Fig. 5.133. Example of the maximum pressure along a pen-
stock pipe at design flow. The net head at each point is

approximately equal to the sum of the gross head and surge
pressure.
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Because the maximum pressure changes with the dis-
tance along the penstock, the minimum required thick-
ness would change accordingly. However, commercial
pipe is available in standard wall thicknesses. Even if
steel pipe is fabricated, steel sheet is also available in
standard thicknesses, It is therefore necessary to find
the pipe or pipe material with the standard thickness
closest to that derived using the previous equation. If
pipe with a common single thickness is used for the
entire penstock, the maximum pressure at the lower end
of the turbine would set the thickness of the pipe.
However, cost creates an incentive to use the thinnest
pipe available for the job. This may mean that pipes
with similar diameters but different thicknesses could
be used along a penstock. If pipes are available for
working pressures of 100 m and 200 m for the case illus-
trated in Fig. 5.133, for example, the thinner and less
costly pipe (designed for working pressures up to 100 m}
could be used to approximately point 2. At this point,
the thicker pipe would be used to accommodate the
higher pressures found at the lower end of the penstock.

Equation {5.23) considers only the wall thickness neces-
sary to accommodate working pressures. Accordingly,
thin-walled pipes can be used with low-head schemes,
However, these would be difficult to handle and install
and, with uncoated steel pipes, may be underrated
quickly as they rust, Minimnum thickness for low-pres-
sure applications is therefore determined by the need
for stiffness, corrosion protection, and strength. The
Americal Society of Mechanical Engineers {ASME) code
for the desired minimum thickness (26) can be expressed
as

tmin = 2.5 D + 1.2 (5.24)

where

t & minimum wall thickness {mm)
D = pipe diamefer (m)

»
-

Expansion joints

If afl unrestricted pipe of length "L" changes in temp.er-
ature, there will be a change in its length equal to .
* aL=LaaT ~5.25)

where
AT = change in temperature (°C)
a = coefficient of linear expansion (°C™})
(sae Table 5.5)

In this expression, *"AL" and "L" are expressed in the
same units.

This expansion and contraction can be accommodated in
three ways:

(1) If the pipe iz flexible, with bends between any

anchors or supports, the bends can take up any
expansion or contraction.
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(2) If the pipe is rigid and composed of straight lengths,
with bends only at anchor blocks, any movement of
the pipeline is completely in check. Rather than
causing movement of the pipe {Eq. {5.25)], tempera-
ture changes cause stresses within the pipe equal to

s = EaAT (5.26)

where

s = stress due to thermal expansion [kgf/cmz)
E = Young's modulus of elasticity (kgf/cmz)
(see Table 5.5)

This stress exerts a force "Fe" (kgf) on the anchors
which is a product of the stress and the cross-sec~
tional area of the material of which the pipe is com-
posed:

Fo=31sDt (5.27)
where
s = stress, see Eq. (5.20)
D = pipe diameter (m)
t = wall thickness (mm)}

EXAMPLE 5.9, iliustrates use of this equation.

Because the thickness of pressure pipe is propor-
tional to pipe diameter for a specific head, Eq. {5.27)}
shows that the force cansed by thermal expansion is
proportional to the square of diameter. These forces
can be counteracted easily for the small penstock
diameters commonly used with smail micro-hydro-
power plants; however, they can be considerable for
larger diameter penstocks and must be accounted for

when designing anchors {see Support piers, aichors,
and thrustblocks, p. 138).

(3} Expansion joints can be used to reduce the size of
the anchors required to counteract forces that arise
from thermal expansion.

As an analogy, rails used as railroad tracks experience
the same phenomenon of thermal expansion. The first
option noted for accommodating expansion is not possi-
ble because the rails must remain straight and parallel.
However, the third option was often used. The several
millimeters left hetween adjoining lengths of rail were
able to accommeodate any foreseeable expansion and
serve as an "expansion joint." Nowadays, continuous
rails are popular. In this case, rails are locked onto rail-
road ties so that they cannot buckle or move sideways
when temperature changes induce stress, This is analo-
gous to the second option, where support piers restrain
the penstock pipe and prevent it from buckling.

There are two basic designs for expansion joints: a
sleeve-type expansion joint and a bellow or diaphragm

type. The sleeve-type expansion joint is shown in
Figs. 5.18, 5.134, and 5.135. This assembly can be
incorporated at the end of one length of nipe, with the
next length of pipe fitting into it, or can be a separate




Nepal (30 kW)

Fig, §.134. A sliding-type expansion joint,

flanged section which can be dropped between two con-
szcutive pipe sections and bolted to them. After the
assembly has been put in place, braided hemp or flax
impregnated with graphite {to reduce longitudinal forces
arising from friction between concentric pipe sections)
is used as packing and the stay ring bolts are tightened
to compress the packing sufficiently to prevent leaking.
This type ol joint not only permits relative movement
between adjoining pipe sections; it facilitates assembly
of the penstock because it is collapsible and can be the
last section placed in a length of penstock pipe between
anchors. This type of expansion joint is often fabricaied
to accommodate several centimeters of relative move-
ment.

In the bellows uvr diaphragm type design {Figs. 5.136 and
8,137}, the flexibility of the bellows joint accommodates
the movement of the pipe. This design is used more
frequently with larger-diameter penstocks,

The change in length of a pipe section hetween consecu-
tive anchors can be determined from Eq. {5.25). If a

stay ring

packing

retainer ring weld

/,,,,,,, RN, 4
WY JTORERNAE. ANCHTNIMRINNN

A

Fig. §.135. Details of an expansion joint for steel pen-
stock.

single expansion joint cannot accommodate this length,
two joints can be used. To ensure that pipe contraction
is accommodated by both joints and that the contraction
is not concentrated at only one of them until it sepa-
rates, joints are available with limiting rods. Alterna-
tively, the two joints can be separated by an interme-
diate anchor to reduce the iength of penstock acting on
each joint.
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I:

FFrSE

i
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Fig. 5,136, Betlows-type expansion joints (38,41).

EXAMPLE 5.9

A 30 m length of 400 mm steel pipe with a wall
thickness of 4.5 mm undergoes a temperature rise of
20 °C after it is emptied for repairs.

(a) If an expansion foint is used, what expansion will |
it experience? -

(b} If this pipe were rigidly held, what force resulting.
from this temperature change would have to be
counteracted by the anchors?

(a) The pipe would experience the following expan- - .
sitons ' ' o v

AL = (30/22-107%(20) = 0.007 m = 7 mm
{b) I it were rigidly held, the stress from therma]
effects which would build up in the pipe wall would
be - _ :
s = (2.1:109012 1074)(20) = 500 kgf/cm?

The penstock would then push against the anchor
block with the following force: _ '

F, = (31)(500)(0.4){4.5) = 28,000 kgf

Civil works 137




Napa) (200 kW)

i

Fig. 5.137. Two diaphragm-type expansion Jjoints.

If the pipeline is flat, expansion joints are usually
located midway between anchors to minimize movement
of the pipe over the piers. On steep slopes, expansion
joints for steel penstocks are generally located just
below the uphill anchor. Because pipe tends to slide
downhill, the pipe laying can be facilitated by working
uphill and then inserting the expansion joint to finish the
length, The anchor at the base of a steep drop rather
than the upper anchor then resists the weight of the
pipe and water; this lower anchor is usually easier to
construct. Where supports are included between conse-
cutive anchors, locating the expansion joint just below
the uphill anchor means that the force caused by fric-
tion from the movement of the pipe on each intervening
support is also transferred to the downhill anchor.

Support piers, anchors, and thrustblocks

Support piers, anchors, and thrustblocks all serve the
same basic function--to provide the necessary forces on
a rigid pipe to check undesired movement. Different
terms are used with these structures simply to indicate
which specific function they serve: support piers pri-
marily support or carry the weight of the pipe and
enclosed water; anchors, largely by virtue of their size,
anchor or prevent the pipe from moving in response to a
number of forces; and thrustblocks prevent the buried
pipe from moving by transmitting the force or thrust to
the surrounding soil.

Support piers. The weight of the portion of pipe and
enclosed water which is supported by the pier creates a
force which can be divided i».to two components: one
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parallel to the pipe and one perpendicular to it (see
insert in Fig. 5.138). A support pier is not designed to
resist significant longitudinal forces and is therefore
unaffected by the component of this weight parallel to

- L
midpoints
of each span

component resisted by
anchor, not support

Fig. 5.138. Two principal forces exerted on a support pier

by the penstock.

North Montpelier, V’f. LS. A (220 kW)




the pipe; an anchor is designed to resist this component,
The other component can give rise to two forces:

(1} Component of the weight of pipe and enclosed water
perpendicular to pipe. This is the component of the
weight which has to be transmitted to, and resisted
by, the ground. This force "F " (ngf) has a value of

Fy= (WP+Ww} Lcosa {5.28}
where
WP = weight of pipe per unit length (kgf/m}
W = weight of water per unit length of pipe

(kgf/m)

L = length of pipe supported by pier (m}, as
defined in Fig. 5.138

a = angle of pipe with the horizontal

(2

—

Friction of pipe on supports, If the design of a pen-
stock permits longitudinal movement as it would for
a pipe that includes an expansion joint, this move~
ment across the top of a support generates a friction
force "F," (kgf} which acts in the direction of this
movement. This force has a wagnitude

Fy ={F, =f{wp+wwll..cos o {5.29)
where

f

M

coefficient of friction of the pipe against

the support pier

0.60 steel on concrete (cradle supports,
Fig. 5.139)

0.50  steel on steel (rusty plates)

0.25 steel on steel {greased plates)

0.15 deteriorated rocker supports (26}

Longitudinal forces on a support can be reduced sig-
nificantly by using roller (Fig. 5.140) or rocker sup-
ports (Figs. 8.144 and 5.145),

Swritzeriand

.
]

Fig. 5.138. The portion of pipe in contact with the con-

crete cradle is reinforced with an additionat thickness of
steel,

smds. Nigs 180 £W)

Fig. 5.140. This 800 mm penstock rests on two eylindrical
rotlers to reduce friviion forces between it and the sup-
port,

The direction of this force is the same as the direc-
tion of pipe’s movement. For example, if the pipe
temperature rises, the pipe will expand and the por-
tion of the pipe uphill of an anchor will move uphill,
giving rise to a force F, on the pier in that direc-
tion.

All the forces acting on a support pier, except for the
reaction force from the ground (caused by friction and
foundation pressure), can be diagrammed as shown in
Fig. 5.141. In designing a support pier, these forces will
be resolved in horizontal and vertical components in a
coordinate system with its origin at the corner of the
pier as shown (see Red the forces acting on a
structure, p. 145). The force W represents the weight of
the support pier.

To minimize wear on the pipe from its movement over
the supports, a layer or two of asphalt or tar paper is
frequently placed between the pipe and support.

Support piers should be spaced to prevent excessive
bending stress in the pipe and limit the sag between
supports to acceptable limits. The recommended span
for PVC pipe varies from 1.5 m for 80 mm pipe to 2.0 m
for 150 mm pipe to 2.5 m for 300 mm pipe (10). For
steel] pipe, maximum spans should be limited to 5 m for
smaller diameters to 8 m for diameters over 350 mm
(76).

As with any of these structures, the support piers should

be placed on original soil and not on fill. The bearing
area should be able to support the forces on the pier
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Fig. 5.141. The three forces originating from the interac-
tion of a penstock pipe and support pier which must be
countergcted through grouwnd forces.

without exceeding the safe bearing capacity of the soil
(see Conditions for stability, p. 1446). The soil beneath
the pipe should be bermed and necessary drainage should
be provided to prevent erosion of the support founda-
tion.

Unless they are founded on bedrock, supports siiould not
be located within a streambed. Although excavating
into gravel and stone deposits in the riverbed during the
dry season may seem to yield a firm foundation, the
high velocities of water flowing around a support during
the rainy season can easily undermine it (Fig. 5.142).

For rock surfaces, piers can merely be a coating of con-
crete to smooth up the rock. If a concrete block for a
support pier is on hard, durable rock, at least some of

crete support at the edge of the stream (at the center of
the photograph) has atready been undermined.
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the force that the pipe imposes on the pier can be
resisted by anchoring steel rods into rock, if they are
designed to be tighten=d.

For large penstocks, concrete supports are cast in place.
If a pipe is long, this becomes inconvenient because it
requires the construction of numerous concrete struc-
tures, often on rugged terrain. One altezrnative is to
precast concrete cradles, transport them to the site,
hang them from the penstock, which is temporarily
blocked up, and then pour footings in place to complete
the support (Fig. 5.143}. This approach has the added
advantage of eliminating the need to properly align the
supports before installing the penstock (44).

precast reinforced-
concrete cradle

tie~-down
straps

Fig. §.143. Precast penstock support (44).

To traverse a ravine or other dip in the terrain, a short
penstock span can be supported by steel or wooden
stringers resting on each side of the ravine. For longer
spans, the penstock can be supported on trusses, con-
structed of angle iron or timber, resting on 2 concrete
foundation block within the dip or ravine (Fig. 5.144).
Supports should not be located in a stream or at the bot-
tom of a ravine, because ercsion might undermine them.
For large penstocks, ring girders or stiffeners are
welded around the pipe at support points to prevent
deformities of the pipe shell at these points and to pro-
vide a places to attach the pipe to the support piers or
trusses (Fig. 5.146). When small-diameter pipe is used,
it will probably be stiff enough to prevent deformity,
and simple tabs welded to the pipe may be adequate to
achieve the second function.

Anchors. An anchor generally consists of a mass of
reinforced concrete surrounding the penstock. By virtue
of its weight -nd bearing area, it is designed to with-
stand any load the penstock may exert on it and anchor
it securely to the ground. Anchors are often used at
horizontal and vertical bends and also at regular inter-
vals along long straight sections of penstock. Because
an anchor is keyed to the penstock pipe and is also fre-
quently located at a bend in the pipe, more forces act
on an anchor than on a support pier. These forces are
described below, and mathematical expressions for their
magnitude are presented in Table 5.6. Use of the for-
wulas in this table for a specific installation will permit
the relative importance of each force described below
to be determined. Frequently, several of the forces




described below can be disregatded because they are
insignificant or nonexistent.

(1} Component of the weight of pipe and enclosed water
perpendicular to pipe. This force is analogous to
force "F," acting on supports, Because there may be

R a bend at the anchor, hkowever, both the upstream

s A and downstream lengths of pipe contribute sepa-

g - rately, each force perpendicular to the center-

line of the pipe segment which contributes to it.

Figure 5.146 illustrates only the contribution from

the upstream length. It should be noted that the

force that results from the parallel component of
the weight of these lengths of pipe is included in

force "F,".

(2} Friction of pipe on supports. If the penstock maoves
longitudinally over support piers, a friction force on
the pipe is created at each support as described in
Support piers {p. 138). A force "F,", equal to the
sum of all these forces but opposite in direction,
acts on the anchor (Fig. 5.147). This force exists
only where one or more support piers are located
between the anchor and an expansion joint. For
example, if an expansion joint is located just down-
hill of the anchor, friction forees on the downhill
length of pipe will not be transmitted to the anchor
from that side.

(3} Hydrostatic pressure within_a bend. The hydrostatic
pressure within the water in a bend creates a forc::
"F3" which acts outward as shown in Fig, 5.148 (or
inward if the bend is concave upward), Thisis a
major force which must be considered in designing
anchors or thrustblocks for medium- and high~head
schemes, but it can be minimized by avoiding signi-
ficant, discreie bends along the penstock alignment,

such as by using gradual curves along a plastic pen-
stiffener or support rings stock.

-~

-

wy

Fig. 5.144. This support, which hag the same characteris-
tics as a rocker support, permits the penstock to traverse
irregular terrain while avoiding bends in the pipe.

-

calumn
support

p .
/ pler
rocker

Fig. 5.145. A simplified representation of a typical rocker Fig. 5.146. The uphill portion of the pipe span is shown
sSupport. contributing a force normal to its centerline.
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TABLE 5.6. The magnitude of the forces which may be encountered in designing an anchor

Source

Magnitude (kgf)

Direction

{1} Component of weight of pipe
and water perpendicular to

pipe

Fl = (wp + ww) L' cos

*%

(2) Friction of pipe on supports

Fz=[(wp+ww)L"cosa & *
. bt r
(3) Hydrostatic pressure of bend Fy=1 6103 P D2 sin( 8-« ) ~J__
. 5 l .
(4) Compeonent of weight of pipe F.=W_ L si - .
parallel to pipe ¢~ Vpsma |
.|
{5) Thermally induced stresses (if Foc3lDtEaaT e, .
no expansion joints included) 5 |
— )
(6) Friction within expansion joint Fg=3.1DC gy, .
} i
{7) Hydrostatic pressure on Fo=3.1bDt T— -
exposed end of pipe in 7P | l
expansion joint g
‘-.._\ y
(8) Dynamic pressura at bends Fg = 250 /D)2 sind 8-« ) ~J
A ‘ -
] v
(9) Reduction in pipe diameter T 3

Fg= 10103 p A"

* Direction of forces shown for expanding pipe; reverse directions if pipe is contracting.
** Replace o by 8 for contribution to force from downstream penstock section.

a = coefficient of linear expansion of pipe {':'C'l) Q = flow (m?/s)
(see Table 5,5) t = penstock wall thickness (mm)

A" = reduction of pipe area at pipe reduction (ra %) AT = maximmum temperature change pipe will experience

= upstream pipe area - downstream pipe area {°C)

C = friction in expansion joint per unit length of W_ = weight of pipe per unit length (kgif/m}
circumference {kgf/m) W, = weight of water per unit pipe length (kgt/m)

D = pipe diameter (m)

E = {Young's} modulus of elasticity (kgﬂcmzl g-a

(see Table 5.5}

bisector of angle

f = coefficient of friction between pipe and support
piers {see Suppost piers, p. 138)
length defined in Fig. 5.149 (m)

formed by pipes

L =

L' = length defined in Fig, 5.146 (m)

L" = length defined in Fig. 5.147 (m)
=

hydrostatic pressure (including surge pressure} at
point of interest (m)
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Fig. 5.147. A force in reaction to the sum of the friction
forces caused by the pipe's movement over the supports
acis on the anchor,

Fig. 5.148. The resultant of the hydrostatic forcesat a
bend,

(4) Compunent of the weight of pipe parallel to pipe.

On a slope, the comn~nent of the weight of the pipe
which is parallel to the pipe tends to pull it downhill
and exerts a force on an anchor (Fig. 5.149). The
sections of pipe both upstream and downstream of an
anchor may have to be considered. The length "L" in
the equation for the force "F, " acting on an anchor
is the length of the upstream or downstream seclion
of the penstack which is actually to be held in check
by that anchor. The upstream section may begin at
the forebay or, more usually, at an expansion joint.
The downstream section usually ends at an expansion

]

beginning of pipe
section held back by
anchor {e.g., location
of expansion joint}

Fig. 5.149. Force on an anchor ccused by the weight of the
uphill segment of penstock pipe.

Fig. 5.150. Increase in temperature causes the pipe to
expand, creating a force that pushes against the anchors.

joint. 1f the expansion joint downstream of an
anchor block is located near the anchor, as it usually
is, the force arising from the weight of the downhill
section of pipe between the anchor and the joint is
insignificant and usually neglected.

{5} Thermally induced stresses. If an exposed section of
rigid pipe does not incorporate an expansion joint,
thermally induced stresses build up in the pipe and
act on an anchor. The associated force "Fg" may
push against the anchor (with increasing tempera-
ture, Fig. 5,150} or puil the anchor (with decreasing
temperature).

{6

—

Friction within expansion joint. To prevent leaking,
the packing within an expansion joint must be tight-
ened sufficiently. However, this tightening also
makes it more difficult for the joint to accept any
longitudinal movement of the pipe. Friction bet-
ween the packing and the concentric sleeves in the
expansion joint creates a force "Fg" which opposes
any expansion or contraction of the pipe (Fig. 5.151).
This force is dependent on pipe diameter and tight-
ness of the packing gland. An approximate value is
10 kgf times the nominal pipe diameter in millime-
ters (3).

{7) Hydrostatic pressure on exposed end of pipe in
expansion joint. The two sections of penstock pipe
entering an expansion joint terminate inside the
joint; therefore, their ends are exposed to hydro-
static pressure, resulting in a force "Fo" which
pushes against the anchors upstream and downstream
of the joint {Fig. 5.152). This force usually contri-
butes minimally to the tetal forces on an anchor.,

Fg

" pipe centerline

Fig. 5.151. Movement of the pipe within an expansion joint
results in a friction force which is transmitted to the
anchor. Here, the pipe is shown expanding.
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{8) Dynamic pressure at bend. At the bend, the water
changes the direction of its velocity and therefore
the direction of its momentum (Fig. 5.153). This
requires that the bend exert a force on the water,
Consequently, an equal but opposite reaction force
"Fg" acts on the bend; it acts in the direction which
bisects the exterior angle of the bend. Because
velocities in penstocks are relatively low, the magni-
tude of this force is usually insignificant.

{9) Reduction of pipe diameter. If there is a change in
the diameter of the penstock, the hydrostatic pres-
sure acting on the exposed area creates a force "Fg"
which acts in the direction of the smaller~diameter

Fig. 5.152. Hwirogtatic pressure acting on the exposed end
of an expangior: joint results in a force which (s usually
insignificant.

If a section of a penstock is located near a stream and
might be submerged during a flood, another force must
be considered: the force that arises from buoyancy if
the penstock becomes empty during a ilood. This force
could be counteracted by encasing that penstock section
with concrete. This also protects the penstock from
boulders and other riverborne debris. Although gabion
or timber shields also can be used to protect the pipe,
they may not provide the force necessary to counteract
buoyancy.

Fy = Fy,= 0p¥;-9p%,

QpY,
= Q Pvi ++Q Dvol

zgp\l sin {-ﬁ%g)

]
oo
L}

1
Fig. 5.153. Force caused by dynamie pressure ig the vector

difference between the momentum of the water into and
out of the pipe.
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Fig. 5.154. Hydrostatic pressure acting on the walls of the
pipe reducer results in a force on the anchor.

To ensure a proper key with the foundation, the founda-
tion for the anchor block should be a serrated rock or
soil surface (Fig. 5.155), Toc ensure a proper key bet-
ween a steel penstock and concrete anchor, steel tabs
can be welded or riveted to the pipe at this point

(Fig. 5.156).

Although an anchor is usually designed so that its weight
is used to counteract the numerous forces imposed on it
by the penstock, steel rods anchored into hard rock can
also contribute to this task. If the rods can be tightly
secured to the rock, they can keep these forces in
check, and the weight and therefore the size of the
anchor can be reduced.

Thrustblocks. These are a specialized form of anchor
whose sole purpose is to transmit forces primarily
caused by hydrostatic pressures "F,", which are concen~
trated at distinct bends along a buried penstock, to
undisturbed soil which provides the reaction force. But
if the force "F4" is vertically upward, an anchor is still

Fig. 5.155. A serrated surface ensures proper key between
anchor and foundation.




Fu

156. Flanges are welded to the penstock bend to key
it to the reinforced-concrete anchor located at the top of
the final drop to the powerhouse.

Mar Tia, Theiiand

.

Fig. 5.

used if the soil above a thrustblock is not able to resist
this force. At gradual bends, these forces are uniformly
distributed along the pipe, and soil which has been prop-
erly backfilled can easily resist the low foundation pres~
sures which result. If there is a sudden reduction of
pipe area, a thrustblock would also be required to
transmit the associated force "Fg".

The magnitude and direction of the principal force act-
ing vn a thrustblock are defined by force "F3" in

Table 5.6. Because buried pipe is not subject to large
temperature changes, expansion joints are not used and
forces "F,", "Fg", "F¢", and "F5" do not arise. Because
of low velzocities in a penstock, the force "Fg" caused by
dynawmic pressure at a bend is negligible. The forces
"F)" and "F4" resulting [rom the weight of the pipe are
distributed along the entire length of penstock and
resisted by the soil.

A thrustblock is commonly a block of concrete poured
after the pipe is in place. It is placed in a position to
transmit the force acting on it to the ground, The
thrustblock should be no higher than half the distance
from the ground surface to its base (Fig 5.157); other-
wise, the soil may not offer sufficient resistance to
properly restrain the thrustblock (10). The face of the
thrustblock must be approximately perpendicular to the
force it is to transmit.

Reducing the forces acting on a structure. In a previous
section, a number of forces which a penstock pipe can
exert on a support pier, anchor, or thrustblock were dis-
cussed. The next step is to design each of these struc-
tures to resist these forces., [t ig first necessary to sim-
plify the problem by reducing all the forces that act on
the structure to a single force that acts at a specific

excavated
treach

tie-down rods

Section AA

Fig. 5.157. Proper placement of a thrustblock at a bend in
a penstocie

point. When this has been done, the stability of a given
design can be determined.

In order to explain the procedure to be used as simply as
possible, assume that the only bend at an anchor is in a
vertical plane. If this were not the case, forces would
need to be resolved in two perpendicular vertical planes,
one plane usually including the pipe which enters the
anchor. Each force would have to 1'2 resolved carefully
along three perpendicular directions. In this case, the
reduction of forces and conditions for stability discussed
below would still be valid, but application of these ideas
becomes more involved.

Assume that a structure is being acted upon by the
forces shown in Fig. 5.158(a). In addition to the forces
described previously, the combined weight "W" of the
concrete mass plus pipe and water within the mass
which acts at the center of gravity of the anchor is also
included.

In reaction to all these forces, the foundation exerts an
initially unknown foundation pressure and friction force
over the base of the ancher. The net effect of the fric-
tion and foundation pressure is identical to, and can be
replaced mathematically with, a reaction force "R" act-
ing at an undetermined point on the anchor with a direc-
tion and magnitude yet to be determined (Fig. 5.158b}).

A FPirst step in reducing the penstock forces and weight
of an anchor to a single force is to resolve each force
into components paraliel to the x and z axes. The ori-
ginal forces are then equivalent to the sum of all the
horizontal components "EH" and the sum of all the ver-
tical components "EV" acting along the x and z axes,
respactively, plus a moment "EM" resulting {rom all the
forces around the origin (Fig. 5.158c).

By translating the net vertical force "LV" a distance "d"
to the right such that EIM = 4 LV, the force "EV" acting
at a new point (Fig. 5.158d} is equivalent to the same
force acting at the origin plus the moment.
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The force "CH" can be moved along its line of action
without contributing any moment. The vector sum of
"LV" and "LR" is the sum of all the forces created by
the penstock and anchor mass, and the reaction force
"R" is egual in magnitude but opposite in direction
{(Fig. 5.158e). The reaction force therefore acts at a
distance "d" from the origin of the coordinate system.
A more useful way of expressing the location of the
point at which the reaction force acts is to specify its
distance "e" to the right of the center of the structure's
base. Therefore, e =d - /2, where "" is the Jength of
the structure's base. This is referred to as the eccen-
tricity of loading. A negative value of "e" implies a
reaction force acting at the left of the base's center.

The steps described above are illustrated by applying
them to a specific problem in EXAMPLE 5,10 (p. 148},

Conditions for stability. For a support pier or anchor to

Fig. 5.158. Reducing a number of forces acting on a struc-
ture to a single force and a reaction force. The forces in
all five diagrams above are equivalent.
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be stable and fulfill its intended purpose, several condi-
tions must be met:

# The structure should not slide over its foundation. If
"4 " is the coefficient of Iriction between the pier or
anchor and the ground, the following relationship
must be met for sliding not to occur:

LH= a LV {5.30}

A value of a= 0.5 is often assumed initially.

e The forces acting on the structure should not tend te
tip or overturn it. If the base of the structure is
rectangular, this condition is met if the resultant
acts within the middle third of the base.

e The load transmitted to the foundation must be
within the safe bearing capacity limit of the founda-
tion material. Because both the structure and foun-
dation are elastic, the foundation pressure usually
is not uniform over the base of the structure.
Although the exact distribution of this pressure is
not known, it is assumed to be a linear distribution
as is indicated in Fig. 5.158a. If the base is rectan~
gular, the maximum and minimum foundation pres-
sures which act at opposite ends of the base, are
then

p=E el (5.31)

where

A = base area of support pier or anchor (m%)
length of base (m)
eccentricity of loading (m) {(see above)

e

The maximum value of "p;” should be below the safe
bearing capacity limit of the foundation on which
the structure rests. Limits for various soils are
shown in Table 5.7.

Parenthetically, this equation alsoc shows that if the
reaction force on the structure acts outside the mid-
dle third, that is, e > t/6 or e < -t/6, the minimum




TABLE 5.7. Allowable bearing capacity commonly used by
design engineers for different soils (22)

Maximum allowahle

bearing pressure (kgffmz}

0 50,000 100,000
Alluvial soil —
Soft clay -
Sand —
Sand and gravel —-—
Sand and gravel L
with clay
Shale ——
Rock

foundation pressure "p." would be negative or under
tension. Clearly, this is not possible, and the struc-
ture would overturn.

In determining the stability of a structure, the most
adverse cases must be considered, cases in which the
summation of forces or moments is a maximum, The
procedure for assessing the stability of the support pier
analyzed in EXAMPLE 5.10 {p. 148} is illustrated in
EXAMPLE 5.11,

Because thrustblocks are acted upon primarily by hydro-
static pressure, their stability is ascertained simply by
ensuring that the foundation pressure is within the safe
bearing capacity limit of the soil.

Air valves

To serve their intended purpose, air valves must permit
an adequate flow of air into the penstock to prevent its
collapse. The smaller the valve opening, the greater
must be the difference between pressure within the
penstock and atmospheric pressure in order to pass a
given air flow. If this difference is too great, the vent
cannot fulfill its purpose and the pipe will still collapse.

The maximum pressure difference which any pipe can
safely accommodate is a function of its thickness-to-
diameter ratio and the material from which it has been
constructed, represented by the following expressiont

3

2E (& (5.32)

Ll

= [od

where

p = maximum allowable pressure difference
(kgf/cm}

E = Young's modulus of elasticity (kgf/cm %)
{see Table 5.5)

D = penstock diameter at its upper end (any unit of
meastre)

t = wall thickness at its upper end (with same units
as D)

f = safety factor = 5 for buried pipe

= 10 for exposed pipe (38)

* EXAMPLE5.11

“Assess the stabiltty of the pier desorl
EXAMPLES.10.
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EXAMPLE 5.10

A concrete support pier 0.80 m wide shaped as shown
supports a 400 mm steel penstock with a 3 mm wall,
Supports are placed at 6 m intervels down the 30°
slope. Expansion joints are used as needed. Reduce
the forces acting on the pier to a single force under
two conditions: (a) the penstock is expanding because

tracting because of a temperature decrease.

A penstock exerts forces "F," and "F," on the pier.
From Egs. (5.28) and (5.29), their magnitude is

F; = {WP+Ww)Lcos o
Fy = F;
where
Wp =xDt 3
= (3.1)(0.4)(0.003) (7900 kgf/m>) = 30 kgf/m
W, = prD/a .
= (1000 kgf/m3)(3.11{0.4)%/4 = 130 kgf/m
f = 0.5
Therefore,

F; = (30 + 130)(6) cos 30° = 830 kgf
Fy = 0.5 (830) = 420 kgf

In addition to these two forces, the foundation also
reacts to the pier's weight "W". Because the pier is of

its side shown in the figure. The area can be deter-
mined by summing the areas of right triangles (not
resting on their hypotenuse) and rectangles. The
weight of the pier is then obtained by multiplying the
total area of its side by its width and desnsity. The
density of concrete is about 2300 kgf/m-.

It is also necessary to locate the pier's center of gra-
vity where its entire weight appears concentrated.
This is determined by summing the moments of the
weight of each increment of areaa around any point. In
this case, the point selected is the origin of a coordi-

To determine the moment of a rectangular area, its
weight is considered to act at its geometrical center;
for a triangular area resting on one of its two legs, its
weight is considered to act at a distance of one-third
the length of its horizontal leg from the right angle.
The distance "b" to the pier's center of gravity is then
found by dividing this sum by the pier's total area.

of a temperature increase, and (b) the penstock {3 con-

uniform width, its weight is proportional to the area of

nate system centered at the left end of the pier's base.

For this example, if

a = partial areas of the pier (m g
r = horizoutal distance between origin and center
of gravity of partial area {(m)

M = moment of partial area around origin (kgf-m)
then

Partial a r M = ar
area

@ 1D . g3 | .68 02

@ &i‘%@“—} = .08 .85 .07

Q) L3630 - o7 | .3 02

@ (.69)(.30) =.21 .86 .18

® (1.2)(.20) =.24 60 14

La = 0.63 m? *M = 0.43 m>

As noted previously, the total weight of the pier is
W = (0.63 m2)(0.80 m){2300 kgffm3} = 1200 kgt

and the distance this force acts from the origin is
b = EM/Ea = {0.43 m%)/(0.63 m) = 0.68 m

The illustration above shows the forces acting on the
pier which the foundation must support: the weight of
the support pier itself acting at 0.68 m from the crigin
and the two forces arising from the penstock.

The forces can now be reduced by first resolving them
into x and z components using trigonometric functions,
The algebraic sign is determined by whether the com-
ponent is directed in the positive or negative axis
direction.
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(a) In the first case, the penstock is expanding and
moving uphill over the support pier. The direction of
force "F," is therefore also uphill. These forces are
resolved as shown below:

Force (kgf) | x component (kgf) | z component {kgf)
FI = 830 [ -830(,50) = -420 830{.87) = +720
Fy = 420 | -420(.87) = -360 -420(.50) = -210
W = 1200 0 1200

CH = -780 kgf TV = 1700 kgf

Each of these forces also results in a moment "M"
around the origin. These can be determined mathe-

The net force of the pier on the foundation is the sum
of these two components. The reaction force of the
foundation is equal and opposite to this force:

z1

(b) When the penstock is contracting, this case is simi~
lar to the previous one except tha: the direction of
“F," is reversed and its components are both positive.

matically by using trigonometric functions or, just as
accurately, graphically off a scale drawing by meas-
uring the moment arm of each force around the ori-
gin. Positive and negative signs are assigned, depend-
ing on whether the moment around the origin is clock-
wise or counterclockwise, respectively.

The same steps as before are used in finding the net
vertical and horizontal forces and moment. Then

Force (kgf) Arm (m) M (kgf.m)
F) =830 0.50 +420
FZ =420 1.0 =420
W = 1200 0.68 +810 _
M = 810 kgf-m

The initial three forces acting on the pier are therefore
equivalent to two forces acting at the origin and a
moment around the origin as derived above:

810 kgf-m
780 kgt ' x

-

} 1700 kgt

For the vertical force to replace the moment equal to
810 kgf-m around the origin, it must be translated
810 kgf-m/1700 kgf = 0.48 m to the right:

780 kgt
—0.43 m

1700 kgf

EH = +410 kgf
LV = +2100 kgt
EM = +1600 kgf-m
1600 kgf.m
FE SR N — —
410 kgf
JF 2100 kpf
z

Moving "EV” by 1600 kgf-m /210 kgf = ¢.76 m means
that the moment caused by "IV" can now reglace the
pure moment "LM" around the origin:

410 kgt

le—— 0,76 m ~———of

z 2100 kgf 4

The net force on the foundation is the sum of these
two components. The reaction force is equal and
opposite:

P

0% m

2100 kgf

—
——
=]
. —
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In ordes not to exceed this pressure, the minimum area
)

"A" (m*) of the vent inlet is given by the following
equation:
«—92 5.33)
400 CfJp
where

Q = flow of air through inlet (mafs) (see below}
C = coefficient of discharge through inlet
= 0.5 for ordinary air-inlet valves
0.7 for short air-inlet pipes (38)

To cover the worse possible case, the maximum air flow
"Q" through a vent should equal the maximum flow of
water the turbine can accommodate. EXAMPLE 5.12
illustrates use of these equations. .

The vent pipe should be long enough so that its opening
to the atmosphere is above the high-water level in the
forebay (see Fig. 5.21}; otherwise, a high-water level in
the forebay will cause water to flow out the vent, possi-
bly inundating the area and undermining the forebay or
penstock.

Powerhouses

In the [irst part of this chapter, it was noted that a
powerhouse is constructed to enclose and protect the
turbo-generating and associated equipment. This sec-
tion briefly reviews some factors which should be con-
sidered in designing such a structure,

A powerhouse needs a floor area only sufficient to
accommodate the equipment and permit easy access on
all sides for installation, maintenance, and repair. The
door to the powerhouse should be large enough to permit
passage of the largest piece of equipment. When large
and heavy turbo-generating machinery is to be used, the
building should be high enough to uccommaodate a hoist
or other equipment which is used to assemble or disas-
setable the machinery.

To handle heavy equipment at large plants, cranes which
travel on overhead rails supported by the powerhouse
superstructure are often used. For micro-hydropower
schemes, a hoist or block and tackle, temporarily sup-
ported from a beam, is more commonly used for heavy
equipment. In these cases, the loads to be supported
govern the structural design of the powerhouse walls.
Rather than a beam, a temporary "A" frame can be
used. At a 100 kW scheme using two 50 kW turbo-
generating units in Kalam in Pakistan, rather than over-
designing the roof truss to support the occasional heavy
loads encountered when the equipment is moved, a hori-
zontal slot is incorporated in opposing stone-masonry
walls (Fig. 5.159). When equipment has to be lifted, one
or more beams are supported within these slots and
shifted to the most appropriate position. The lower sur-
face of the slot is lined with a steel bar to distribute the
force of the beam over the wall.

Numerous materials have been used in the construction
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of powerhouses. With larger schemes, steel and con-
crete are common because their cost is insignificant
compared to other costs of a hydropower project. How-
ever, with small schemes in developing countries, not
only may the cost of cement ard steel become more
significant, but they are often more difficult to obtain,
and additional cost and effort are required to transport
them to remote siies.

Where cement is available, stone masonry (see Fig. 4.26)
provides a durable structure with less cement. So does
a powerhouse of concrete cinder blocks (Fig. 5.160),
Where appropriate skills exist, dry-rubble masonry-—
stones without cement-—can be used to make a fairly
robust structure requiring only local materials

{Fig. 5.161) as can stone using mud mortar (Fig. 5.162).
Rather than stone, timber can be used to make the
entire superstructure (Fig. 5.163} or to make a frame
which is covered by sheet metal (Fig. 5.164). Where
mud bricks are used in local construction, these skills
and materials can be capitalized on to construct a
powerhouse. Even bush materials have been used




¥ poof truss
/

- slot
P | —

Hamechs Bazar; Napal {25 kW)

Fig. 5.161. A powerhouse constructed of dry-rubble

Fig. 5..59, Slots in opposing walls of a powerhouse support masonry.
a beam used to support heavy machinery during its assem-
bly or disassembly.

(Fig. 5.165). Although such a structure may protect the
eguipment from inclement weather, it does not protect
it from possible tampering and should be used only in
areas where this does not pose a problem.

Locally available roofing materials can be used. Corru-
gated galvanized sheets are commonly used as roofing

Fig. 5.160. A smali powerhouse cn.str‘uct.ed of cindef Fig. 5.162. A PO
blacks. thatch roof.

Ya.;a.hwa, Ciarpt: %1 £=w;a. Fevid &9

it - T - :
werhouse build of stones and earth, witha
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Fig. 5.163. This powerhouse has @ wooden superstructure
and a reinforced-concrete machine room. A wooden frame
and deck dam in the background creates the head for
power generation.

material because of their low weight, ease of transport,
and durability, However, such a roof pruvides a tempt-
ing target for stones thrown by children and others
intrigued by the noises produced. The number of stones
on several powerhouse roofs in Burundi bears witness to
this fact (Fig. 5.166). Unfortunately, much of the avail-
able rocfing is thin and easily pierced. If corrugated
galvanized roofing is used, it might be advisable to sus-
pend a second ceiling below the first, at least over the
area where the generator and other electrical equip-

M T e B

.. M I v o i :
Fig. 3.164. This powerhouse is constructed of flat galva-
nized steel sheets over a timber frame. Although ne per-
manent windows have baeen incorporated, shutters con~
structed {n the same manner a3 the walls can be opened to
provide for light and ventilation during visits to the power-
house.
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meat are located, to prevent rain leaking in from falling
on this equipment.

Whereas the powerhouse floor may be of dirt or other
material, the foundation for the turbo-generating
equipment is generally made from a good-guality con-
crete wix. This serves as a slab (Fig. 5.167) for mount-
ing the equipment as well as a mass to dampen any
vibrations during operation of machinery. The concrete
slab should be poured on rock, original subsoil--soil with
the upper layer of topsoil and organic matter removed--
or well-compacted fill. (See Excavation, p. 104, for
more detail on how a well-compacted foundation is pre-
pared.) If concrete is also used for the powerhouse
floor, the equipment foundation is sometimes poured
separately; expansion joints between the powerhouse
floor and equipment-mounting slab are used to reduce
vibrations transmitted to the remainder of the building.

Reinforcing steel is often used to maintain the integrity
of the concrete base. If the slab is not reinforced ade-
quately, it may crack from differential settling and
cause misalignment of the turbo-generating equipment.
Using a packaged turbo-generating unit, with all compo-
nents mounted on a single rigid steel frame, has two
advantages:

e the frame spreads the weight of the turbo-generat-
ing equipment more uniformly over the concrete
slab, somewhat reducing the possibility of cracking,
and

e this frame can be embedded in a stone-masonry
rather than in a reinforced-concrete pad, reducing

Gemaheng, Morobe Prov., Papua New Guinea (1 kW)

&

el L § b . -
Fig. 5.165. This powerhouse design permits use of indig,
nous skills and materials~-bamboo and thatch.




the quantity of cement which may have to be trans-
ported to the site.

Below the powerhouse is located a structure--sometimes
referred to as the afterbay—which conveys the water
emerging from the turbine to the tailrace {Fig. 5.168).
With smaller schemas, this could simply be a pipe; for
larger micro-hydropower schemes, it is an opening under
the powerhouse usually built of concrete or stone
masonry. Although the afterbay for the turbine with a
draft tube can be large if it is a chamber located
directly below the powerhouse, as shown in this

Fig. 5.168, Figs. 10.25-10.27 illustrate an approach to
reducing the amount of concrete required in the case.
To guarantee proper operation, the exit from a draft
tube must be submerged. A properly designed tailrace
can ensure this; for a flow equal to or greater than min-
imum usable flow, the tailrace is sized so that the water
backs up and submerges the opening of the draft tube,

A more common approach is simply to incorporate a
weir at the end of the afterbay just high enough to raise
the water level for proper submergence (Fig. 5.168a).

Fig. 5.166. Stones thrown on galvonized sheet roofing can
pierce it. At this site, rainwater leaking through such a
hole fell on the generator, causing a short and putting the
plant out of commission until five years later when the ris-
ing price of diesel fuel forced the site owners to overhaul
the generator,

Fig. 5.167. A concrete slab serves as the powerhouse floor
on which a packaged turbo-generating unit will be
mounted. The spent water from the Pelton turbine will
drop into the discharge pit, or afterbey, and be channeled
into the tailrace,

{a)

penstock
turbine
= /.
Q
ey o e

tailrace

(b)

turbine

Fig. 5.168. Water emerging from a turbine (a)} with a draft
tube and (b) without a draft tube enters the afterbay
before flowing into the tailrace.
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Several cther features should be considered in the
design of a powerhouse:

» High ambient temperatures are found in many coun-
tries. In addition, the heat produced by losses in a
generator also increases the temperature in a
powerhouse, Because high temperatures reduce
generator life, adequate ventilation is required. For
micro~hydropower plants, louvers and roof vents
provide adequate ventilation.

e For reasons of safety, the powerhouse floor should
be kept dry. Adequate floor drainage should be
incorporated to remove any water resulting from
leaks, condensation, rain, etc.

¢ To minimize overhead obstructions, power and con-
trol cables should be placed in conduits in floor
trenches.

e Before the power leaves the powerhouse, a tap
should be included to provide power for lighting—
indoors as well as possibly outdoors—and electric
outlets or power points.

Qther components

Gates and valves

Gates and valves contrel the flow through water con-
veyance structures. Numerous types are in use. For
micro-hydropower schemes, this discussion is limited to
stoplogs and sliding gates and butterfly and gate valves.

Gates are generally used for control of flow through
open passageways or for other low-pressure applica-
tions. Sliding gates—also referred to as vertical lift
gates or sluice gates--are used where there is a . eed to
adjust fairly frequently the flow through an openi..g.
Stoplogs are not usually used to adjust the flow, but to
stop it completely from time to time, such as when
maintenance or repair work is needed downstream.

Valves are used to control the flow through a pipe.

For micro-hydropower applications, they control flow
through the penstock, usually at the base of the pen~
stock—as a turbine isolation valve to permit uncoupling
of the turbine and the penstock--and occasionally at the
inlet to the penstock. Gate valves are often more read-
ily available, but butterfly valves are increasing in
popularity.

Stoplogs. The simplest type of gate is a stoplog, a ver-
tical wall of loose, horizontally placed timbers spanning
an opening and supported at each end in grooves
usually set in a concrete or stone-masonry structure
(Fig. 5.169). These timbers are usually manipulated
manually. To facilitate installing and removing stop-
logs, a narrow platform spanning the opening is usually
included just downstream of the grooves. For larger
gates, the timbers can be difficult to remove and
install, either because of unbalanced head--water on
only one side—forcing the timber against the oppasite

154 Civil works

Fig. 5.169. The stoplog at this site regulates the height of
water behind a stone-masonry weir,

side of the groove or because of their buocyancy. Some-
times steel or steel and timber "logs" are used. Stoplogs
have another problem, Because they are used infre-
quently, logs stored near the opening can be appro-

priated for other uses and therefore not be available
when they are needed.

In their simplest form, the stoplog grooves are vertical
rectangular notches formed in concrete (Fig. 5.170a).
To reinforce their edge, they can be lined with angle
iron or steel channel (Figs. 5.170b and 5.170¢, respec-
tively). Using a steel guide also facilitates insertion and
remaval of the timbers by reducing friction and permits
a more watertight seal than concrete.

To stop flow through a stoplog gate completely, such as
when repairs are needed downsiream, inserting the tim-
bers is rarely suificient, Rather, to accomplish this,
two parallel stoplogs separated by 18-20 cm could be
included in a design, so that clay can he temporarily
packed between the two to provide a seal when needed.

It may also be possible to simplify construction slightly
by designing trashrack grooves to accept stoplog tim-
bers. When flow has to be stopped, the trashrack can be
withdrawn and replaced by these timbers.

flow el

(a} [17}] (c)

Fig. 5.170. Stoplog grooves.




Another related, but not common, means of flow control
is the use of needles. These are vertical or slightly
inclined timbers, supported on top by a beam and on the
bottom by a sill on the passageway floor (Fig. 5.171}.
The needles are placed uvne by one, Each is extended
horizontally upsiream of the platform, letting the water
current pull one end down until it strikes the floor of
the channel near the sill. It is then slightly withdrawn
until the end is in contact with the sill, and rolled side-
ways agairst the needles aiready instatled, When
required, the needles are removed one by one. Each
needle should have a hole at its top to accommodate a
rope, which can then hold the needle if it gets away dur-
ing handling.

beam or
platform

50 NN
OO a K 0 . ..' %00 e O
: d.l__o.c R . O * 00 K- BN
30 O‘ 004 0:

Fig. 5.171, Needles are occasionally used as a gate.

Fig. §.172. This gate has features common to both needles
and a stopleg gate. Ship-lap joints (see Fig. 5.96) are used
between adjacent timbers.

Figure 5.172 has features common to both needles and
stoplog gates; vertical timbers are used, but so are stop-
log grooves on the sides of the opening. In addition,
horizontal steel rods span the opening to restrain the
timbers. This design makes the timbers more accessible
thau stopiogs, because one end is always above water,
Figure 5.119 shows one such gate on the same canal,
with the timbers removed. Because the opening at this
site is toc deep, it would not have been feasible to
insert horizontal stoplogs manuatly. Another alterna-
tive would have been to use a sliding gate, at the
expense of simplicity.

Slid_’mgj_n_t_. Untike the stoplog gate, the sliding gate
is composed of a single sliding member which, except
for simple designs, cannot be completely withdrawn and
misplaced easily. There are numerous design options.
Figure 5.173 shows a small gate formed of unreinforced
steel plate which includes a handle to lift it. It rides

Maldeota, O.B., Ingie {10 W3

Fig. 5.1 73. A smul! sllding gate,

within steel grooves set in concrete. Inserting an
object, even a twig or small stone, in any one of severs)
slots holds the gate in an open position. Another simple
gate is shown in Fig. 5.174.

Figure 5.175 shows a larger gate built from a reinforced
steel plate. Because substantially larger forces are
required to raise this gate, a handwheel-activated hoist

is used. Constructing a sliding gate of wooden timbers
can reduce its cost and weight (Fig. 5.176).
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ivy Prov., Zaire

Myange zi,

Fig. 5.174. This simple sliding gate {s used when the set-
tling basin is to be drained,

Some form of simple machine is used to lift larger
gates. One i3 the screw, as illustrated in the previous
figures. I a handwheel is not readily available, a sub-
stitute can be improvised by welding a length of steel
bar to an appropriate nut (Fig. 5.177). Figure 5.178
illustrates how a car jack was used for the same pur-
pose.

Maldeota, U.F., india (10 kW)

Fig. 3.175. Steel sliding gate operated by a handwheel.
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Ruyigl. Burundi (70 kW

Fig. 5.176. Sliding gates formed of timbers,

Fig. 5.177. An improvised "handwheel” on a sliding gate at
the intake is locked to prevent tampering. The gate is
closed by gravity.

-

Kibimba, Burundi (90 kW)

Another simple machine is the lever. Figure 5.179 iilus-
trates two applications of the lever principle for acti-
vating sliding gates. Option (a) is a triangular member
pivoting about one of its vertices. The travel is rela-
tively small; therefore, use of this option is limited to
small gates, such as those controlling flow through a
scouring outlet. Option (b) is a rudimentary design. The
stem extending above the gate is perforated and a pole
or length of steel pipe, pivoting off a timber spanning
the outlet channel, is used to jack up the gate. A pin




Bishalale, Kivu Prov., Zaire 15 kW)

Fig. 5.178. A holst to raise the gate which controls flow at
the intake to the power canal has been fabricated from a
car jack,

o actuating

. lever pole

gate
assembly

in open

pomtu:n/,'-—

inserted into the gate prevents it from falling as the
pole is removed from one hole and placed in the next. If
the gate is partially submerged, forces caused by fric-
tion of the gate against the grooves may be sufficient to
prevent the gate from dropping while the pole is with-
drawn.

The wheel and axle is another simple machine which can
be used to raise a gate (Fig. 5.180). This design relies
on the weight of the gate to lower itself. The gate can
be kept in a raised position by a ratchet on the shaft or

simply by a pin through the vertical steel chaanel which

prevents the handle from turning.

When designing a gate-hoisting mechanism, the force to
operate the gate must first be determined. In addition
to the weight of the gate itself, the friction force bet-

ween the gate and the channel in which it rides must be
overcome, This can he a sionificant forcs,

=AML Ll 4 Ll OT O SIESsLsL AL AT

Its magni-

tude, which depends on the materials in ¢contact and the
condition of their surfaces, can be approximated by the
following equation:

F=1000 4 Ah (5.34)
where

F = force required to overcome friction {kgf)

steel gata

P

Fig. 5.179. Two applications of the lever principle for
raising a gate.

Fig. §.180. The wheel-and-axle principle used to raize a
gate.
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# = coefficient of static fricti%. {see Table 5.8)
A = submerged area of gate {(m“)
h = distance from water surface to center of A (m)

The valves of "a" given in Table 5.8 are for smwooth-fin-
ished surfaces. Ferrous materials subject to rusting
may develop excessive friction from pitting and the
accumulation of rust when they are exposed to succes-
sive wetting and drying. If a gate is closed for long
periods of time, the valves of "a” for metal on metal
should be increased by 50% (38). Even though steel on
steel should not be used for normally closed gates,
because they are likely to rust closed, steel is still
widely used at micro-hydropower sites because of its
strength, availability, and low cost. Using wood for at
least one of the surfaces avoids these problems.

TABLE 5.8. Coefficient of static friction "x * for smooth-~
firdshed dry surfaces

Coefficient
Surface of friction
Steel on bronze 0.45
Steel on steel 0.60
Wood on metal 1.0
Wood on wood 1.1
Rubber on wood 1.1

The actual force encountered in raising a gate is the
sum of the friction force dascribed above and the
weight of the submerged gate. If a timber gate is used,
the bhuoyancy of the submerged timbers will offset the
weight of the gate to some degree.

A sliding gate used with micro-hydropower schemes
usually does not have to be watertight. It can simply
rest directly against the sides of the groove and channel
bottom. Provision to drain away any leakage flow usu-
ally can be made if necessary; however, a number of
approaches for providing a good seal around a sliding
gate exist. The simplest bottom seal is rigid--metal on
metal or on waad {Figs. 5.18la and 5.181b). Metal on
metal seals usually require more accurate workmanship.
Wood provides a good contact surface if it is not

allowed to dry out. Flexible seals provide greater
watertightness and can be used as both bottom seals
(Figs. 5.181¢-5.181¢} and side seals (Figs. 5.181f-
5.181g).

An effective seal can be constructed of ordinary 25 mm
garden hose (Fig. 5.181e} {38). To hold it in place, holes
are cut at about 15 cm intervals along the upper part of
the hose to accept the eyes of the eyebolts placed along
the recess. Once the hose has been placed over the
eyebolts, a 6 mm rod is run through the hose and eye-
bolts,; and the eyebolts are tightened to draw the upper
part of the hose tightly against the top of the recess,

A cylinder gate is a special type of sliding gate which
overcomes one of the major problems of such a gate—
the significant force required to lift it. A cylinder gate
is basically a section of pipe which fits into a vertical
outlet hole (Fig. 5,182)., Because horizontal forces act-
ing on the pipe from opposing directions cancel each
other out and because no vertical forces caused by
water pressure act on the pipe, the only force which the
gate operator must overcome is the weight of the pipe
iteelf. Because of the low pressures encountered, non-
pressure-rated, thin-walled pipe can be used. To sup-
port it in a vertical position, the pipe passes through a
loosely-fitting ring anchored to the walls of the water
conveyance structure. To hold open the gate, ita han-
dles can temporarily rest on boards spanning the oppos-
ing walls (see Fig. 5.202). It is also possible in some
cases to eliminate the supporting ring and instead to
insert the end of the cylinder gate a short distance into
the outlet opening. In this case, a close fit should be
avoided as the gate may jam and be difficult to lift.

Gate valves. The gate valve is basically a circular slid-
ing gate across a pipeline, surrounded with a body to
contain the gate when the valve is open and the pipe is
under preasure (Fig. 5.183). When the valve is closed,
water pressure forces the gate against the seat. At high
operating pressures or with large-diameter valves, a
significant force is required to overcome the resulting
friction forces. For this reason, when a large gate valve
is placed at the high-pressure end of a penstock, a small
bypass gate valve is placed in parallel to bleed water
from the high- to low-pressure end. If the low-pressure
end is not open to atmospheric pressure, pressure there

(a) {b} {c)

eyebolt

(e) ® @

Fig. 5.181. Types of seals for sliding gatas,
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cylinder loosely

gate fitting
supporting
ring

drain /
pipe

will build up, eventually equaling the hig vressure.
Then, when there is little or no pressure differential
across the mwain valve, it can be opened easily,

Butterfly valves. The butterfly valve is essentially an

Fig. 5.182. A cylinder gate permits quick and easy opera-
tion.

Fig. 5.183. A gate valve,

extension of the pipe within which a lens-shaped disk,
mounted on a shaft, is placed (Fig. 5.184). This type of
valve can be operated with little force, because the
upstream pressure on each half of the disk is essentially
balanced. Because of its design, a buttertly valve can
be closed quickly. Although this may be useful if the
valve is used to shut down the turbine when turbine run-
away conditions exist, it must not be closed so fast that
an unacceptable pressure rise or water hammer in the
penstock is created.

Fig. 5.184. Lever- and gear-operated butterfly valves.

Spillways

There are several points in a hydropower scheme where
spillways might be incorporated: in a dam, intake area,
or forebay, or along a power canal.

If a dam is included in a schewme, the spillway portion
along its crest must be designed to permit the maximum
flood flow expected in the river to overflow safely.
Clearly, the shorter the spillway, the higher the water
level behind the dam will rise. A higher water level
behind the dam means that the portion of the dam's
crest not used as a spiliway must be higher to avoid
uncontrolled overflow {and the dam must therefore be
larger and costlier).

The intake structurs must also be protected from high
flows while it continues normal operation. If the intake
is an open structure and too much water enters, either
its walls must be high enough to prevent them from
overflowing unexpectedly, or one or more spillways of
adequate length must be incorporated in the intake area
through which this water can flow back into the river
downstream of the dam or diversion structure. If the
intake leads into a power canal, spillways are essentiat
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to regulate water level in the intake and canal. Even if
there is a gate between the intake structure and canal,
an operator will not be stationed there continuously.
Then, if the water level in the intake structure
increases suddenly, significantly more water will flow
through the same gate opening, possibly causing the
banks of the canal to overflow, erode the ground down-
hill, and undermine the canal.

If the canal depth may increase un’ xpectedly, the
placement of spillways at suitable points along a canal
must also be considered. This increase may result from
excess water entering the canal from the intake, from
runoff which enters the canal, or because of obstruc-
tions (such as landslides} which prevent normal flow
along the canal (see Freeboard and spillways, p. 109},

A spillway should also be incorporated in the design of a
forebay to prevent unexpected overflowing, This will
happen when water enters the forebay faster than it is
taken up by the penstock, either because the canal is
conveying excess flow or because the flow into the pen-
stock has been reduced or stopped.

In all cases, the length of the spillway and the elevation
of its crest must be selected to permit all excess water
to overflow through it before it occurs elsewhere

(Fig. 5.185), The dimensions of the spillway required to
pass the expected flows can be calculated as described
in the following paragraphs. And wherever a spillway is
used, the water which overflows must be led away to
avoid erosion.

QOverflow spillways. Of the several typss of basic spill~
way designs, the most common is the overflow spillway
where water overflows the structure itself-~the creat of
a dam, the wall of the intake or forebay, or the side of a
canal, If the spillway is not submerged, that is, if the
downstream water level is below the crest of the spili-
way, the discharge over such z spillway can be deter-
mined by the following equation:

Q=CLE3/2 (5.35)

spillway trashrack

low-pressure
conduit

Flg. 5.185. The intake gt this site has several features
which were poorly designed--the area of the trashrack is
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where

O = discharge (m3/s)

L = length of spillway (m)

h = head above crest (m}

C = coefficient of discharge
= 1.4 - 2.3 (see Fig. 5.186)

Figure 5.186 illustrates the variation of the discharge
coefficient with spillway vprofile. For broad-crested
spillways, the coefficient of discharge increases ag head
is increased ox crest width is decreased. Rounding the
upstream corner of a broad-crested spillway also
slightly increases the discharge for a given head.

The spillway profile which passes the largest flow per
unit length is a rounded crest shaped like the underside
of the nappe of water passing over a sharp-crested weir,
This is often designated as a "standard crest.” Although
equations for the shape of this profile are available, an
extra level of effort would be required in both the
design and construction of such a spiliway} therefore,
this profile is not generally used for micro-hydropower
schemes. Most frequently, a portion of ordinary
masonry wall is used as a spillway section. Because it
has a lower coefficient of discharge, the length of such
a spillway section compared to that of a rounded crest
would have to be correspondingly greater.

Shaft spillways. Another type of spillway is the shaft or
"glory-hole” spillway more commonly found behind dams
associated with large hydropower plants. This spillway
usually incorporates a funnel~shaped inlet to increase
the length of the crest and therefore the flow which it
can accommodate. Some micro-hydropower schemes
using unlined earth canals have applied a variation

of this type of spillway to prevent any excess water
from overflowing the bank of the canal and causing a
major breach (Fig. 5.187). The spillway illustrated in
Fig. 5.188 has been made by using an oil drum as the
inlet section. A smaller-diameter pipe can lead the
overflowing water away from the canal. The flow into a
pipe used as a shaft spillway can be approximated using

Chacas, Dept. of Ancash, Peru 100 kW)

too small and quickly fiils with debris and the spillway does
not overflow until the trashrack {tself overflows.




broad-crested spillways
C=1.4-1.9

sharp~ "standard crest”
crested C = 1.9-2.3
spillway = Li=e.3
- (C = 2.2 if head
c-18 equals design head

associated with
crest profile used)

Fig. 5.186. Discharge coefficients for spillways of different profiles. For broad-crested profiles, a head and crest width

each less than 300 mm is assumed.

the same equation as for flow over an overflow spillway
[Ea. (5.35)i, but "L"” now represents the circumference
of the spillway. If the pipe flows full, then it acts as a
siphon and passes increased flow. This flow can be
approximated by using Eq. (5.9}, In this case, "hy" repre-
sents the head across the portion of pipe flowing full.

Siphon spillways. A siphon spillway represents a third
type. At large powerplants, this spillway is of major
dimensions and is often incorporated in the dam itself.
Although it has rarely been used with micro-hydropower
plants, its principle of operation is described here
because it might find some application. Because it uses
the potentially large head across a siphon, it produces a
significantly larger flow velocity than would be attained
with an overflow weir. It is therefore useful where
space available for another form of spillway is limited
and where the water level must be kept within narrow
limits. This is frequently the case at a forebay, for
example.

The basic operation of a siphon spillway is illustrated in
Fig. 5.189, When the water level rises akove the elbow
of the siphon, water begins to flow down the pipe. The
siphon will only operate properly when all the air within
has been removed, but this might not happen until the
water level is considerably above the maximum level
indicated in the figure. To prime the siphon sooner,

Fig. 5.187. An improvised shaft spiliway used to remove
excess flow in an earth canal.

bends are incorporated in the downstream leg. Water
flowing down the pipe is deflected across at the second
bend and seals off this leg, Water which continues to
flow down the pipe entrains the entrapped air, gradually
reducing *he pressure until all the air is removed and
the siphon is primed. The larger the gross head across
the siphon-~the vertical distance between the water
level in the basin and the outlet of the siphon~-the
greater will be the flow which is then conveyed. With
the rapid outflow of water, the water level in the hasin
will lower until the air vent hole is uncovered. Air
which is then drawn into the siphon breaks the prime
and the siphon siops operating. The air vent is simply a
small hole drilled into the wall of the pipe. Alterna-
tively, the air vent can be eliminated, in which case the
water level would descend until the inlet to the siphon is
exposed.

Kudjib, W.B.F., Pagua New Guinea (3 kW)
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air vent

bend used to initiate
priming of the siphon

Flg. 5.189. Proposed variation of a siphon spillway for use
at ¢ micro-hydropower installation.

It is not possible to accurately predict the water level
required to initiate the siphon, because that depends on
the siphon's size and configuration. However, when the
siphon is primed, the flow through a siphon spillway is
governed by the same equation that governs the flow
through an inverted siphon (Eg. {5.9}]. In this case, "hy"
is the gross head across the siphon.

Trashracks and skimmers

Any debris carried in the incoming water can have
adverse impacts on a hydropower schemet

e It can obstruct flow along the conveyance struc-
tures, interrupting power generation or causing the
water to overflow and possibly indermine the struc-
tures.

» It can cause rapid deterioration of the penstock or
turbine or cause a catastrophic failure, such as rup-
ture of the penstock through a sudden blockage of
flow through the nozzle or fracture of the runner
blades.

It is therefore essential that the quantity of debris
which enters a hydropower scheme be minimized.

A trashrack intercepts the entire flow and removes any
large debris, whether it is floating, suspended, or swept
along the bottom, Frequently, one is located in the
intake structure to prevent debris from entering, and
another is placed just before the inlet to the penstock to
remove smaller debris as well as other debris which may
have entered the water downstream of the intake.
Sometimes a trashrack is also located at the entrance to
a power conduit or along a lengthy canal. A skimmer is
used only to hold back debris floating on the water sur-
face.
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In certain geographic areas or during specific seasons,
the large quantity of floating debris can wreak havoc
with the operation of a hydropower scheme. Trashracks
might seem to compound the problem, because debris
accumulates at these points and rapidly obstructs the
flow. During these times, operators at some sites have
been stationed around the clock to remove this debris.
The proper placement of skimmers and the proper loca~
tion and design of the intake and weir or dam can signi-
ficantly reduce the problem of debris. This is where
initial efforts should be focused.

Trashracks. A trashrack is made up of one or more
panels, each generally fabricated of a series of evenly
spaced parallel metal bars. The bars are parallel and
evenly spaced because a rake is commonly used to clear
the debris off the rack (Fig. 5.190). In this case, it is
essential that the teeth of the rake mesh into the paral-
lel bars without binding so that the rake can be pulled
along the bars easily to scrape off accumulated debris.
If a rake is used, trashracks made of expanded metal or
screen mesh should be avoided because they would be
difficult to clean. With small schemes where the trash-
rack is sma!l and easy to manipulate, the rack can be
withdrawn and cleared simply by inverting and striking
it on the ground. A mesh can be used although removing
grasses and debris intertwined with the mesh can be dif-
ficult. In all cases, trashracks should be removable and
not permanently set in concrete,

Fig. 5.190, A trashrack bar spacing equal to the teeth
spacing of a rake facilitates removal of debris.

Trashracks can be installed by sliding them into grooves
in the concrete walls of the intake, canal, or forebay
structure. When closure for maintenance or repair is
desired, the trashracks can be removed and replaced by
stoplogs. A platform on which the plant operator can
stand while removing the debris is usually erected just
downstream of the rack.

Lowmaville, VA, U.5.A. {& W}




Trashracks fabricated of steel can be unexpectedly
heavy. Therefore, they should be assembled in panels
small encugh tc be handled easily for repair or replace-
ment.

Bars with a rectangular cross-section set on edge are
used at large hydropower schemes and are structurally
superior in resisting water pressure to those with a cir-
cular cross-section. However, shape may be critical for
very iovi-head sites. At such sites, the head loss

{Fig. 5.191) through the trashrack may represent a
larger portion of the gross head. If the trashrack is
located in front of tle inlet to the penstock, head loss
through the trashrack will reduce the submergence of
the inlet that is necessary to prevent vortex formation.
If the trashrack is located at the beginning of a canal,
the loss in head will reduce the depth of water in the
canal and therefore the flow it .~an convey. Fortu-
nately, Liead loss across a trashrack rarely is mcre than
a couple of centimeters, and including a trashrack in a
water conveyance structure generally has no major
impact cn the plant's operation even if this head loss is
not accounted for.

cleaning

trashrack platform

Fig. 5.191. The head loss "h" aeross a trashruck located at
tha inlet to ¢ penstock,

The gross wetted area of a tragshrack—the area of the
rack below minimum water surface—is selected to limit
the velocity through the rack. This facilitates the
removal of debris and minimizes head losses. A design
approach velocity of 0.5 m/s permits some trash to
cover the rack between cleanings. If a trashrack is
located immediately in front of the inlet to a penstock
and the penstock velocities are significantly higher than
0.5 m/s, the trashrack can be built in a circular arc or
some other configuration (Fig. 5.192). This approach
increases the area of the trashrack and correspondingly
decreases velocity through it.

Bars on a trashrack before the inlet to the penstock
should be spaced no closer than is necessary to remove
debris which might be detrimental to the turbine's oper-
ation, Qtherwise, head losses may be high and the rack
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Fig. 5.192, If a small area would result in too high a velo-
city through a trashrack (a), other configurations can
reduce this veloeity (b).

may fill up quickly with debris. Letting small floating
debris through a turbine will have no adverse impact.
With a Pelton turbine, the space between bars usually is
not more than half the nozzle diameter (or a quarter, if
a spear value is used) to prevent the nozzle from chok-
ing. A similar criterion can be set for crossflow tur-
bines. For Francis turbines, the space between bars
should not exceed the distance between runner vanes.

Numerous expressions for predicting head loss acroas
trashracks are available, One such expression is (39)
/3 2

L4
h=Ki(5) ¥z sind

{5.36)

where

h = head loss across trashrack {m} (see Fig. 5.191)

K; = trashrack loss coefficient (Fig. 5.193)

t/h = ratio of maximum bar thickness to space bet~
ween bars

v approach velocity

{design flow)}/(cross-sectional area of water
just upstream of rack)

g = gravitational constant (9.8 mfsz)
¢ = angle of bars with the horizontal

The trashrack’s angle of inclination is largely one of
personal preference. An inclined rack facilitates the
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Fig. 5.193. Trashrack loss coefficients for various bar sec-
tions (41).

manual removal of debris when a rake is used and gives
less resistance to flaw.

A wel} screen also can be used as a trashrack. Thisis
usually a plastic or metal pipe perforated with a series
of slots which is used in tube wells to restrain the
granular material whose pores contain the water. An
improvised trashrack of this type is shown in Fig. 5.194.

In using a well screen as a trashrack, an adequate length
is extended into the stream, settling basin, or forebay,
with a cap over the end. The length "L" {m) of well
screen required is

L=Q

on

(5.37)

where

Q0 = maximum expected flow through the screen
(m3/s)

A = effective open area per meter length of screen
{m</m or m)

v = entrance velocity at screen

Gemaheng, Morobe Prov., Papua New Guicea /] k¥}

AP . E
Fig. 5.194. A segment of drilled PVC pipe, instailed in the

forebay as an extension of the penstock, serves the func-
tion of a trashrack.
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To minimize head losses, the entrance velocity "v¢"
should be in the range of 0.05-0.10 m/s (83). The effec-
tive open area per unit pipe length, which can be
incr2ased by increasing the density of the slots or using
larger-diameter wzil screen pipe, is specified by the
manufacturer.

As meationed, a rake can facilitate the removal of
debris from the trashrack. ki this case, its teeth should
fit easily between the bars of the r :ck. To facilitate
cleaning, the design illustrated in Fig, 5.109 places an
inclined trashrack below water lavel. Floeting debris is
carried away by excess water. Any debris which does
accumulate on the trashrack can be raked up and into
the downstream trough, where it is carried away.

With a continuously operating hydropower plant, the
task which requires the most frequent attention is
removing debris from the trashrack. Large hydropower
schemes have automatic rack-raking machines to per-
form this chore. These are rarely used with micro-
hydropower schemes. But rather than performing this
task manually, other approaches have heen attempted or
are being used.

One design for a self-cleaning trashrack is incorporated
in the forebay described in Settling basius (p, 166) ang
shown in Figs, 5.204 and 5.205. This design incorporates
a horizontal trashrack which iz cleared periodically by
briefly reversing the flow through it. This design is
probably more effective where most of the fleating
debris is leaves rather than grass which can get
intertwined in the trashrack.

The design shown in Fig. 5.117 also uses reverse flow to
ciean the trashrack. In this case, a cylindrical trashrack
is used. Flow is introduced from inside and moves out-
ward. As debris is caught in the trashrack, the trash-
rack is placed under tension and will not collapse as it
would if the water flowed inward. The trashrack is
cleaned by raising the cylinder gate to open the drain in
the center. Water which has already passed through the
trashrack will flow back in and, in so doing, wash off
and carry away through the drain most of the debris
restrained by the trashrack,

Some creative powerplant operators have replaced the
electric motor incorporated in automatic rack-raking
machines with other sources of motive power, Most of
these devices, such as the one illustrated in Fig. 5.195,
use a druw filled with water to provide the motive
power {110}, Water, under pressure from the higher
level of water in the forebay, is fed continuously into an
oil drum which is normally held in a raised position by a
counterweight. When the weight of the water in the
drum is sufficient, the drum lowers, pulling up the
scraper to rake debris off the irashrack. Then when
sufficient additional water has entered the drum and the
water level reaches the bend in the siphon, the siphon is
automatically primed, empties the drum, and permits
the counterweight to raise the drum and lower the
scraper to their original positions to repeat the cycle.

Several problems were encountered initially in the oper-
ation of this device:




scrapey

counterweight

feedpipe
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Fig. 5.195. A diagrammatic representation of a mechani-
cal rake driven by a water-filled oil drum (110), This rake

e Initially, the scraper carriage carried the counter-
weight, but the sizable force against the trashrack
and the increased drag on the carriage as it moved
up led to unreliable operation. The drum was then
zounterbalanced as shown in Fig. 5.195.

® The cycling period depends on the size of the feed-
ripe and siphon, and the resulting 14 minute cycle
«~as too long for the increased volume of leaves the
device had to handle in the autumn. Consequently,
the feedpipe diameter was increased from 20 mm to
50 mm, and a valve was placed along the feedpipe to
control the filling time and therefore the cycling
pericd. In addition, the siphon diameter was
increased to 20 mm,

» Feedwater was originally drawn from the forebay.
Consequently, just when sufficient pressure was
needed to clear a clogged trashrack, water level
behind the trashrack was lowering, reducing the
pressure head and flow in the feedpipe and increas-
ing the cycling period. The simple solution to this
problem was to locate the inlet to the feedpipe
ahead of the trashrack. The intake to the feedpipe
then had to be designed to ensure that it could not
itself become clogged easily.

Skimmers. A skimmer is an obstruction placed at the
water's surface, usually at an angle to streamflow,
which skims floating debris from the passing water. If
the water level changes markedly as, for example, at
the intake off a stream, the skimmer can be a floating
piece of timber secured at both ends (see Fig. 5.17h
Because some debris usually passes under the skimmer,
a trashrack is still necessary. However, a skiminer
reduces the frequency with which the trashrack has to
be cleaned.

was designed by John Wood and is in operation in Ennisty-
mon, [reland,

If changes in water level are small, a fixed skimmer can
be used. Figure. 5.196 illustrates such a skimmer
installed in a forebay. A trashrack is still included over
the inlet to the turbine. Another approach is simply te
place the trashrack under the minimum water level, as
shown in Fig. 5.59. In this case, floating debris is
deflected by the wall of the intake and carried down-
stream by the excess streamflow.

'y Pa:pul New Guinea

Kage

Fig, 5.196. Water is being drained out through the sluice
gate at the right to facilitate cleaning out the forebay. A
skimmer in the form of a screen con be seen extending
across the forebay, A wall behind the skimmer prevents
sediment from entering the penstock through the trash-
ra;.:k. The powerhouse at this very-low-head site is at the
left,
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Settling basins
A settling basin can serve two functions:

» When located at ths: intake, it removes any sediment
from the incoming water which might otherwise set-
tle in the intake or power conduit. A large accumu-
lation of sediment there can reduce the flow avail-
able for power generation, cause a intake or canal to
overflow, and require a sizable effort to clear.

s When located before or at the inlet to the penstock,
it removea sediment which might cause rapid wear
and reduce the operating life of the turbine.

Froper placement and design of the intake structure and
the weir or dam are important factors in reducing the
sediment and bed load admitted in the first place and in
facilitating the maintenance of settling basins. If a
scheme includes a power canal, proper design of the
canal can minimize the additional debris which can
enter along its length and simplify the job of a settling
basin at the inlet to the penstock.

A settling basin works on the theory that if flow is not
turbulent, particles denser than water will gradually
settle out. When such a particle moves without inter-
ference through a f'uid because of the difference bet-
ween its density and that of the fluid, its settling velo~
city with respect to the fluid quickly hecomes constant,
the drag on the particle equalling its weight in the fluid.

Usually, settling basins are roughly rectangular in shape.
Of the particles entering such a basin {Fig. 5.197), the
last particle to settle cut before the water leaves the
basin would be one located approximately at point (a),
To settle out, the slowest settling velocity this particle
may possess is "v_". Any particle at point (2} with a
settling velocity less than this value would not settle to
the bottom. The physical characteristics of the settling
basin would therefore imply that

60v _ L
"";; =5 (5.38)

where

¥ = average water velocity through the basin (m/s)
__0
"DW

Vo = particle settling velocity (m/min}

It is assumed that the velocity is uniform across the
basin cross-section.

If this value is substituted into Eq. (5.38), then

vo = 903? (5.39)
where

Ay = LW = surface area of basin
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rectangular prism of
water in settling basin w

e

Y
settling basin

Fig. 5.197. A rectangular setting basin sized to settle out
ail particles with settling velocities greater than "v "

Therefore, with the assumptions made above, the small-
est particle size which can settle out from a given flow
is solely a function of the surface area of the basin and
not its depth.

Rather than constructing a settling basin approximately
the same depth as the inlet canal {(Fig. 5.198a), it could
be significantly deeper than the inlet or ocutlet conduit
{(Fig. 5.198b). This increase in cross-sectional ares
would appear to decrease the velocity of water "v"
through the basin and permit a basin of smaller surface
area to remove particles above a given size. However,

Fig. 5.198, Although the velocity through a deeper basin
(b} is generally tower, flow langely short-circuits the basin
in this case if special baffles are not used. The velocity,
therefore, may closely resemble that of the velocity of a
shatiow basin {a).




the velocity would not be uniform over its cross-section,
and most of the flow would short-circuit the bagin—-it
would flow directly from inlet to outlet by the shortest
route. The judicious use of baffles could increase the
effectiveness of a deeper basin but would result in a
more complicated and expensive design. Moreover, it
would require additional excavation, and if the settling
area were close to the intake, flushing of a deeper basin
back into the main stream might not be possible because
of the relative elevation of the stream level and basin
floor.

Equation (5.39) implies that a long, narrow basin would
be as effective as a short, narrow one. However, the
flow velocity in the former wouid be greater and
because of turbulence, sediment may get stirred back
into suspension. To prevent this, the velocity of the
flow through the basin generally should not exceed (0.3~
0.5 m/s (see Velocity in a canal, p. 96). If the approx-
imate depth of the hasin is set equal to the depth of
water in a canal, the width of the basin "W" {m) is found
to be

=8
W= = (5.40)

= flow (m3/s)
= desired velocity through the basin (m/s)
= basin depth {m) = canal depth in this case

When the basin width has been determined, Eq. {5.39)
can be solved for the basin's length:

- 9]
L =606 VoW (5.41)
wher
L = basin length {m)
v, = settling velocity of smallest particle to be

removed (m/min)

For sand (quartz) particles, the settling velocity "v 0"
tanges from 1 m/min for 0.1 mm particles to 5 m/min
for 0.8 mm particles. A basgin for micro-hydropower
schemes is often designed to remove particles with dia-
meters greater than 0.3 mm and a corresponding set~
tling velocity of about 2 tm/min.

Although a vectangular basin was considered when
deriving the previous expressions for its dimensions, a
more widely used configuration includes a base sloping
toward the gate through which the basin is drained and
cleaned out. A base with a slope ranging from 3% to
10% is often used. In addition, the side walls sometimes
have a significant lateral slope to facilitate removing
the sediment (see Fig. 5.56a)., Because the dimensions
derived above are only approximate, incorporating a
sloping base does not change the previous conclusions.

If a canal opens up into a wider settling basin, the
accompanying decrease in flow velocity will cause
sediment and bed load to start settling out as socon as

they enter. The upper portion of the basin will contain
the coarser sediment; the finer sediment will be depos-
ited at the downstream end of the basin. Therefore,
although settling basins conventionally slope down-
stream toward a sluicing gate so that water entering the
basin can scour its entire length, most of the sediment
which will have to be removed may be at the other end.

If it is essential that water for power generation flow
through the canal at all times, parallel settling basins
may be incorporated (Figs. 5.199 and 5.200}. One basin

Sysngia, Nepsf (M LRW[

Fig. 5.199. This settling basin just after the intake incor-
porates two sections--one can be cleaned out while the
other remains In use. No scouring outlat has been incor-
porated, and sediment has to be shoveled out.

Dhading, Nepal 130 kW)

. -

Fig. 5.200. Parallel settling basins permit use of one while
the other is being cleaned. Gabions were placed downhill
of a purtion of the canal to protect this area at a bend in
the stream from being undermined by the stream.
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can then be cleaned while the other is in use. Because
each basin has to be adequately sized, this approach
requires doubling the size of this structure, which dou-
bles its cost and requires that a location with double the
area be found along the canal route. Arnother approach
would be to bypass the flow around the settling basin
temporarily, because an insignificant amount of sedi-
ment would pass through the turbine during the brief
time that the settling basin is being cleared (see

Fig, 5.58), Because a well-designed settling basin should
not require much time to clean, it would be simpler to
incorporate only a single, well-designed basin and to
shut down the turbine briefly during a low-demand per-
iod while the basin is cleared of sediment.

During site layout, in the initial stages of planning for a
hydropower scheme, the settling basin should be located
50 that the suction head=~the difference in elevation
between the settling basin and the outlet of the scouring
or drain pipe (Fig. 5.201)—permits adequate scouring
velocities in the vicinity of the inlet to the drain pipe
when the gateé is opened. Insufficient scouring velaci-
ties make it more difficult for the water to deaw out
the sediment and more shoveling would be required.
Even though a high velocity may exist through the
scouring pipe, the flow velocity quickly diminishes as
the area of flow increasas, i.e., as one moves farther
back from the inlet of the pipe. Therefore, opening the
scouring gate will not necessarily result in velocities
throughout the basin that are sufficient to pick up and
carry away all the sediment. Some shoveling will stil}
be necessary. The objective is to design the sottling
basin to minimize manual inputs, even if they cannot be
eliminated completely.

Fig. 5.201. If a settling basin i3 incorporated in the intake
structure, selecting a site with adequate suction head will
facilitate the scouring of sediment from the basin.

To facilitate scouring, it may be advantageous to open
the drain pipe as quickly as possible; otherwise, the set-
tling basin may be empty of water before the pipe is
fully open, and optimum use therefore cannot be made
of the scouring effect of rapidly flowing water. This is
especially a problem with sliding gates raised by screw
hoists. A cylinder gate (see end of Sliding pates, p. 155)
overcomnes this problem since it can be raised quickly
with little effort (Fig. 5.202).

To reduce the eifort required to clean out the settling
basin, the floor of each basin shown in Fig. 5.203 is unu-
sually steep, closely resembling a funnel, with a sliding
gate located at the bottom. It is envisioned that the
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cylinder
gate

trashrack

Fig. §.202, A long, nurrow forebay serves as a settling
basin which is converiently flushed out using a cylinder

gate, Excess water overflows the trashrack, taking with it
some of the floating debris.

sediment will be directed toward the bottom as it
accumulates. With an excess of water in the stream,
the gates wil® always be slightly open to remove the
sediment on a continuous basis. (There are two settling
basins in series here because the instructions for design
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Bubiga, Burumdy 1220 EWi

Fig. 5.203. A view of the settling area taken from the dam
crest ol a site under construction. Two sluice gates permit

this area to be scoured out, The sediment returns to the
stream at the right.

were interpreted incorrectly; two paralle] basins had
been envisioned.) Such deep settling basins are rarely
considered for several reasons:

e additional excavation usually would be necessary,

« flushing out the sediment would be difficult unless
the streambed clevation dropped significantly just
after the intake, and

e additional construction materials would be required.

Fig. 5.204 shows a self-cleaning settling basin in opera-
tion. At this site, the forebay serves as a primary set-
tling area. Its design is shown schematically in

Fig. 5.205, Water is taken from below the stream's sur-
face, permitting debris floating on the surface to con-
tinue unaffected. After entering the structure, water
passes upward through a trashrack before proceeding
into the penstock. The trashrack restrains debris in sus-
pension and any sediment drops to the floor.

A scouring outlet is controlled by a radial gate which is
an integral part of a pivoted container. When in opera-
tion, water [ed to the container from the penstock
through a length of tubing gradually [ills it. When this
container/gate unit is nearly full, the weight of the

Fig. 5.204. A self-cleaning forebay designed by Rupert

Armstrong Evans: (a) sluicing gate in the normally closed
position and (b) gate open to permit scouring.

water contained inside forces it to tip. Several events
then occur:

# The scouring outlet is opened, permitting a large

velocity within the settling area to wash out any
sediment,
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@ Water in the forebay deacends, pushing debris off the
trashrack and out the scouring outlet.

# The water within the container itself gradually
empties. After a short period of time, determined
by the emptying time of the container (which is set
by the size of the opening at the top), the container
then flips back, closing the scouring outlet and com-
pieting one cycle.

Although operation of this design is straightforward, it
is necessary to size all the components properly. If, for
example, the scouring time is too long and the inlet pipe
into the settling area is too small in diameter, the water
level in the forebay may drop so much that the penstock
flows only partially full. If the scouring time is too
short, the sediment and other debris may not be
removed completely.

opening which

time

S o — ]l
DENEEE

Rt

(a)

determines cycling

(b)

Fig. 5.205. A schematic representation of the self-clean-
ing forebay shown (n Fig. 5.199. Two positions during a
eyeling period are (llustrated: {a) for the larger part of the

170 Civil works

cycle, the container is slowly fiiling with water, then (b)
the container drops, opening the gate to permit scouring of
the forebay. (Not to scale)




VL. TURBINES

INTRODUCTION

The principal motivation for developing a hydropower
site is to generate power. Previous discussions have
focused on selecting an appropriate site and designing
the civil works necessary to convey water to the power-
house. This chapter covers turbines, the machines
wnich actually convert the energy of water into
mechanical energy.

A variety of iypes of, and designs for, hydraulic turbines
have L:een developed to accomplish the task of extract-
ing power from water under a range of site conditions,
However, most site developers need not be concerned
with the theory of turbine ¢peration and the complexi~
ties of turbine design. They must be aware of those
factors necessary for power generation--sufficient
water under pressure to meet their expected load—and
have quantified these parameters. Competent and
experienced firma are then usually relied on te select
the most appropriate turbine to meet the developers'’
needs. After the developers have provided the neces-
sary specifications, these firms should be able to select
the appropriate components and ensure their compati-
bility as part of a complete turbine-generator package.
Occasionally, some manufacturers that specialize in one
type of turbine will specify that their turbine be used at
a site for which it is not really suited (Fig. 6.1). A
knowledge of the basic equations which describe the

Fig. 6.1. By force-fitting Pelion turbines for sites with
heads of only 20-20 m and power outputs of 30-60 kW, a

manufacturar ended up with unwieldy and inefficient tur-
binas.

operation of each turbine can be useful in identifying
some of these cases.

Some site developers may wish to fabricate their own
turbines. They need access to sufficient information to
decide which turbine is most appropriate for their site,
followed by specific design information.

And tinally, some developers may have an old turbinz
that they would like to use at a new site. They need to
be able to predict how it will operate under a new set of
conditions.

To address these subjects, this chapter reviews the
general applicability of the principal turbine types, their
operation and basic characteristics, and some design
modifications that can reduce their cost. It reviews the
suitability of each for local fabrication and describes
reference materials on their design and fabrication
which are available. This chapter also reviews the spec-
ifications that site developers interested in purchasing
equipment must provide a manufacturer or supplier.
Relationships te predict the operation of an old turbine
under new site conditions are presented. And for site
developers interested in purchasing or fabricating tur-
bines and end-use equipment separately and assembling
a packaged unit themselves, this chapter describes
various options for coupling the two.

BASIC THEQRY

Water under pressure contains energy--the ability to do
work. This preasure energy can be harnessed by a tur-
bine runner® in two basic ways:

® The pressure can exert a force directly on the sur-
face of the runner, which imparts energy to the run-
ner and causes a corresponding energy or pressure
drop in the water as it goes through the runper.
Turbines which operate in this fashion are called
reaction turbines and include the propeller and Fran-
cis turbines.

* In this publication, "runner” refers to the hydraulic
device which actually converts waterpower to
mechanical power. In most cases, it is shaped like a
wheel. The term "turbine” refers to the entire unit--the
runner, casing, valves, vanes, etc.
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» The pressure can be first converted into kinetic
.energy in the form of a high-speed jet of water
.emerging from a nozzle. In this case, the pressure
drop occurs across the nozzle. The water in the jet
strikes the runner, imparting its momentum to the
surface it strikes, and then drops into the tailwater

" with little remaining energy. Turbines operating in
this manner are called impulse turbines and include
the Pelton, Turgo, and crossflow turbines.

Because the runner of a reaction turbine is fully
immersed, the casing around the turbine must be strong
enough to withstand the operating pressures. With an
impulse turbine, the casing serves only tc prevent
splashing, to lead the water to the tailrace, and to safe-
guard against accidents.

Careful fabrication is more critical for a reaction tur-
bine, because the pressure drop takes place across its
runner. The clearance between the runner and casing
has to be as small as possible, because any leakage
through this clearance represents a loss of energy.
Because these clearances are small, a reaction turbine
is less tolerant of sediment carried by the water.

Although advantages or disadvantages associated with a
specific turbine type may influence the final choice,
several specific site parameters may still suggest that it
be used:

# The net head under which a turbine will operate is a
major factor governing the selection of a turbine
type. For example, Pelton turbines cannot be used
effectively at low heads, and propeller turbines do
not operate effectively under high heads.

& The relationship of the required power to the head
available at a site also influences the cheice of tur-
bine. A Pelton turbine under a head of 30 m eould
generate 5 kW, but another turbine type would usu-
ally be selected if 100 kW were required.

¢ If the turbine is to operate at a certain speed for
coupling to a generator or other machine, this factor
also affects the choice of turbine. For example, for
directly coupling a generator with a turbine operat-
ing under a low head, a reaction turbine would be
required; a Pelton or Turgo runner would turn too
slowly.

All three of tl.ese variables are incorporated in an
expreasion called the specific speed "Ns", which is
defined as follows:

. NYF
Ng = -1_1—573 (6.1}
where
N = working speed of turbine {rev/min)
P = maximum turbine cutput (hp} = 1.4 x maximum
turbine output (kW)
H = net head (m)
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| TABLE .. Specific sasis for vrious tpesof itines

Type of runner N,

Pelton 12-30
Turgo 20-70
Crossflow 20-80
Francis 80-400
Propeller and Kaplan 340-1000

It should be noted that the metric specific speed
expressed in Eq. (6.1} is 4.45 times the specific speed in
the English system of measurement.

To ascertain which type of runner is conventionally used
under conditions found at a proposed site, the appro-
priate plant parameters are substituted into Eq, (6.1} to
determine its specific speed, Then Table 6,1 is used to
identify which type of runner operates most efficiently
at that specific speed. The values in this table are
based on experience gained over the years.

For a Pelton or Turgo runner with multiple jets, "P" in
Eq. (6.1) represents the power output with one jet in
use. Therefore, it is possible to extend the range of
efficient operation of both Pelton and Turgo turbines by
equipping them with two or more nozzles. For example,
a Pelton turbine with two nozzles and a runner having a
specific speed of 12 would generate twice the power at
the same speed and head as an identical runner with a
single nozzle. From Eq, (6.1), it can be seen that this 2~
jet Pelton turbine would be equivalent to a turbine with
a specific speed of 1242, or 17, because specific speed
is proportional to 4P, Pelton turbines equipped with
two nozzles would therefore operate most efficiently
within the range of specific apeeds similar to that for a
single-jet Pelton multiplied by Y2, or 17-40, Even in
this case, however, the runner itself is still said to have
a specific speed of 12.

For large hydropower plants, runners are always directly
coupled to tie generator and must therefore be designed
to run at thbe speed of the generator. Consequently, the
specific sj.eed of the turbine which is required at a spe-
cific site is set by the generator's speed. This is often
not the case with micro-hydropower installations.
Because it is frequently more important to use less
costly, standardized runners rather than custom=
designed runners, gearing between the turbine and
generator is often required. For a site with a given
head and power output potential, turbines that operate
at speeds other than those required for direct coupling
can then be used. A single site may therefore accom-
modate turbines within a broader range of specific
speeds than is implied in Table 6.1, including several
turbine types.

For example, if a turbine that is tc generate 90 kW
under a head of 55 m to drive a 1500 rev/min generator
is conventionally selected, it would need a runner with a
specific speed




_ 1500 ¥90-1.4 _
s =" /4 = 110
55
and a Francis turbine would probably be selected. How-
ever, if gearing is acceptable, with a gearing ratio of up
to 3:1, for example, the turbine speed required to drive
the generator could range from 500 to 4500 rev/min,
with an associated specific speed in the range of 37-330.
Therefore, in addition to a Francis turbine, a Turgo,
crossflow, or two-jet Pelton turbine could alsc be used
in this situation.

To return to the example quoted earlier in this section,
it can now be seen that a turbine generating 5 kW under
a head of 30 m to drive a 1500 rev/min generator would
require a runner with a specific speed of 57 and single-
jet Pelton with a specific speed of 19, and a gearing
vatio of 1:3 could be used. However, to generate

100 kW at the same site would require a turbine with a
specific speed of 250, and a single Pelton runner even
with multiple jets and appropriate gearing would rarely
if ever be used.

In addition to its value in selecting the most appropriate
turbine types, the specific speed of a runner has several
other useful properties:

& This number is entirely a function of the geometrical
shape and design of a runner. Each turbine therefore
has a unigue value of "N_" independent of the head
under which it operates,

¢ This number is not a function of turbine size., Geo-
metrically similar turbines—one turbine which is

simply an enlarged or reduced replica of another~-
have identical values of "N_".

Although plant operating parameters can be used to
determine specific speed, which can then be used to
select the turbine that wonld function most efficiently,
this procedure cannot carelessly be reversed. For a tur-
bine with a known specific speed, either "N", "P", or "H"
cannot be determined by selecting any values for two of
the remaining parameters, because these parameters
are not independent of each other. The speed and power
output of a specifi¢ turbine both depend on head. For
example, a runner with a specific speed of 18 will not
necessarily generate 9 kW when run at 160 rev/min
under a head of 16 m, even though the equality
expressed in Eq. (6.1) holds true. This is because the
power will probably be other than 9 kW under a head of
16 m, and the optimum operating speed may not be

160 rev/min under this head. However, if the functional
relationships of speed and power to head for the turbine
type under consideration are substituted into the
expression for specific speed, Eq. {6.1) can be used for
this purpose.

TURBINE TYPES
Pelton turbines

A Pelton turbine has one or more free jets discharging

from nozzles and striking a series of buckets mounted
on the periphery of a disk (Fig. §.2). Although this tur-
bine is usually not used under a head of less than about
150 m at large hydropower installations, it has been
used down to heads of several meters at micro-hydro-
power installations. The principal reason for not using
this type of turbine at lower heads is that its operating
speed becomes low and the runner becomes unwieldy for
the quantity of power generated. If runner size or speed

poses no obstacle, then a Pelton turbine can be used
under fairly low heads.

manually
controlled
spear valve

fixed nozzle

Fig, 6.2, A Pelton turbine incorporating both a needle
valve io regulate one jet and a fixed 3econd jet. The
butterfly vaiues are used only to tum the flow on or off.

The head under which a Pelton turbine operates has the
following implications for the turbine's design. At high
heads, enough water emerges from a single jet to gener-
ate the desired power, and the runner revolves at a

speed high enough for direct coupling to a generator or
other end-use equipment.

Assume that identical power is to be generated by the
same runner but that a lower head is available. On the
one hand, a decrease in head leads to a decrease in the
jet velocity and therefore a decrease in runner speed.
On the other hand, hecause reduced head implies less
water through the nozzle as well as less power associ-
ated with that water, a nozzle with a larger area is
required to pass the increased flow necessary to gener-
azte the same power. However, increasing the jet dia-
meter is feasible only up to a point. There is a maxi-
mum jet diameter, which is set by the size of a bucket
on the runner being used. Empirical data show that the
maximum jet diameter is about one-third the width of
the bucket.

If the Pelton turbine is used under a still Jower head and
the area of a single nozzle can no langer be increased to
waintain the same power output, the next approach is to
increase the effective nozzle area by increasing the
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number of jets. The power output from a turbine is
roughly proportional to the number of jets. Two equally
sized jets will make approximately twice the power
avaijlable than that from the turbine using a single jet.

T memmiismn intasfasencs hatbraan tha watar and runnar
L Praviivt MILTLLTITHLE UCRW R Weh WL B ehnna?

within the casing reduces this value somewhat. When
two jets are used, they usually strike the nnner at
points a little lesa than 90° apart.

As head is decreased further, three or more jets can be
used. The runner is then set on a vertical rather than

hawinmantal ashafi Dathar than ugsing more than two ‘iﬂi‘
AR B MAFALANCLL FRIVEE WE A e A R A ALy LA e AL

another approach is {o use two runners side by side on

the same shaft or {o place a runner at each end of the
generator shaft.

Pelton runners for micro-hydropower plants usually have
efficiencies of 70%~85%. They have the advantage of
being ahle to accammodate a wide range of flows with
nea.rly constant efficiency. For this to be possible, a
turbine must be equipped either with a needle or spear
valve or with nozzies of different sizes which can be
turned on or off as required.

The runaway speed for a Pelton turbine—the speed of
the runner when, under design conditions, all external
loads are removed--is about 1.8 times its normal operat-
ing speed. Under these conditions, bucket speed nearly
equals jet velocity.

In preparing the powerhouse foundation to accept a Pel-
ton turbine, only a hole in the powerhouse floor is
required. It is usually rectangular and is about the size
of the outlet of the turbine casing through which the
water leaving the turbine drops into the tailrace (see
Fig. 5.167), If a pipe section conveys the water from
under the turbine to the tallrace, it must be large
enough so that the water does not back up and submerge

the runner.
Basic relationships
With an impulse turbine such as the Pelton turbine, the

pressure at the bottom of the penstock creates a jet of
water with a velocity

Vj = Uz g H [6.2)

where

v = jet velocity (m/s)
H = net head {m}
g = gravitational constant (9.8 m/s%)

From Eq. {6.2) and the fact that the flow through the
turbine equals the product of jet area and velocity, it is
possible to determine the jet diameter required as a
function of "H", which depends on site conditions, and
"Q" which is determined from the power equation

Eq. {5.11) :
_ _54 Q
d= 77 '__.. {6.3)
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where
d = jet diameter (cm)
Q = total flow through turbipe (m3ls)
H = nat haad fm\
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B numher of nozzles

It should be noted that the diameter "d" does not refer
to the diameter of the nozzle opening but to the jet
diameter, which is equal to or, more frequently, some-

what smaller than, this opening. With a needle valve,
the ist diameter is usnally 10%-2(1% lese than the nozzle

g e LD D RSty LD AN LAmI] AT VS

dlameter, depending on the design (38). With a simple
cylindrical nozzle with rounded entry and slight taper,
jet and nozzle diameters are nearly equal.

i

Solving Eq. (6.3) for ':_:j. will give the minimum number
of equally sized jets tHat would be required to develop
the design power under a given net head and flow when
using Jets of diameter "d"

n - 2000 (6
WH a

For horizontal-axis Pelton turbines, a maximum of two

nozzles is commonly used. The maximum number of

nozzles for a Pelton turbine used in micro-hydropower

plants is commonly four, arranged around the runner on

a vertical shaft. Up to six are used in large hydropower
plants.

The linear velocity of the bucket for most efficient
operation of the runner will equal 0.43-0.47, or about
half, of the jet velocity. Using Eg. {6.2), runner speed
can therefore be expressed as

N =38 i_‘g— {6.5)
where
N = runner speed (rev/min}
H = net head {m)
D = runner pitch circle diameter (m)

diameter of circle centered on runner shaft and
tangent to centerline of jet

These equations indicate that, for a given Pelton runner,
its speed depends on the net head acting on the turbine
and is not directly affected by nozzle area or number of
nozzles. Changing nozzle area affects the speed only
insofar as a change in flow affects penstock losses.
Increasing nozzle area, for example, increases the flow
in the penstock, which increases friction loss in the pen-
stock, slightly decreases net head, and slightly
decreases optimum runner speed. From Eq. (6.5} it is
clear that, at a given site, runner speed can be changed
significantly only by changing runner diameter.

For the generation of electricity and some other uses,
high runner speeds are preferred because they permit
reduced gearing or, possibly, direct coupling (see
OPTIONS FOR COUPLING, p. 192). Equation (6.5)
implies that a smaller runner diameter would be pre-
ferred in this case. However, the minimum permissible




| bﬁcicet siée and the minimum number of buckets for
efficient operation set a limit for the minimum size of a

runner:

# The buckets must be large enough to accommodate
the jet(s).

# The runner must be large enough to accommodate
the required number of buckets to ensure efficient

operation.

To establish minimum bucket size, years of accumulated
experience indicate that bucket width is rarely less than
three times the jet diameter. This is necessary to
ensure that the water entering the bucket does not
interfere with the water leaving it.

The number of buckets "n. "
tion can be estimated by Ph

to ensure efficient opera-
e following equation:

m, =5 +16 (6.6)

This equation is expressed in terms of a parameter
called the jet or diameter rvatic "m". This is defined as

(6.7

where the jet diameter "d" and the runner diameter "D"
are both expressed in the same units. I too few buckets
are used, a portion of the jet passes through the runner
without striking the buckets. Using too many buckets
leads to their interference with the water leaving the
runner. '

To ensure that a runner is large enough to accommo-
date the optimum number of buckets, the diameter ratio
can be used. The minimum value of this ratio has been
found from experience to be about 6. This implies that
the runner diameter cannot be smaller than six times
the jet diameter. The minimum value of the diameter
ratio is the lowest value for which the water in the jet
is still used effectively. Conventionally, this ratio is
usually in the range of 10-20.

Since minimum runner size depends on jet diameter,
the only way of further increasing runner speed is by
decreasing jet diameter. This can be achieved by
increasing the number of jets, as is shown by Eq. (6.3}.

Fahrication

Although Pelton runners have been fabricated of sheet
metal and pipe sections (Fig. 6.3), this requires consid-
erable effort. More frequently, a Pelton runner is
cast—either the buckets are cast individually and bolted
or welded to a central disk, or the runner is cast inte-
grally (Fig. 6.4}. Consequently, Pelton turbines gener-
ally require casting facilities, and this may limit their
appeal among those interested in constructing a Pelton
runner for a single site.

A wide variety of bucket shapes has heen used. Each
manufacturer of Pelton turbines has its own designs, but
these are proprietary and often difficunlt to obtain. In
Hydraulic Machines (69), Lal summarizes empirical rela-

tions for basic bucket dimensions and presents typical
plan and section views. In A Pelton Micro-Hydro Proto~
type Design {63), Inversin provides various profiles for a
bucket shape that was synthesized from several sources
(the efficiency of that runner is approximately 75%)}.
He describes the design of a two-jet Pelton turbo-
generating unit with a 200 mm-diameter runner and
nozzles made from orifice plates and provides a sum-
mary of test results for several different design config-
urations. Another approach has been to use a bucket
from a commercial turbine to prepare a pattern.

Sometimes profiles are selected simply on the basis of
ease of construction. As described in "A Working Pelton
Wheel,” Meinikheim circumvented the need for casting
facilities and machined his buckets out of steel (80).

The bucket profile was determined by the shape of the
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the flow through each nozzle. If the design of the sys-
tem incorporates a governor, there must be a valve with
which the governor can regulate the flow. A needle
valve is commonly used for this purpose. It permits only
that flow through the penstock that is necessary to
satisfy the load imposed on the turbine by the user. Any
excess streamflow can be stored if a reservoir has been
incorporated in the scheme's design. A needle valve can
he replaced by a much simpler and less costly deflector
placed between a fixed nozzle and the runner. This
device deflects water that is not required for power
generation away from the runner. In this case, the
water that is deflected is wasted; therefore, this option
would be suitable only where the water supply is always
adequate and no storage is necessary,

If a governor is not incorporated in the overall design,
there are several options for reducing cost. The
extreme option would be to eliminate the needle valve
or deflector altogether and use a nozzie of fixed size.
This is a viable option if streamflow always exceeds the
required flow and if either the load is constant—an elec-
tronic load controller or end-use machinery that
requires a fixed power input is used—ur the load can
accept speed changes of up to about $+30% (see Opera-
tion on the backside of power curve, p. 210, and

Fig. 8.11c}.

Fig. 6.3. Pelton runner fabricated of sheat metal and pipe
sections. The first set of buckets fractured after running

several months. With a turbine incorporating only a single nozzle, a

needle valve does give the flexibility to use less than
design flow if desired. A cheaper, although less conven-
ient, approach is to incorporate two nozzles in the
design of a turbine. Oune nozzle could be used during the
dry season when little streamflow is available for power
generation, and bath could be used during the rainy sea-
son. Using two nozzles of different size further
increases the energy that can be extracted from avail-
able streamflows when nozzles of fixed size are used

tool used. More complex profiles could be machined,
but a much more sophisticated set-up would be required.

Cost-reduction approaches

One of the more expensive components of a commercial
Pelton unit is the needle or spear valve that regulates

o

Fig, 6.4. On the left is a Pelton runner with cast buckets installation at Baindoang in Papua New Guinea. The disk
bolted to a steel disk (see A Pelton Micro-Hydro Prototype between the runner and the bearings is a slinger, designed
Desfﬁg (63) for design details). Gn the right, an integral to sling of f any water making its way along the shaft so
casting from Gilbert Gilkes and Gordon used at a 6 kW that it does not reach the bearings.
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{see the end of Alternative turbine configurations,

p- 42). If a single-jet turbine is used, it could be
designed with interchangeable nozzles of different
sizes. This approach requires that the plant be shut
down to permit changing the nozzles. The cost-reduc-
tion advantage gained may be offset by the increased
bother associated with performing this task.

The profile of conventional nozzles is a continuous
curve that requires careful machining, A more basic
nozzle is simply a metal cylinder with a slightly tapered
bore and rounded leading edge so that the flow does not
separate on entering,

A very rudimentary but often adequate nozzle is simply
a sharp-edged orifice--a hole drilled through a sheet of
metal. The flow separates from the inside edge of the
plate and emerges as a well-defined jet. Pressure losses
through an orifice plate are insignificant. After leaving
this type of nozzle, the jet may diverge slightly faster
than one emerging from a well-designed nozzle, but this
has no major effect if the nozzle is close to the runner.
This nozzle can be made at almost no cost. A series of
plates with orifices of different diameters can be used
to vary the flow through a turbine. In sizing an orifice,
it is necessary tc keep in mind that the flow contracts
on flowing through the orifice and that the jet diameter
is about 0.8 times the diameter of the orifice. The jet
can be expected to increase somewhat as the inside
edge of the orifice wears with use. This type of nozzle
has already been used in several cases (59,63).

Turgo turbines

Gilbert Gilkes and Gordon Limited of the United King-
dom developed and manufactures the Turgo turbine
which can operate under a head in the range of 30-

300 m. Like a Pelton turbine, it is an impulse turbine;
however, its buckets are shaped differently and the jet
of water strikes the plane of its runner at an angle of
about 20° ratner than remaining within this plane

(Fig. 6.5), Whereas the volume of water which a Pelton
runner can accept is limited because the water which
emerges from each bucket interferes with the incoming
iet as well as with adjacent buckets, the Turgo runner
does not present this problem. Water enters the runner
through one side of the runner disk and emerges from
the other. Consequently, for the same jet diameter (and
power gutput) as a Pelton turbine, a smaller-diameter
runner can be used with the lurgo turbine. The result-
ing higher runner speeds imply a better chance for
direct coupling of turbine and generator. This is the
principal advantage of the Turgo runner.

A Turgo runner may prove appropriate at lower heads
where a Francis runner might otherwise have been used.

In this case, a Turgo turbine has advantages similar to
those of a Pelton turbine:

& it requires no seals with glands around the shaft,
& it is more tolerant of sand and other particles in the
water,

e working parts are more easily accessible,

Fig. 6.5. Woter enters a Turgo runner from the side.

o its efficiency curve is nearly flat, and
¢ there is no danger of cavitation.

However, unlike a horizonal-axis Pelton turbine, the
water flowing through the Turgo runner produces an
axial force and requires thrust bearings on the runner
shaft.

Basic relationships

Turgo and Pelton runners have a similar theory of oper-
ation. Therefore, the expressions for runner speed "N
and jet diameter "d" are approximately equal to those
derived previously {Egs. (6.2) through (6.5}}. The maxi-
mum number of jets for a Turgo turbine conventionally
mounted on a horizontal shaft is two. Some small-
hydropower equipment manufacturers have fabricated
small vertical-axis units with more than two nozzles.

Fabrication

In addition to Gilbert Gilkes and Gordon, the People's
Republic of China has also been manufacturing its ver-
sion of a Turgo runner for micro-hydropower applica~
tions, as have several small ¥.5. companies. The com-
plex curves used in the design of the bucket for a
"proper” Turgo runner may discourage its construction.
However, there have been several attempis to fabricate
a Turgo runner. Some involved making buckets of short
sections cut from steel pipe. These were welded bet-
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weaen two concentric steel bands. The inner band was
welded around the circumference of a steel disk that
served as the hub.

The Nepalese “ghatta” {see Fig. 10.7) is a runner whose
operation roughly approximates that of a Turgo runner,
Thousands of ghattas have been in operation in Nepal
and elsewhere for centuries, providing mechanical
power for milling (see PRIVATE-SECTOR APPROACH
TO IMPLEMENTING MICRO-HYDROPOWER SCHEMES
IN NEPAL, p. 226), They are built primarily of wood.
Activating Traditional Indigenous Techniques: Devel-
opment and Improvement of the Nepalese Watermill
‘Ghatta’ (98) describes traditional designs and changes
proposed to improve their efficiency,

A recent successful undertaking in Nepal has been the
design and manufacture in Kathmandu of the Multi-
Purpose Power Unit or, more commonly, the MPPU.
This turbine evolved as an improvement on the tradi-
tional ghatta but closely resembles the Turgo runner.
Individual hemispherical buckets are forged from steel
disks and welded to a hub to approximate a Pelton yin~
ner with a small diameter ratio. Then, to reinforce the
runner, a steel band is placed around the circumference
of the runner and welded to the buckets (Fig. 6.6). New
Himalayan Water Wheels (28) includes numerous photo-
graphs, mechanical drawings, and descriptions of the
MPPU in addition to reviewing traditional waterwheels
and end uses for hydropower. Further information

is provided in the two-volume series, MPPU, Multi-
Purpose Power~Unit With Horizontal Water Turbine (89).
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Cost-reduction approaches

The same approaches discussed previously for Pelton
turbines are applicable to Turgo turbines.

Crossflow turbines

Fig. 6.6. At the left, a MPPU runner is being fabricated. At right, an MPPU unit is shown ready for delivery.

The development of the crossflow turbine has been
credited to both Banki and Michell, and it has been
manufactured commercially for over half a century by
the Ossberger Turbinenfabrik in Germany. It therefore

commonly goes by the names of the Banki, Michell, or
Ossherger turbine.

The drum~shaped runner of a crossflow turbine is built
of two parallel disks connected near the rim by a series
of curved blades (Fig. 6.7). The individual blades have
simple, cylindrical symmetry, and homemade blades are
frequently made by cutting sections of pipe lengthwise.
This turbine is always installed with the shaft horizon-
tal. The jet of water emerges through a rectangular
nozzle the width of the runner and enters the runner *
through the rectangular op2nings between the blades,
imparting most of its energy. It then paszes through the
center of the runner and strikes the buckets a second
time as it leaves, imparting a smaller amount of energy
before dropping into the tailwaters.

The crossflow turbine is considered an impulse turbine,
with all the pressure in the nozzle converted to velocity
of the jet. However, if the runner is placed very close




Fig. 6.7. A 5 kW crossfiow turbine fabricated tocally in
Panama.

to the nozzle, the pressure in the jet is still higher than
atmospheric pressure--sometimes water is forced later-
ally through the slight clearance between the nozzle and
runner. In this case, there is a small reaction compo-
nent to the operation of the turbine.

A principal advantage of the crossflow turbine is that,
because of the symmetry of its blades, the runner width
theoretically can be increased to any value without
changing the hydraulic characteristics of the turbine.
Doubling the runner width, for example, merely doubles
the power output at the same speed, because the diame-
ter remains unchanged. The constraints are structural
in nature--flexing of long blades and shaft can lead to
fracture from metal fatigue. Fracture of the blades at
their extremities has been a common mode of failure
(see Fig. 10.64).

Efficiencies of commercial units are said to approach
85%, although peak efficiencies of 60%-80% are more
often the case. Efficiencies can be considerably less for
locally fabricated units depending on the care taken in
their design and manufacture. By having two guide
vanes in the rectangular nozzle, one covering one-third
of the nozzle width and the other covering the remain-
ing two-thirds, it is possible to maintain fairly constant
efficiency down to about 20% of design flow. For
example, when only one-third of the design flow is
available for power generation, the wider vane can
completely cut off flow through two-thirds of the run-
ner width, and the shorter vane csn control the remain-
ing flow. The turbine then simply acts as if a shorter
runner were being used.

Because the maximum size of the nozzle is not limited
by the runner diameter as it is for a Pelton turbine,
lower heads do not restrict the power output of a cross-

flow turbine as severely. Crossflow turbines can there-
fore operate under lower heads and still generate
considerable power at a reasonable speed. When they
are used at lower heads, the drop in elevation from the
turbine to the tailwater may be a more significant per-
centage of the total head between headwater and taii-
water levels. For example, for a given design flow at a
site with a total head from headwater to tailwater of
20 m, a turbine located about 2 m above the tailwater
level to keep it above the flood plain would lose 10% of
potential head and, therefore, power.

A portion of the head below the turbine that would
otherwise be lost can be regained by the use of a draft
tube, a tube full of water extending from below the tur-
bine to below the minimum tailwater level (Fig. 6.8).
The weight of water in the tube creates a negative pres-
sure in the turbine casing, which places an additienal
pressure head across the nozzle, "sucking” more water
through the nozzle than weuld otherwise be possible as
well as imparting more energy to that water. A 1l m~
high column of water in the draft tube in the previous
example would add another 1 m to the gross head avail-
able for power generation, placing a pressure differen~
tial across the nozzle equivalent to a 19 m head and
increasing power output by about 8%. Actually, slightly

penstock

/

air valve

crossflow
© runner

draft tube hg

N

Fig. 6.8. A common design for a wir valve, which is neces-
sary to keep water in the draft tube from submerging the
runner.
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less head than "h_ " can be recovered, because the flow
in the draft tube is aerated, reducing somewhat the
weight of the column of water inside. There are also
losses caused by friction and turbuience within the draft
tube. It is not possible to recover the entire head repre-
sented by the distance from nozzle to tailwater level;
that would imply a submerged runner. Unlike reaction
turbines, a crossflow runner has to operate in air.

Pelton and Turgo runners can also operate with draft
tubes. However, these turbines are generally used at
high=head sites, and the distance between the turbine
and tailwater ia therefore insignificant compared to the
head above the turbine.

One difficulty in using a draft tube with a runner that
operates in air is that air within the ¢asing will gradu-
ally be entrained or disaolved in the water. The water
level in the draft tube will then rise, gradually submerg-
ing the runner and significantly reducing its efficiency.
Consequently, an air valve is incorporated in the turbine
casing (Fig. 6.8). It is adjusted so that when the water
in the draft tube ic higher than the permissible suction
head "h." {set by the turbine's need to operate in air),
the negative pressure in the casing pulls in additional
outside air, permitting the water column to drop
slightly.

Although a draft tube permits additional power to be
generated at a specific site, atuffing boxes must be
located where the shaft enters the casing and the casing
must be fairly airtight. Significant leaks in the casing
or draft tube will make the draft tube totally ineffec-
tive. Therefore, extra care and expense in the design
and fabrication of the turbine is required to gain extra
head, and therefore power, through the use of a draft
tube,

For micro-hydropower turbines, a draft tube used to
recover a major portion of the potential energy or head
between the turbine and tailwater is often cylindrical in
shape—simply a length of pipe with its outlet end always
submerged below tailwater level. However, the water
descending a draft tube still has velocity and therefore
kinetic epergy, which represents a loss in head equiva-
lent to v*/2g, where "v" is the water velocity in the
draft tube. If this is significant, as is more often the
case with reaction turbines, a portion of this head can
be recovered by gradually increasing the cross-sectional
area of the draft tube. This causes the velocity in the
draft tube to decrease as it descends; the decrease in
kinetic energy is converted to an increase in potential
energy manifested in the increase in negative pressure
or suction in the turbine casing.

A draft tube used with a small turbine to recover some
of this kinetic energy is generally conical in shape.
Although a quickiy diverging draft tube would seem
preferable to reduce the velocity as much as possible
with the shorrest possible draft tube, the maximum cone
angle is about 8°, With greater angles, the flow
detaches from the walls, creating turbulence and an
accompanying loss of energy and head.
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Basic relationahips

"The Banki Water Turbine" (85) probably contains one of
the first descriptions in English of the design and opera-
tion of a crossflow turbine, along with test results of a
prototype. The initial portion of this publication is a
loose translation of the original paper by Donati Banki,
"Neue Wasserturbine,”

For preliminary design purposes, equations and other
common relationships that can be useful in approzimat-
ing overall runner dimiensions and speed are as follows:

0.23 O
A= {6.8)
i
where
A = cross-sectional area of jet [mz}
£ (jet thickness, m) x (runner length, m)
Q = flow (m3/s)
H = net head (m}

Making a first guess for a runner length and using the
definition for "A" above will permit the jet thickness to
be determined. The cross-sectional width of the rec-
tangular nozzle of a crossflow turbine is approximately
equal to the jet thickness. The runner diameter is usu~
ally about 10 times the jet thickness, If the runner
dimensions seem unreasonable, ancther estimate for
runner length should be tried. Then, when the runner
diameter is found, its speed can be found as follows:

N 20NH (6.9)
where
N = runner speed {rev/min)
I = runner diameter {m)
Fabrication

Because of the simplicity of its design and the fact that
the construction of the runner requires only cutting,
welding, and grinding {or machining, if available), the
crossflow turbine is the most popular turbine for local
fabricalion. In addjtion, numerous publications describ-
ing the construction of crossflow turbines are available.

The first popular publication describing the design and
construction of a crossflow turbine was VITA's Low Cost
Development of Small Water Power Sites (56). In addi-
tion to providing summary information on developing a
hydropower site, it presents some details for construct-
ing a turbine. The vanes for this design are cut from
sections of steel pipe and are inserted in grooves cut
into the two circular end-plates. This design is also
summarized in the Energy Primer (8). Because of the
effort required to cut these grooves, many have omitted
this step and simply arc-welded the vanes to the end-
plates. Langhorne has documented his experience in




constructing a crossflow turbine after the VITA design
and implementing a hydropower scheme (Fig. 6.9) in his
article, "Hand-Made Hydro Power" (70),

In addition to reviewing one of several Nepalese efforts
to design turbines and implement small-hydropower
schemes, Small Water Turbines (97) presents detailed
machine drawings of all the comoponents of the stan-
dardized designs manufactured by Butwal Engineering
Works. It also describes and illustrates jigs used to
facilitate fabrication. This publication is presently
being updated.

turbine, reduces demand placed by a private residence on
utitity power.

A complete set of detailed designs for a turbine with a
runner diameter of 200 mm {Fig. 6.10}, manufactured by
the Nepalese company Balaju Yantra Shala, is found in
Crossflow Turbine, Type: BYS/T3 (4). Arter also con-
tributed to this design; details of his work and extensive
test results can be found in two theses in German,
Durchsteomturbine (27) and Experimentelle Unter-
suchung einer Durchstrdmturbine des Typs Banki (34).

In addition to the previous publications, there has been
other university-based research on the crossflow tur-
bine. Design of Small Water Turbines for Farms and
Small Communities (43), prepared at the Massachusetts
Institute of Technology, quantitatively reviews the
design of a crossflow turbine. Although the objective of
this study was to develop a design that could be fabri-
cated in a simple workshop in a developing country, with
facilities to weld, drill, and cut steel parts, no prototype
was built or tested. Consequently, although this publi-
cafion may give some insight into the desipn of a cross-
flow turbine, the preliminary design which it presents
lacks design improvements that would have been appar-
ent if prototypes had been built and field-tested.
Hothersall's thesis, Micro-hydro Development for
P.N.G. {60), describes another effort to design and
fabricate a crossflow turbine. In "A Review of the
Cross-Flow Turbine,” Hothersall provides a technical

Nyaksbongela, Kivu

Fig. 6.10. Ina few weeks, SODERZA, a small rural devel-
opment organization in Zaire with no previous experience
in hydropower, butlt this turbine, relying solely on the pub-
lication Crossflow Turbine, ng%: BYS/T3 (4); constructed
civil works (see Flg. 5. 131); and instaile:;’ - hammer mill
and altemator. A smali-diameter runner and e single~

stage, flat-bel. speed increaser developed the 3000-4000
rev/min required to operate the mili.

review of this turbine's operation and performance (61).
Research with crossflow turbines is also being under-
taken at Colorado State University.

A major problem with locally fabricated crossflow run-
ners has been the eventual fracture of the blades
through metal fatigue where they are attached to the
end-plates. In "Blade Calculations for Water Turbines
of the Banki Type" (105}, Verhaart addresses this prob-
lem. This report presents equations to determine the
maximum blade length for a given head or the maximum
head for a given turbine configuration to avoid blade
fracture. It also presents a computer program for per-
forming these calculations. Balaju Yantra Shala in
Nepal, wrich manufactures crossilow turbines in quan-
tity, add+ intermediate supporting disks to reduce the
effective length of each blade. Crossflow Turbine,
Type: 3YS/T3 (4} has a graph for determining the nuw-
ber of intermediate disks as a function of turbine width
and operating head. The author tested the theory
behind this graph by applying it to 80 operating turbines
and correctly predicting the 20 turbires that had exper-
ienced blade failure.
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Cost-reduction approaches

Among the lowest-cost crossflow turbines in use today
are those in northern Pakistan (see VILLAGER-IMPLE-
MENTED MICRO-HYDROPOWER SCHEMES iN PAKIS-
TAN, p. 248). In a number of these installations, the
cost of the casing has been elirninated; pillow blocks
mounted on timber or concrete support the turbine
bearings (see Fig. 10.55}. The runner is simply covered
with wooden slats or a sheet of galvanized roofing to
prevent the spray from reaching the bearings, belts, and
generator. A draft tube cannot be used at such an
instailation, but additional head is often gained by
locating the runner about 2 m below the floor of the
powerhouse, with belts to transmit the power upward
{see Fig. 10.43), Placing a turbine below floor level also
keeps leaking water off the powerhouse floor.

Designs for crossflow turbines usually include a nozzle
made of sheet metal bent to a prescribed shape and
positioned to minimize clearance between the nozzle
and runner. In addition, a short section of pipe is com-
monly used to make a smooth transition from a cylindri-
cal penstock to a rectangular nozzle. This is another
piece which has to be fabricated and which slightly
increases cost. Nozzles of simpler designs include one
made of flat metal sheets (see Fig. 10.55), one made by
forming a rectangular opening in one end of an oil drum
(see Fig. 10.56), and one made by using rectangular steel
channel (Fig. 6.11}, With these simple designs, proper
transition pieces are sometimes omitted, and there is
often considerable clearance between nozzle and run-
ner; the crossflow runner functions entirely as an
impulse unit, Fabrication has been simplified, but
sometimes at the expense of slightly increased losses in
head.

With these simple nozzle designs, no valves are used to
regulate the flow. The frequency of the ac voltage
generated is left to fluctuate somewhat. Flow into the
penstock is sometimes adjusted, with the penstock flow-
ing partially full during pericds of part-load. If a gener~
ator is driven by a turbine using such simple nozzle
designs with no flow control, use of a load controller
can still permit close Erequency control {see Load con-
troller, p. 204}.

Francis turbines

The Francis turbine is generally a medium-head reaction
turbine, although it has been used under heads of

1-500 m. Its runner is composed of buckets formed of
complex curves and is more difficult to fabricate than
other turbines. In addition, a Francis turbine usually
includes a scroll casing that distributes water around
the entire perimeter of the runner and several series of
vanes to guide and regulate the water into the runner,
If a turbine for a specific site is to be built in a lpecal
workshop, most site developers prefer to use a turbine
that can be made more easily. Even commercial Fran-
cis turbines are rarely used at the lower end of the
"micro" range. For these reasons, the operation and
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Fig. 6.11. This runner, fabricated in a rural workshop, i3
eovered with a wooden box during operation. Runner and
nozzie are independently maunted on a concrete founda-
tion,

fabrication of the Francis turbine will not be covered
here.

Propeller turbines

A propeller turbine is a reaction turbine commonly used
at low-head sites. It resembles a marine propeller that
intercepts all the water descending the penstock. With
large conventional units, the propeller turbine has a
configuration similar to that of a Francis turbine. It is
a vertical-axis machine surrounded by a scroll case,

The tlow enters the case radially inward before being
deflected axially and passing through the runmer.
Because flow is parallel to the shaft, this turbine is also
referred to as an axial-flow turbine. The blades cf the
propeller can be either fixed or adjustable. In the latter
case, it is referred to as a Kaplan turbine. In addition, a
Kaplan turbine has variable wicket gates, regulating
flow to the runner, which are mechanically coupled to
the movable blades. Because this design is more com-




plex than others, this configuration is not often used
with micro-hydropower schemes.

There are several other configurations for this type of
turbine, all of which permit the flow to enter or leave
with less significant changes in direction. Micro-hydro-
power turbines are commercially available in all three
basic configurations described below:

¢ The runner of a tubular turbine (Fig. 6.12a) is placed
in a bend or kink in the water passageway so that the
shaft can go through the wall, either upstream or
downstream of the runner, to an externally mounted
generator.

Fig. 8.12, Three configurations using a propeller or Kaplan
turbine: (a} tubular, {b) bulb, and (¢} right-angle drive.

# To eliminate bends in the passageway, the bulb tur-
bine (Fig. 6.12b} includes the generator in a bulb,
which is an extension of the propeller hub, either
upstream or downstream of the runner, and this
eliminates the need for the shaft to go through the
walls of the pansageway, This twbine also reduces
the excavation requirements at very low-h-ad sites.

# A cross hetween the bulb and tubular turbine that
permits straight-through flow and an externally
mounted generator for easier access is a right-angle
drive unit (Fig. 6.12c). Because only the right-angle
drive is located within the bulb, the size of both the
bulb and the passageway is reduced.

The runner of a propeller turbine usually has from three
blades (for low-head units) to six. The water under
pressure enters the turbine through a series of angled
guide vanes designed to induce a tangential or whirl
component of velocity. On passing through the runner,
water pressure is reduced as energy is imparted to the
runner. The water then passes on to the tailrace
through a draft tube, which recovers some of the
remaining head. This head arises from both the pressure
energy caused by the difference in elevation between
the turbine and the tailwater level and from the velo-
city energy remaining in the exiting flow (see discussion

of draft tubes in Crossflow turbines, p. 178).

With its high specitic speed, the propeller turbine per-
mits reasonable speeds in spite of low operating head.
Runner diameter is one factor affecting runner speed.
With large runners, some form of speed increase is
required to attain speeds of commonly used generators,
However, the speed of amall-capacity, small-diameter
propeller runners associated with some micro-hydro-
power units may permit direct coupling to four- or six-
pole generators.

In large hydropower plants, flow through propeller tur-
bines is regulated by varying the pitch of the runner
blades and wicket gates while the turbine is in opera-~
tion,® A hollow turbine shaft accommodates a regulat-
ing rod whose movement, controlled by a governor, is
transmitted to the runner blades through a suitable link
mechanism. This involves a level of sophistication and
cost usually unacceptable for developers of micro-
hydropower sites. To reduce the complexity of the
flow-regulating mechanism, some commercial units vary
only the wicket gates.

Micro-hydropower plants using propeller turbines gener-
ally do not have tightly closing wicket gates to regulate
{fiow. To start, stop, and dewater the runner, butterfly
valves are often used at the inlet to the turbine. They
are not usually used to regulate flow, because they can
introduce significant losses. A butterfly valve included
in the draft tube (Fig. 6.13} can be used to start and
stop a runner and also to regulate flow if good part-load
efficiencies are not necessary.

* A wicket gate is composed of angularly adjustable
blades, usually just upstream of the runner, which
control the flow through the turbine.

Turbines 183




Flg. 6.13. Butterfly valves have been Incorporated in these
draft tubes to start and stop 20-inch propeller runners
installed in an open-flume configuration.

To reduce equipment cost further, several approaches
may be taken:

e If adequate flow is always available and the plant is
connected to the grid or a load controller is used
with an isolated plant, no flow regulation is neces-
sary and a fizred-blade propeller can be used.

# If flow adjustment is hot required often—-perhaps
several times a year, possibly to accommodate
reduced streamflow during the dry season--a runner
with manually adjustable blades can be used, A
manually adjustable propeller runner consists of a
central hub to which the blades are bolted in 2 man-
ner that allows the blade angle to be adjusted. The
adjustment can be made through a "window" in the
turbine throat after the turbine has heen shut down
and dewatered.

o If flow varies significantly, an installation can use
multiple fixed-blade propeller turbines, usually of
different size, with units switched on or off depend-
ing on the flow available (see Alternative turbine

configurations, p. 42}.

The efficiency of well-designed propeller turbines
attains 90%; with adjustable blades and wicket gates, a
high efficiency can be maintained down to 30% of
design flow. However, efficiency quickly drops when a
fixed-biade propeller turbine is operated at part-load.

Runaway speeds of a propeller turbine are a higher per-
centage of nominal operating speed than those asso-
ciated with imputlse turbines, Runaway speeds are
commonly 2.5-3 times design operating speed. Flew
through the turbine must be stopped or diverted to pro-
tect the turbine and generator from overspeed during
loss of load. With small turbines, a butterfly valve
closed either by water pressure or a counter-balance
weight can be used. During operation, the valve is held
apen by a solencid energized directly from the genera-
tor output or through a sensing relay. Any design should
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keep in mind the rapid closure possible with a butterfly
valve (see Butterfly valves, p. 159) and its impact on
surge pressures in the penstock (see discussion of surge
pressures in Selecting wall thickness, p. 133).

As with all reaction turbines, propeller runners face a
problem with cavitation. As water passes over the run~
ner, the pressure may decrease to the peint that water
vaporizes, forming bubbles. When these bubbles are
carried downstream to areas of greater pressure, they
collapse violently, producing very large instantaneous
pressures that fatigue and erode any nearby surface,
Cavitation leads to pitting of the runner, which can
eventually eat away entire portions of the blades,
thereby reducing turbine efficiency. It is accompanied
by vibration and a noise similar to that of gravel in a
rotating vessel.

Although proper design of the runner can decrease the
likelihood of cavitation, the principal factor affecting
its occurrence is the turbine setting--the distance of the
turbine above the tailwater. If it is set too high above
the tailwaier, the reduced {suction) pressure in the tur-
bine will cause even a well-designed runner to cavi-
tate. The tendency for cavitation also increases when a
runner operates al high speeds, Therefore, for a given
head, a small and consequently lower-cost, high-speed
runner toust be set lower than a large, low-speed runner.
Using a lower-cost runner therefore iinplies a turbine
more accessible to flood waters and possibly more exca-
vation to accommaodate the necessary draft tube,

Proper turbine setting to avoid cavitation can be deter-
mined through the use of a parameter called Thoma
sigma (for a description of this parameter, s:-e TUR-
BINE PERFORMANCE UNDER NEW SITE CONDi-
TIONS, p. 191). Either madel or full-size testing deter-
mines the value of this paramater for a specific runner.
For preliminary planning purposes, experiencs curves —
curves based on a compilation of experience to date—
can be used.

When the propeller turbinc is used at a very-low=-head
site, small redurctions in net head can have a significang
impact on power output, Consequently, unlike the set-
ting of impulse and most Francis turbines, the setting
and design of the powerho se and tailrace for a scheme
using a propeller turbine are intrirately tied to the
physical configuration and the cavitatiou characteristics
of this turbine and the design of the draft tube to be
used.

In addition, even with propeller turbines used at low-
head micro-hydropower installations, large volumes of
water are used. This requires a penstock of more
generous proportions. Because a large penstock is con-
siderably more rigid than small-diameter plastic pipe
commonly used for high-head installations, alignment of
the penstock with the turbine becomes more critical.

Fabrication

Although propeller turbines are appropriate at low-head
sites hecause of their relatively high speed, they are not




widely used with micro-hydropower schemes, largely
because of their more complex design. For low-head
sites, crossflow turbines are frequently selected. Extra
gearing is then required, but this is seen a small price to
pay for a turbine that is otherwise seen as easy to
design and build.

Proper design of a propeller turbine is essential to
‘obtain a runner that is efficient and free of cavitaticn.
Numerous parameters--number of blades and their pro-
file, width, and pitch, runner hub diameter and overall
diameter--must be determined and the guide vanes and
drait tube correctly designed. Simplifications are pos—
sible, but they require a good understanding of the
theory of propeller turbine design.

Two popular approaches to local fabrication of propeller
turbines are to form runner blades from steel plate or to
modify a marine propeller. Blades are also cast, either
separately from or integrally with the hub, but this
requires additional facilities and skills. The turbine cas-
ing, guide~vane assembly, butterfly valve, and draft

tube can be fabricated of steel sheet.

Few references present designs for propeller turbines.
In Design of Small Water Turbines for Farms and Small
Communities {43}, Durali presents a complete set of
working drawings for a propeller turbine designed to
generate 5 kW under a head of 10 m. Whereas he never
actually fabricated the turbine, Ho did this later for a
Master’s thesis {58}, For this effort, the major compo-
nents of tte turbine—the blades, hub, and housing-—-were
made of fi ierglass-reinforced plastic. The thesis con-
tains details on the technique used in its manufacture,

Cost-reduction approaches

Several approaches to reducing cost and sophistication
of propeller turbines have already been mentioned.
These include the use of [ixed-blade runners (Fig. 6.14)
and a tubular configuration (Fig. 6.15).

Another approach to reducing overall cost is to elimi-
nate the powerhouse entirely. A bulb turbine, with the
generator located with the turbine within the water pas-
sageway, eliminates the need for a powerhouse. Even if
an externally mounted generator is used—for example,
with a tubular or right-angle drive unit—only the gener-
ator itself needs to be covered, weatherproofed, and
located above flood stage. A small structure can

enclose and protect the associated controls and switch-
gear.

Waterwheels

Chronologically, waterwheels represent an initial step in
the evolution of machines to harness the energy of fall-
ing water (Fig. 6.16). They are large, bulky, relatively
slow-turning machines that are better suited to gener-
ate mechanical power to drive pumps or small grain
mills and sawmiils than to drive high-speed electric
generators. However, with appropriate gearing, high

)

Fig. 6.14. A fixed-blade 20-inch prupeller Frunner, with
guide-vane assembly and turbine throat, fabricated by a
small U.5. company. The lower bearing that is visible i3
water-lubricated.

speed can be obtained (Fig. 6.17). With the need to
generate large quantities of elactric power, water-
wheels have been replaced by modern, smaller, high-
speed turbines.

The Energy Primer (8) briefly describes the basic types
of waterwheels. A detailed description of sizing of an
overshot waterwheel is found in "A Design Manual for
Water Wheels" (92); however, this publication does not
cover its actual construction. For those interested in
using a waterwheel to drive a piston pump for pumping
water, it does provide information on pump selection,
methods of driving pumps, and a simple pump design.

Pumpe as turbines

One method for reducing the cost of a hydropower
installation that is gaining popularity is to use pumps in
reverse as turbines (Fig. 6.18). Pumps, of generally
small capacity, have been used for years in industrial
applications to recover energy otherwise wasted in
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Fig. 6.16. This overshot waterwheel was one of many that
were widely used in the United States to provide mechani-
cal power for a variety of industrizs.

industrial applications. On the large scale, pump/tur-
bines have been used around the world with pumped-
storage hydropower schemes.

Pumps provide several advantages:

Fig. 6.15. A completed 8-inch, fixed-blade propeller tur-
bine, with draft tube, which generates 1-10 kW wnder a
head of 2-8 m.

¢ Because they are riass-produced by numerous manu-
facturers, they cost less than turhines.

¢ Because they are standard and available off the

Kat
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Fig. 6.17. A wood-ifned

canal (see Fig. 5.79) decends about stage of gearing and a flat beti in the mill house adds a
5 m, passing underground (left photograph, foreground) to second stage to raise the 3npeed to the 4000 rev/min needed
strike an undershot waterwheel (right photograph and left to operate the hammer miil.

photograph, center). Spur gears are used for the first
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Fig. 6.18. An axigl-flow pump manufacturered in-country
is used as a turbine.

There is no question ithat pumnps can be used as turbines.
Rather, the concern is with their efficiency, cavitation
characteristics, and operating range.

One major difference between turbines and pumps used
as turbines is thai flow through the latter is determined
by the head undzr which they operate; there is no effi-
cient way of controlling flow through a pump. On the
other han?, Yydraulic turbines have efficient flow con-
teols, but ihis is one reason they cost more.

ll5ing pumps where constant head and flow conditions
are available presents no difficulties. This is the reason
they are used in industrial applications where process
energy has to be dissipated. This is also the case at
hydropower sites where adequate water is available to
onerate a unit at design flow whenever it is in use.
Under these circumstances, a constant flow passes
through the turbine. A constant power is generated that
can either be fed into a grid or, in an isolated applica-
tion, be controlled by of a load controller. Pumps as
turbines are less frequently used if a hydopower plant
has to harness a range of flows. However, by using at
least two pumps at a site, preferably of different capa-
cities, it is possible to harness a significant portion of
the energy available from varying streamflows (see
Alternative turbine configurations, p. 42).

Basic relationships

Performance characteristics of a pump operating in the
pumping mode and generation mode differ; the pumps
cannot be assumed to have the same characteristics in
both modes. Numerous articles describe methods for
estimating the performance of a pump serving as a tur-
bine. A technical description is found in the article
"Centrifugal Pumps Used as Hydraulic Turbines" (66). A
more qualitative comparison of performance character-
istics is found in "Centrifugal Pumps as Hydraulie Tur-
bines for the Small Hydropower Market" (101), a paper

prepared by a pump manufacturer that n arkets pumps
as turbines, In addition, the Micro-hydropower Hand-
book (76) summarizes a simple technique for converting
the required twine performance characteristics, based
on site coxnditions, to the necessary pump characteris-
tics. The method gives only a rough approximation. If
the use «{ a pump as a turbine is being considered
seriousiy, the manufacturer should be contacted.
Actual tests are recommended to verify a pump's per-
firmance as a turbine, especially for larger, more costly
lmitso

Miscellaneoys

In addition to the major turbine types described pre-
viously, other designs are being developed. Among
these are the in-stream or water-current turbine, the
Schneider engine, the Segner turbine, and marine
thrusters.

In-stream or water-current turbine

Several organizations around the world are currently
involved in research and development related to the in-
stream or water-current turbine. For example, experi-
mental work is being undertaken by Nova Energy Sys-
tems on the St. Lawrence River and by the Intermediate
Technology Development Group (ITDG) on the Nile

(Fig. 6.19). The objective of these turbines is to harness
the energy of water flowing down a gradua) gradient
without the need for civil works such as dams or pen~
stocks, They extract some of the kinetic energy of a
large river rather than harnessing the potential energy
of a smaller stream. The operation of some of the in-
stream turbines tested is analogous to that of a Darrius
wind turbine. This type of turbine is composed of verti-
cal airfoils that are submerged in a stream and rotate
about a ceniral vertical shaft which extends above the
water level to provide a power take-off (Fig. 6.20). The
turbine can be operated below a barge or {loating pon-~
taon moored to the shore. ITDG has also successfully
tested turbines with rotors similar to a conventional
horizontal-axis windmill but arranged on an inclined axis
so that the power take-off is above water level. TTDG's
work has concentrated on the development of water-
pumping turbines with shaft power up to 1 kW, but elec-
tricity generation has also been demonstrated. Further
details can be found in Water Current Turbines: An
Appraisal Handbook (23),

Harnessing the power in large flowing rivers is an
attractive idea, but its appeal may be somewhat miti-
gated with the realization that the power density in a
flowing stream is low. The poiver density in a river
flowing at 1.0 m/s is 500 W/m* of cross-sectional area.
As with a wind turbine, a theoretical maximum of only
about 60% of this energy can be recovered. Further-
more, machines designed for low-cost manufacture in
developirig countries typically are 50% efficient, so that
150 W/m*® of intercepted area would be available at the
shaft. The power available from water current is pros
portional to the cube of its velocity, so that 600 W/m*~
would be available from a stream flowing at 2.0 m/s;
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Fig. 6.18. A prototype ITDG in-stream turbine being
tested on the Nile in the Sudan. The turbine is immersed
in the stream moving at 1.3 m/s and provides 1 kW of shaft

however, such velocities are not often {ound in a river
in which such a turbine could be used.

Although the output from a turbine intercepting an area
of even several square meters is modest, and even more

power to pump water. The two mooring cables are joined
to a single cable to the bank of the river.

so if used to generate electricity, it is available on a 24-
hour basis and could irrigate a significant area if used
for pumping. Even with a streamflow velocity of 1 m/s,
water-pumping water-current turbines are economically
competitive with diesel pumps where fuel is expensive.
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Fig. 6.20. Details of the in-stream turbine shown in Fig. 6.19.
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At a test site on the Nile, a prototype "low-cost” tur-
bine had a payback period of less than two dry seasons
when used for irrigating a 0.4 ha riverside plot for vege-
table cultivation.

To increase the power density through the turbine, Nova
Energy Systems has experimented with incorperating
surfaces upsteam of the turbine to increase the effec-
tive velocity of the flow through the rotor. This
increasus the cost and complexity of the turbine and is
unlikely to be worthwhile for smal! machines using only
a small fraction of the available streamflow

Schneider engine

The Schaeider engine is another type of turbine, prima-
rily for lower-head application. This turbine incorpo-
rates a series of straight lifting foils mounted between
two continuous chains, similar to a continuous belt of
venetian blinds running over a pair of parallel axles.
The large number of moving parts is a concern with this
design.

The U.S. Department of Energy (DOE) has partially
funded the development of a hydropower plant at a
canal drop in the Turlock Irrigation District in Califor-
nia to evaluate the performance of this type of turbine.
After a short time of continuous running, the 140 kW
unit jammed, A preliminary examination revealed the
failure of water seals and a main roller bearing and
cracks in the blade assembly and moving blades. These
failures occurred before the viability of the basic con~
cept was proven (95).

Segner turbine

A few years ago, in looking for an approach to generat-
ing larger quantities of power than possible by using
traditional mills, yet at a lower cost than using its
crossflow turbines, Balaju Yantra Shala, a Nepali engi-
neering firm and mechanical workshop, resurrected the
Segner turbine, first developed in the mid-1700s {79},
The turbine is comprised of a vertical pipe with nozzles

mounted at the end of radial arms at the bottom. Water

is fed by a flume into the upper end of the pipe and
released tangentially through the nozzles, as is the case
with a popular design for lawn sprinklers. The pipe,
generally 1 to 5 m long, essentially serves as a penstock
but is free to rotate and is supported by a thrust bearing
at its base. Lower-than-design [lows can be accommo-
dated simply by reducing or stopping flow through any
of the nozzles. This type of turbine can handle up to
300 t/s to generate power in the 2-10 kW range. Power
is tapped off the upper end of this rotating pipe section.
Probably the principal difficulty with the Segner turbine
is that it requires a site with a vertical drop.

Marine thrusters

Marine thrusters are propellers used for the propulsion
of ships or the maneuvering of oil rig supports. They

are also being used for low~head applications and have
the advantage of being commercial "off-the-shelf"
equipment, which can reduce plani costs. The DOE
funded the installation and iesting of a prototype

240 kW unit in the Modestn (California) Irrigation Dis-
trict. The maximum turbine efficiency was about 60%,
possibly caused by mismatching of the turbine with the
site conditions, and scme cavitation was also exper-
ienced (95).

TURBINE SPECIFICATIONS

In requesting price quotations from suppliers of hydrau-
lic turbines and packaged units (Fig. 6.21}, it is impor-
tant that as much of the information listed below as
possible accompany each inquiry. Not knowing all this
information may imply that the details of the project
have not been worked out in sufficient detail and that
further work is necessary before firm bids can be solic-
ited. Because a supplier of equipment can spend consid-
erable time preparing a tender, it is best to specify a
single configuration or to minimize the number of alter-
native configurations and extras. An advantage of doing
so is that it is much easier to corupare tenders from the
various suppliers.

It is alao advisable to avoid unnecessarily overspecifying
the equipmeant for a site, because this may prevent the
supplier from proposing equipment that may actually be
better suited to the needs of the developer,

The following is a checklist to help ensure that a site
developer submits the necessary specifications to sup-
pliers of equipment so that they have adequate informa-
tion to prepare tenders:

» Customer's name, address, and telephone number or
cable address.

e An indication of whethe. cnly an estimate is desired
or whether a full detaile.! pruposal or bid is required.

e If possible, a map or sketch showing the layout of
the proposed site; drawings and photographs of exist-
ing structures and foundations are particularly
important and useful.

For quotes on hydraulic turbines, the following informa-
tion also should be submitted to suppliers:

e Average net head available. For low-head sites, if
the head varies noticeably with the flow, also
include the minimum and maximum heads. Penstock
profile and specifications (see below) must also be
described if only the gross head is provided.

¢ Flow available for power generation. If virtually the
entire stream is to be used, include a flow-duration
curve based on as many years of data as possible (see
Data processing, p. 29) or, if unavailable, provide
some indication of flow variation during a typical
year. Is there provision for storage? If so, how
much?

Turbines 189




¥ anahuara, Dept, af Cusco, Feru {5 kW)

Fig. 6.21. Commercial micro-hydroelectric turbines and

generators are awailable as complete "water-to~wire"
packages, significantly simplifying their instailation. A

® Water quality should be described. If abrasive silt is
carried in suspension, provide as much information
on this as pousible. What is the average water tem-
perature?

® Maximum output power desired or needed. Indicate
whether this value represents generator or turbine
output. How many units are coutemplated to pro-
duce this power? The site developer must be sure
that the flow and head are adequate for the power
desired (see SITE SELECTION AND BASIC LAYOUT,
p. 47). If the site potential is inadequate, preparing
specifications for submission to an equipment manu-
faciurer is of no use.

s An isolation valve (see Penstock, p. 74) normally is
fitted batween the end of the penstock and the tur-
bine inlet. If the turbine supplier is to prowvide this,
the specifications for the turbine-generator package
must indicate this. The diameter of the penstock
pipe then should be included also, Is the valve to be
operated manually?

e Specify the type of governing device required.

¢ Identify the type of machine(s) to be driven. Is there
a required speed (rev/min}?

« Give the altitude of the powerhouse site.

# If a penstock is to supply water to the turbine, state
its diameter (and, as noted above, iis length, config-
uration, and material used in its construction if only

gross head at the site has been specified).

¢ If the powerhouse is already built, include the dis-
tance from tailwater to the powerhouse floor (mini-
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Hydro-Technatogy Systems, Chattaroy, WA

packaged crossflow unit fabricated in Cco, Pery, is
shown at the left, a Pelton unit fabricated in the United
States at the right,

mum, maximum, and the average) and powerhouse
and afterbay coufiguration and dimensions.

& Accessibility to the site by rail, truck, boat, air, or
foot is important. What constraints might this place

on the size of the equipment that can be transported
to the site?

For quotes on packaged units for electricity generation,
the following information would also be necessary:

s Generator type (dc, synchronous, or induction).

e Electrical cutput (ac or dc, voltage, number of
phases, frequency),

¢ Climate {(maximum ambient temperature and rela-
tive humidity). "Tropical” is usually sufficient for
areas with high humidity.

» Mode of operation envisioned {manual, semi~auto-
matic, automatic, or remote controi). Is the plant to
operate separately or in conjunction with an existing
power system? [f the latter, give approximate
installed capacity of this system.

¢ What additional equipment (contro)l panel and pro~
tective equipment including switchgear and metering
cubicle) is to be included? If so0, their design
requires a definition of transmission and distribution
system. Unless specified, suppliers usually provide a
standard equipment package to comply with mini-
mum standards.

The electrical factors to be considered in specifying a
packaged turbo-generating unit are discussed in ELEC~
TRICAL ASPECTS (p. 217}




TURBINE PERFORMANCE UNDER NEW SITE
CONDITIONS

There may be an occasion when a turbine at a site is no
longer in operation but is still largely in working order.

It may be possible to reduce costs considerably by using
a secondband turbiae.

However, the flow, speed, and power output for any tur-
bine are site-specific; these are functions of the net
head under which the turbine operates. Often, the rated
performance of a turbine is noted on its nameplate.

With impulse turbines, the pressure drop occurs across
the nozzle; with reaction turbines, it occurs acress the
runner. However, any turbine can be viewed as an ori-
fice—a constriction in a section of pipe through which a
drop in pressure and energy occurs. The flow "Q" or
velacity through a turbine, like the flow or velocity
through an orifice, is proportional to vH . Conse-
quently, if the subscripts "1" refer to the desigr condi-
tions under which a turbine was originally manufactured
to operate and the subscripts "2" refer to new site con-
ditions, then

2 _ ’3.2_ or Q= Q ”_*E
Q Hy Hy

where
) = design flow through turbine
H = net head

The speed "N" of a turbine is proportional to the flow
velocity within the turbine which, as noted before, is
proportional to 4/II'. Therefore,

Ny Hy

L. Hy
N; Hy H,

If the turbine installed at the new site is run at the
speed specified by Eq. (6.11), the power output “P" of
the tuwrbine is proportional to the product of the head
and flow. Therefore,

3/2
— “m - E.z. .I-I_z or Pz;' Pl E..a.. (6.12}
) H H, Hy

Using these three equations, it is possible to determine
the flow consumed, the speed, and the power generated
by a turbine operating under a different head. Two fac=
tors must still be kept in mind--the capacity of the
shaft to transmit the design power and, if a reaction

turbine is being considered, the effect of turbine setting
on cavitation at the new site.

The shaft on which a turbine is mounted is designed teo

transmit a given torque; too high a torque risks shearing
of the shaft. Because the power transmitted by a shaft
is proportional to the product of shaft speed and torque,

PaTN (6.13)

then

= _ = — {6.14)
H,y Hy

3/2 [yy.71/2
T, PN, [H,P2 [/ §,
5

Because the maximum torque "T" a shaft can transmit is
proportional to the cube of the shaft diameter "d.",

Ted’ (6.16)
then
Ty He_ H3 €16
T, Hy |45
or
(6.17)

H, 1/3
dey =doy |
¥4 8l Hl

If the original diameter of the runner shaft "d_," is
assumed to be properly sized with an adeguate ]factar of
safety, "d_," is the required diameter of the runner
shaft for the new site conditions. Clearly, the same
shaft can be used if the new site has a lower head. If
the new site has a significantly higher head, the runner
may have to be refitted with a large shaft if this is
feasible. If the new head is not significantly greater
than the original, the turbine might still be run, but with
a lower safety factor. Because the original safety fac-
tor probably is not known, this approach has an element
of risk. Other mechanical factors, such as stress on
blades, seals, etc., must also be considered, and using a
turbine under a higher head than that for which it was
originally designed should be done with caution.

If belts, chains, or gears are used to transmit power
from the turbine to the end-use machinery, these will
also have to be resized. This requires knowing their
speed (found using the pulley or gear diameter and tur-
bine speed) and the power to be transmitted.

If a complete turbo-generating unit will be used at a
second site, care must be taken to ensure that it oper-
ates properly under the new conditions. If the net head
at a new site is not much different from its rated head—
no more than perhaps $20%--the runner can still be
operated at the original speed "N, " without a significant
decrease in efficiency. Therefore, the power "P," will
still be essentiallv equal to that found using Eq. 16.12).
Because the runner can be operated at its original
speed, the original gearing ratio can still be used. If the
new head is slightly lower than the original, the original
coupling and generator carn also be used. However, if
the new head is slightly higher, both the coupling and
generator must be checked to verify that they can
handie the increased power. If the net head at the new
site is significantly diffcrent from the original head,
both the coupling and the generator would rneed to be
replaced.

In all cases, operating under a higher head implies larger
turbine speeds and stresses. However, the end-use
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machinery would have no such problem, because appro-
priate gearing would be used to ensure that it runs at

the proper speed.

If a reaction turbine is to be used at a new site, the
proper setting will be necessary to avoid cavitation (see
discussion of cavitation under Propaller turbines,

P- 182). A site-specific parameter called Thoma sigma
"oy" is used to determine the proper turbine setting to
avoid cavitation. This is defined as

H _~H,-2
GT = ......g'._._...-.v—.-.- {6'18]
H
where
H, = atmospheric pressure
. = 10.3 m minus 1.1 m for every 1000 m above sea
level
v = vapor pressure of water
= 0.24 m for water at 20 °C
H = net head {m)

elevation above tailwater elevation of that
part of the turbine where cavitation would first
occur {(m)

Furthermore, each runner, in addition to having a unique
specific apeed, aloo has a critical value of Thoma sigma
"oqp~". If Thoma sigma assoclated with a site is greater
than the critical value of Thoma sigma for a specific
runner, cavitation can be avoided. This means that

GT - UTC (6-19}

ot eguivalently,

Pmax = Ba-Hy -~ opcH (2 {6.20)

where

Zmax = Maximum allowable distance {m) of turbine
above tailwater elevation (negative 2
implies a turbine setting below tailwater
elevation)

It °TC for the runner can be obtained from the manu-
facturer of the turbine, use of Eq. {6.20) will give its
maximum elevation above tailwater elevation to avoid
cavitation.

If this value cannot be obtained, another approach might
be used. The Thoma sigma for the original site can be
calculated using Eq. (6.18). If the turbine has no signs
of cavitation from its use at the original site, it can be
assumed that no cavitation will occur at the new site if
the Thoma sigma associated with the new turbine set~
ting equals or exceeds the value at its former site. The
new setting, found from Eq. (3.20) by replacing "opc"
with the Thoma sigma "-r the former site, will be con-
servative if the turbir was originally set lower than it
needed to have been. However, without getting data
from the manufactw: .r or verforming tests on the tur-
bine, this is the best that can be achieved.
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OPTIONS FOR COUPLING

Each piece of end-use machinery is designed to perform
best at a certain speed; however, a turbine to drive that
machinery runs most efficiently at a speed determined
by the head set by site conditions. In the optimum case,
the turbine is selected to rotate at the same speed as
the generator or other piece of machinery to which it is
coupled. Losses, complexity, and the number of parts
requiring maintenance or periodic replacement are
reduced if gearing can be avoided. For these reasons, it
is best to select a turbine that will run at the speed set
by the machinery it is to drive. For example, if a

1500 rev/min generator will be used, a turbine that
preferably runs at 1500 rev/min under the available
head should be selected; then the generator can be
coupled directly to it.

With large hydropower schemes, where all turbines are
custom-designed, generators are always coupled directly
to the turbine. For micro-hydropower installations,
however, this may be difficult to do. If turbines are
available in standardized sizes, none of these may run at
the necessary speed. If the turbine was selected simply
because of ease of fabrication, it may be impossible to
get the desired speed from that turbine for the power
which is required under the available head.

Whatever the reason for using a turbine that operates
with a speed "Nt" different from that required by the
end-use machinery “Nm“, it is possible to size the tur-
bine te generate the required powes and then use a cou-
pling to convert to the required speed. The coupling
would then require a gearing ratio, ¥ = N/ Nt'

For most efficient operation, the gearing ratio for each
type of coupling has an upper limit. If the speed has to
be geared up considerably and a high geariug ratio is
required, several stages of gearing may be needed

(Fig. 6.22). In this case, the overall gearing ratio is
equal *o the product of the gearing ratios of the indivi-
dual stages; however, the overall coupling efficiency is
also equal to the product of efficiencies of each stage.
Using two stages of gearing, each with an efficiency of
95%, for examgle, will result in a overall coupling effi-
ciency of (.95)° or 90%. Ten percent of the energy
generated by the turbine would therefore be lost.

There are several options for a coupling that permits an
increase or decrease in speed: belts, chains, and gears.
Each has its advantages and disadvantages, some of
which are discussed below.

Di 1

When the turbine and the generator or other machinery
to be driven operate at the same speed and these can be
laid out so that their shafts are colinear, a direct cou-
pling can be used. This is the optimal case--virtually no
power losses are incurred, maintenance is minimal, and
the system is compact. An obvious example of direct
coupling is a turbine runner directly mounted on the
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Fig. 6.22. To attain sufficiently high speeds to drive a
generator, the slow speed of a vertical MPPU (p. 178) ts
geared up through two stages--the [irst using a flat belt,
the second, a V-belt.

shaft of the equipment to be driven. Generally, the tur-
bine and machinery to be driven are two separate com-
ponents.

Although a rigid coupling is possible, extreme care must
be taken in aligning both shafts and in keeping them
aligned; otherwise, the coupling bolts may fracture, the
mounting holes may enlarge through wear, or bearings
may fail prematurely, In addition, if the load changes
suddenly or some other factor leads to a sudden change
in speed of either the runner--perhaps from debris
lodged in the turbine--or the genervator--perhaps from
an electrical short across the system-~-the inertia of the
other rotating component may caunse the shaft (or other
component} to shear. More frequently, a flexible
coupling—constructed so that rubber or other eiastic
material transmits the force across the coupling--is
employed. A flexible coupling tolerates some slight
inisalignment-—either parallel but not exactly colinear
shafts or shafts that are not exactly parallel—but cara
should still be exercised in aligning the equipment.

Belt drives

Belt drives are most often used for micro~hydropower
application because the use of either standardized tur-
bines or different types of machines driven from a sin-
gle turbine usgally prevents direct coupling, Belts are
also readily available and inexpensive. Several types of
belts are used for this purpose—flat belts, V-belts, and,
to a lesser extent, timing belts.

Being made of more elastic material than chain drives
or gears, belt drives can more readily absorb shock
caused by sudden changes in loads or other factors. A
measure of the magnitude of this effect is called a ser-
vice factor, which is multiplied to the turbine power to
determine the design power of the belt. For hydropower
applications, a service factor of 1.5 is adequate. Should

one component suddenly seize up, slippage of flat or
V-belts also protects the equipment from damage.
Because belts are elastic, the distance between pulley
centers must be adjustable to maintain appropriate ten-
sion.

Further details on various drives are available in
mechanical engineering texts such as Mark's Handbook
{73}.

Flat belts

Becavse of the simplicity of thzir designs, flat belts
were chronologically the first type of belt drive used.
They can be made of cotton or canvas. If a belt breaks,
it is simple to repair or improvise another until it can be
replaced. Pulleys are easier to fabricate; rudimentary
pulleys made from wooden blucks or tree trunks are in
use at seve- al plants in Pakistan (see Fig. 10.63).

Modern flat belts are made of synthetic fibers with spe-
cial facing, with an efficiency that typically exceeds
97%. After initial tensioning, these newer belts do not
stretch.

One disadvantage of a flat belt is that it must operate
under relatively high tension to prevent slippage. This
places an additional load on the bearings, shaft, and
mounting. Pulleys also must be aligned carefully to
ensure that the belt does not work itself off when it is
used. In rural areas of Nepal, where mechanical power
is used to drive agro-processing equipment, a post stuck
in the ground, pushing on the belt to prevent it from
running off, is not uncommon, but this approach causes
rapid wear of the belt (see Fig. 10.19).

V-belts

V<belts are often made of rubber compounds, cotton
cords, and fabsic, They are quiet, able to absorb shock,
capable of operating even if the pulleys or sheaves are
misaligned, and readily available in a number of sizes.
Efficiencies range from 95% to 97%. Low belt tension
can cause losses of as much as 10% {76).

V-belts are available with different cross-sectional
areas to transmit a range of power. Belts for a particu-
lar application are selected based on the power to be
transmitted and the linear speed of the belt {m/s).
Increasing belt speed permits increasing the power that
can be transmitted with a particular belt, up to a limit.
The diameter of the pulley or sheave should be as large
as possible without exceeding about 1500 m/s belt
speed. Therc is a minimum sheave diameter with which
each type of belt should be used, Using a smaller dia-
meter sheave increases fatigue of the belt and reduces
its operating life.

When the power to be transmitted exceeds the rating of
a single belt, several belts can be used. Belts that are
essentially two or more V-helts vulcanized together are
also available under various trade names.
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When a V-belt is used, the recommended center dis-
tance—the distance between centers of the sheaves—is
not less than the large sheave diameter and not more
than the sum of the two sheave diameters. A properly
installed belt should ride with its top surface approxi-
mately flush with the top of the sheave groove. The
groove should be deep enough 30 that the bzlt does not
ride on the base of the groove; the clearance should be
about 3 mm.

Unlike flat belts, V-belts do not require alignment to so
close a tolerance. However, unless the belts enter and
leave the sheaves in the same plane as the sheaves,
wear is accelerated and black dust which covers the
equipment is produced.

{f some machinery coupled to a turbine must be stopped
while the turbine continues to drive other machinery, a
V-belt can be used between a grooved small sheave and
a large flat-belt pulley. This permits easy removal of
the belt when the machinery has to be disengaged. This
is done in many of the micro-hydropower mills in Nepal
{see Fig. 10.18),

Manufacturers can provide details on the selection of
V-belts. Additional material can be found in mechanical
engineering handbooks as well as in the Microhydro-
power Handbook (76l

Timiog belts

Flat belts have to operate under considerable tension to
generate sufficient friction between the belt and pulleys
to transmit the power, V-belts require less tension,
because the friction needed to keep the belt moving is
generated as the belt wedges itself between the sides of
the pulley grooves. A timing belt, also known as a posi-
tive-drive or gear belt, is toothed and requires negligi-
ile tension because its relies on a mechanical coupling
rather than on friction to transmit the force and power.
Its efficiency is therefore higher than a V-belt's. How~
ever, it is generally costlier than other types of belt
drives, is more difficult to find in roral areas, and
therefore is rarely used for coupling turbines to the end-
use machinery, It also generates considerably more
noise during cperation.

Chain drives

Chains used in conjunction with sprocket wheels have
the advantage of high efficiency (98%-99%), no slip~
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page, no initial tension required, and a short center dis-
tance. They have the disadvantage of requiring proper
lubrication and generally being costlier than belts. Like
direct coupling, a disadvantage of chain drives is that, if
either the turbine or generator suddenly stops, the con-
tinued rotation of the other because of its inertia can
damage it or the coupling. Chains can transmit a wide
range of power; multiple chains—essentially parallel
single chains assembled on pins common to all strands—
can be used if the capacity of a single strand is
exceeded. The power rating of multiple-strand chains is
proportionai to the number of strands. Single-stage
chain drives can accommodate gearing ratios up to
about 8.

The arc of contact on a power sprocket should have at
least 120° of wrap; therefore, the center distance
should not be less than the difference between the pitch
diameters of the two sprockets. This implies that when
the speed is multiplied by 0.33 or more, which is usually
the case, any center distance can be used.

The power ratings of chain drives are based on the num~
ber of teeth and the speed (rev/min} of the smaller
sprocket.

Gear boxes

Because of their cost, gear boxes are rarely used with
micro-hydropower plants, They are used with standard-~
ized turbines in the small~-hydropower range where gear~
ing is required but where other drives lack the capacity
to handle the power and their cost becomes an insignifi-
cant component of total plant cost. They are vulnerable
if they have been installed incorrectly or if maintenance
is poor. Bevel gears can be used for to increase speed
as well as to vonnect two intersecting shafts, such as a
vertical turbine shaft with a horizontal generator shaft.
Spur gears are used with parallel shafts and helical

gears are used with nonintersecting shafts, parallel or
otherwise. Efficiencies are approximately 98%.

Although gear boxes are rarely used, secondhand car
differentials and gear boxes have been used at sites
where waterwheels are also used. These are bulky and
not designed for this specific task, but site developers
with the necessary skills have successfully adapted
these devices for this purpose. The gearing ratio of
such devices can be obtained by turning one shaft one
revolution and counting the resviting turns of the other.



VII. HYDROPOWER: ELECTRICAL VS.
MECHANICAL

INTRODUCTION

In considering harnessing the energy available from fall-
ing water, the generation of electricity immediately
comes to mind; indeed, for many, hydropower is synon-
ymous with hydroelectric power. This is clearly the
case with large hydropower plants. However, an inter-
mediate step in the generation of hydroelectric power is
the generation of mechanical power, and for micro-
hydropower plants in rural areas, this form of energy
has several advantages over electrical energy. Before
making a commitment to the implementation of a single
installation or to a more extensive program, it is advis-
able to weigh the advantages of each option in light of
local needs. At some installations, one form of energy
will clearly he preferable; at others, it may prove
advantageous to make both forms of energy available,

POINTS OF COMPARISON

Table 7.1 provides a summary comparison of the advan-
tages and disadvantages of electrical and mechanical
forms of energy. These are described in further detail
in the following paragraphs.

Impact on plant’s financial viability

~ Many persons working in rural villages find that electri-

city, especially for lighting, is a sought-after amenity.
However, unless the viliagers are using kerosene or
some other fuel which they purchase for lighting, the
financial resources to pay for this amenity may not be
available. Generating hydromechanical power forces a
focus on mechanical uses of power that probably already

TABLE 7.1. Summary comparison of electrical va. mechanical energy options

Criteria Electrical energy

Mechanical energy

Impact on plant's
financial viability

Cost of pwerplant
s required

Sophistication
repaired locally
Energy conversion
loases
shaft power is lost

Starting large loada

Availability of electricity frequently
encourages use of nonproductive lighting

Higher costs because additional equipment

Relatively sophiaticated equipment for
rural areas which cannot generally be

If mechanical power is a primary function
of the plant, 30%-60% of the available

Minimum size of generator, and possibly

Forces a focus on income=-generating
mechanical end uses

Minimal costs beyond those of the turbine
Easily understood technology which is
frequently an extension of an indigenous
technology; skills necessary for repair

are more widespread

No losses other than minor coupling losses

if mechanical power is used directly

Turbine sized by maximuin load demand

turbine, muat be significantly above that

of the largest single motor load

Versatility Can be converted readily to other forms
of energy
Transmicsion Can be transmitted any distance

Other than directly driving machinery, can
only be converted to thermal energy at
the powerhouse

Use of power generally restricted to
powerhouse location
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exist in a rural community and that normally generate
income, Such activities inciude milling grain, hulling
rice, expelling oil irom seed, sawmilling, ginning cotton,
pulping coffee berries, crushing sugar cane, and beating
pulp for paper-making (Fig. 7.1). A plant generating
mechanical power to drive agro-processing or workshop
equipment directly therefore has a better chance of
being viable as well as of being replicable elsewhere in
the region. Viability and replicability of a desigr are of
critical importance to those planning a region- or coun-
try-wide micro-hydropower program.

> "-“_*]. ' o

Saga-Caarast. Hepal

Fig 7.1. A simple waterwheel drives two paper-puip
beaters, a step in the processing of hendmade paper.

An approach that has evolved in Nepal (see PRIVATE-
SECTOR APPROACH TO IMPLEMENTING MICRO-
HYDROPOWER SCHEMES IN NEFAL, p. 226) is to
focus on implementing plants to drive milling and other
equipment mechanically. These plants require an
investuaent approaching $10,000, but their owners pay
back their loans in about seven years, By that time,
each owner is very familiar with the operation of his
plant and it provides a continuing source of income. If a
small de or ac generator is later added as another piece
of belt-driven equipment in the powerhouse, lighting is
an essentially free benefit} the mechanical, income-
generating equipment continues tn cover costs incurred
in operating and maintaining the plant. Because of
increasing requests by mill owners to incorporate a dc
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Fig. 7.2. Generating dc power (s becoming another
attractive end use for small-hydropower mills that
previously generated only mechanical power for agro-
processing, The de generator {8 mounted on ¢
counterweighted arm just above the flat belt.

generator at their existing plant, the new design for the
locally fabricated turbine-equipment package includes a
provision for mounting such a generator at some later
date (Fig. 7.2).

Cost and sophistication

Each of the tasks mentioned previously could be per-
formed using electric-motor~driven equipment; generat-
ing electricity for these purposes would provide power
for lighting as an additional benefit. However, the gen~
eration of electricity, which requires the use of addi-
tional equipment—generator, a governing device, and
monitoring, control, and protection eguipment—involves
added cost as well as increased sophistication. Although
an understanding of the operation, maintenance, and
repair of mechanical devices already exists in many
rural areas, a similar understanding of electrical gener-
ators, motors, and associated electrical equipment
would require a significant training effort. In addition,
when an electrical device fails to function properly,
there is no service center around the corner. A plant
may fail because of the breakdown of an inexpensive
diode, but no matter the cause, plant failure can put a
major investment in jeopardy.

Motors and most other electrical devices require closely
regulated frequency and voltage for proper operation;
otherwise, their operating life can be reduced or they
<an fail entirely. For this reason, some means of regu-
lating the speed of the turbine and therefore the gener-
ator is required when electricity is generated. Conven-
tionally, this means costly and sophisticated governing
devices (see Conventional approaches, p. 202).

This is generally not the case if shaft power is used to
drive mechanical equipment directly. Although each
mechanical device has an optimuin speed at which it




should operate, the range of acceptable speeds is much
broader. Consequently, often no form of speed control
is necessary beyond that intrinsic in the operation of the
turbine and machinery it drives. This machinery may be
permitted to operate for short periods at speeds that
are higher than usual; as a lpad is applied, its speed
decreases to its normal operating value.

Even when electricity is required for specific tasks,
such as for lighting or freezers, there are still advan-
tages to using mechanical power for direct drive of
equipment that may be located at the pewerhouse. This
has been done at a number of the schemes the ATDO
has implemented in Pakistar (see VILLAGER-IMPLE-
MENTED MICRO-HYDROPOWER SCHEMES TN PARIS-
TAN, p. 248) and has the following advantages:

e Because less electrical power is required, a smaller,
less costly generator can be used, and a less sophis-
ticated electrical design is necessary.

e If the electrical system fails, the plant can continue
to be used to drive equipment mechanically and
generate income (Fig. 7.3). If only electricity were
generated, a failure of any component would render
the entire installation useless until it could be
repaired.

Fig. 7.3. Although a typteal MPPU turbine iz used to
directly drive agro-processing equipment, a flat-beit-
driven generator at this site (in foreground) also
permits electricity generation primarily for evening
lighting. The turbine (see Fig. 6.6) i3 located below
floor level in the left-center of this figure.

Energy conversion losses

If the purpose of a hydropower scheme is primarily to
drive machinery, the increased efficiency when shaft
power is used directly is another factor which should he
considered.

Converting to electricity can introduce considerable
losses. For the range of power being considered, the

efficiency of generators varies from about 60% for a
very swall ac generator to 80% for one in the 5-10 kW
range to approximately 90% for one greater than about
50 kW. If the generator speed is higher than the turbine
speed, gearing is required. Gearing efficiency ranges
from 90% to 98%, depending on the type of coupling and
the number of stages {see OPTIONS FOR COUPLING,

p. 192). Converting electricity back to mechanical
power introduces further losses. The efficiency of small
ac motors varies from 60% to 80%. For example, 2 kW
or more is required to run a motor rated at 2 hp {equiva-
lent to 1.5 kW)o

Consequently, if turbine shaft power converted to elec-
tricity is used for mechanical purposes, total conversion
efficiency can range from 40% to 70%. In other words,
if electricity is to be generated for mechanical end
uses, the capacity of a hydropower scheme (turbine,
penstock, power conduit, etc.} should be 1.5-2.5 times
the size of a scheme that provides mechanical power
directly. Equivalently, for a given flow and head, an
additional 50%-150% of the turbine shaft power would
be available if mechanical power were used directly
rather than if it were first converted to electricity and
then back into mechanical power.

These figures show clearly that generating electricity at
a site where mechanical power is the primary end use
would increase the cost of the plant considerably, This
does not even consider the increased cost resulting from
the need to include a generator, load controller or
governor, motors, protection and control equipment, and
other miscellaneous electrical components that would
be required, Generating electricity at a site where
mechanical uses are envisioned is therefore an easy way
to double the cost per kilowatt of a hydropower scheme.

Restrictions on the size of motor loads

Although electricity can be used to power motor-driven
wachinery, problems are encountered when the rated
power input {or one such piece of machinery represents
a sign’ficant portion of the generator's capacity. The
current required to start an electric motor is several
times its rated current requirement. For example,
although running a 5 hp motor {providing an equivalent
of about 3,7 kW of mechanical power) tnay require about
4.5 kW of electrical power, starting such a motor may
require 15-20 kW {75}, In addition to the need for
excess generator capacity, the turbine must have excess
capacity to meet the high starting load, or a flywheel of
sufficient inertia would be needed. The turbo-generat-
ing equipment therefore should have enough excess
generating capacity to meet the large starting require-
wments of motors. Any power already being consumed by
other appliances while the motor is starting is not avail-
able for this purpose; therefore, other loads on the
system must be considered when the generator is being
sized. If the turbine were to Jdrive machinery directly,
the turbine could be selected simply to match the load.
In this case, high turbine torque at low speeds would
facilitate starting any machinery, even when it is fully
loaded.
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Versotility

If forms of energy other than electricity are required,
an advantage of generating electrical power is that
devices are readily available to convert it to these other
forms. It can be converted to mechanical energy for
driving machinery, to radiant energy for lighting, or to
thermal energy for generating process heat, cooking, or
space heating,

Generally, mechanical energy is regarded as suitable
only for driving machinery. However, process heat can
alsc be generated mechanically. A device to achieve
this is described briefly in Mechanical heat generator
(p. 241). Recent developments have led to a design in
which air can be heated to 250 °C. In addition to pro-
viding lower-temperature air {less than about 80 °C) for
drying agricultural products, the equipment can there-
fore be designed to incorporate a kettle in which liquids
can be boiled, distilled, or concentrated. Process steam
also can be generated (81). An Assessment of SWECS/-
Mechanical Heating Systems (99) reviews the theory and
state of the art of mechanical heating systems in
greater detail. The authors are primarily concerned
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with coupling these systems tn smail wind energy
conversion systems (SWECS), a more complicated task
than harnessing hydropow er for this purpose.

Transmission of power

One of the principal advantages of electricity genera-
tion is the ability to transmit power a significant dis-
tance from a powerhouse located near a river to a load
sitnated elsewhere. For micro-hydropower plants, this
distance is frequently up to 10 km. The waximum dis-
tance depends on the economics in each situation and is
a function of the magnitude of the power to be trans-
mitted, the cost of the transmission, and the value of
the energy to the consumer.

The transmission of mechanical energy is usually by
means of belts, pulleys, and shafts and is restricted to
the immediate area of the powerhouse. On occasion,
power available as low~speed cyclical motion, such as
from a waterwheel to a piston pump, has been transmit-

ted hundreds of meters by means of a reciprocating wire
(21).




VIII. GOVERNING

INTRODUCTION

Some pgoverning or control of the turbine speed is often
required to ensure proper operation of end-use appli-
ances or machinery, whether tha power generzted is
mechanical or electrical (Fig. 8.1},

Hydropower schemes that include reservoirs usually
require conventional governors that control the flow of
water to the turbine. In arddition to governing the speed
of the turbine and other machinery in the powerhouse,
they also permit water not used for power generation

to be stored for future use. However, most micro-
hydropower schemes are run-of-river, and for these, a
number of approaches can be used. For isolated plants,
they range from using complex electro-mechanic-
hydraulic devices to relying on manual regulation (see
APPRCACHES TO GOVERNING, p. 201). The large dif-
ferences in the cost and complexity of these approaches
make it necessary to determine the extent to which
governing is required for specific end uses. If the end
uses are few and unsophisticated, as is usually the case
when a micro-hydropower scheme is first introduced
into rural areas, simple and low-cost monconventional
approaches can be used.

PURPOSE OF GOVERNING

When electricity is generated by a synchronous genera-
tor at an isolated powerplant, its frequency is deter-
mined by the speed of the generator and the number of
poles. A four-pole generator, for example, generates
two cycles per revolution (rev) of its shaft. To generate
50 cycles/s (or 50 Hz), it must run at 25 rev/s, or

1500 rev/min. If this speed increases or decreases, the

frequency generated increases or decreases proportion-
ately.

In addition, if a generator has a field of constant
strength, the voltage it produces is proportional to its
speed. An increase in generator speed of 10% will
increase the output voltage by approximately 10%.

Most generators have some form of voltage regulation
that varies the strength of the field in an attempt to
cancel cut the effects of changes in generator speed and
load; however, sufficient change in generator speed can
still affect output voltage.

All eleciric appliances are designed to operate at a spe-
cific voltage and frequency. Operating at some other
frequency or voltage can adversely affect their life or

Prime Mover Driven Equipment Type of Governing
TURBINE INDUCTION LOAD

GENERATOR CONTROLLER
Pelton
Turgo
Crossflow

SYNCHRONOUS

Francis —— e GENERATOR [ GOVERNOR
Propeller
Pumps
Waterwbeels END-USE _ + OTHER
Misc. MACHINERY {manual, etc.)

Fig. 8.1. This diagram tustratea the different approaches
to governing which may be utilized at a micro-hydropower

installation to control the speed of various kinds of
equipment that are driven by a turbine.
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result in improper operation. An electric clock will run
too fast if the frequency is too high. A motor will run
hot and its life will be reduced if the frequency is too
low. The life of an electric bulk is reduced significantly
if the voltage is increased only slightly. On the other
hand, a motor under load may not start and may burn
out if the voltage is much lower than thai required.

For these reasons, some control over the speed of a
generator is necessary. Because a turbine drives the
generator, the speed of the turbine must be regulated.
This is the purpose of a governing device—to govern or
control the speed of the turbo-generating equipment in
the face of changing external electrical loads placed on
the generator.

Where waterpower is converted into mechanical power
to drive mechanical equipment directly, a governor is
also needed if the speed at which this equipment is
driven is critical. For most mechanical uses, this is not
the case.

WHY CONSIDER VARIOUS GOVERNING OCPTIONS?

It is easy to plunge into manufacturers' catalogs and
select a governor based on impressive performance
characteristics such as a frequency variation of £0.5 Hz
from zero to full load. This device performs well and
operates unattended but at a cost.

One of the costs incurred in using a governor is the
sophistication intrinsic to this technology and the itpli-
cation this has on the long-term viability of a plant. A
warning included in the publication of Gilbert Gilkes &
Gordon, a major turbine manufacturer, effectively
makes the point:

We urge engineers who are specifying hydro-
electric plant and particularly governors to
beware of buying equipment which canuot rea-
sonably be maintained by the staif available

in the power stations in which they will be
installed. A gcvernor is a good servant but can
be a bad master. A governor which operates
with a number of sensitive relays and fine ori-
fices may work beautifully in the temperate
climate of south Germany where a skilled
instrument engineer can be sent for at 2 a.m. to
check a defective relay, but if the same gover-
nor is controlling a turbine in tropical Africa,
the leg of a dead locust can play hell with a fine
u.llice oz high humidity cause a breakdown in

a relay which has " . . . been tested for many
months in the manufacturer’s research Jabora-
tory" under the eagle eye of young engineers in
sputless white coats who krow exactly what to
do if anything goes wrong. We can only utter a
warning: "It may look beautiful in colour in the
manufacturer's catalogue, but can it be guaran-
teed to work beautifully in this particular power
station?" (25)

These devices also have a considerable financial cost.
For a very small hydropower plants, a governor can
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equal the price of a commercial turbine and generator;
if the turbine is fabricated locally, the cost of the
governor can exceed considerably the cost of the turho-
generating unit. However, it is these small piants that
can berefit isoclated communities *he most.

The cost and sophistication of components such as
governors are two reasons that hydropower plants are
sometimes considered inappropriate for rural areas in
developing countries. But rather than depriving rural
populations of the benefits that derive from the avail-
ability of energy because they can neither afford nor
maintain it, this technology must be made more appro-
priate. Simplifying and reducing the cost of governing
is one step toward achieving this. For example, were
it not for this approach, the ATDO in Pakistan could
not have implemented dozens of 5-15 kW hydropower
plants, many supplying power to entire villages (see
VILLAGER: MICRO-HYDROPOWER
SCHEMES IN PAKISTAN, p. 248).

Simplifications in the design of governing systems are
not restricted to schemes that serve "simple" needs. A
micro-hydropower plant has been operating for several
years at the Mission Evangeligue des Amis in Kibimba,
Burundi, run by the American Friends. There, no con-
ventional governing device has been used; during the
daylight and late evening hours when the load is low,
one family simply switches on a water heater to place
additional load on the turbine to reduce its speed closer
to its nominal value. During the early evening hours
when lights are on in the homes as well as in the dormi-
tories, the water heater is switched off. In this remote
setting, a range of appliances found in a typical western
home—incandescent and fluorescent lamps, washing
machines, blender, hi-fi equipment, microwave oven,
and refrigerator—have been operating much as they
would in New York or Paris. The approach to governing
used at Kibimba is one of several described in this chap-
ter,

EXTENT OF GOVERNING REQUIRED

Before deciding which approaches are appropriate in a
given circumstance--how simple or sophisticated a
governing device must be—it is necessary to know what
variations in frequency and voltage, or what variations
in speed for mechanically driven equipment, are permis-
sible for the different loads planned. For example, if
the load can function properly with large fluctuations of
turbine speed, a sophisticated and costly governing
device to maintain accurate speed control is superflu~
ous, and a much simpler approach could be appropriate.
On the other hand, if end uses require precise regula~
tion, a more sophisticated means of governing must be
considered.

For electrical lpads, most devices can operate with ac
voltage fluctuations of up to £+10%; even in the West,
voltages in this range are found in the typical home.
Because clocks and timing mechanisms in many appli-
ances are intrinsically tied to frequency, however, it is
precisely regulated, with peak short-term divergences
usually kept to within $0.5%. Although these are the




voltage and frequency variations common in the West,
they do not represent the mazimum variations that most
electrical appliances can tolerate. The acceptable vari-
ation usually is significantly more, especiaily for ire-
quency, and depends on the category into which the spe-
cific electrical load falls--heating, lighting, trans-
former, or motor.

Precise limits on permissible variations of operating
voltage and frequency are difficult to obtain, Manufac~
turers design electrical equipment and appliances to
operate at some nominal value; they have few data on
their aperation at sigmificantly different values. To
consider less costly and less precise approaches to
governing, wre detailed descriptions of the range of
voltage and frequency that can be tolerated by various
loads are needed. Knowing the effects of non-nominal
operating conditions on the operating characteristics
and long-term performance of these loads would also be
useful. The following only begin to address this subject.

Heating loads

Of all potential loads, resistive heating loads which
include hot plates and other similar devices for cooking,
water heating elements, irons, and space heaters are
most tolerant of frequency and voltage variations. Fre-
quency variations do not affect these loads. Although
undervoltage does not affect the life of these devices,
generating a given quantity of heat requires more time
because the power consumed or rate at which heat is
generated varies as the square of the applied voltage.
For example, if voltage is reduced by 20%, the rate at
which heat is generated is reduced by about 40%, and
60% more time would be required to generate the same
quantity of heat, The heating elements would also run
somewhat cooler.

Overvoltage would generate excess heat and too high a
voltage would burn out the heating elements. Heating
elements operating in water or other liquid are less sen-
sitive than those operating in air, such as irons, kot
plates, and space heaters, because excess heat is more
easily conducted away from the element, reducing the
temperature at which they operate.

Some heating devices incorporate electric motors, and
the effect of frequency and voltage variations on these
should be considered separately {see Motor Loads,

Po 201).

Lightiog loads

The two most popular sources of lighting are incandes-
cent bulbs and fluorescent lamps, Variations in voltage
and frequency affect each differently.

Incandescent bulbs are not affected by frequency.
However, undervoltage increases their life significantly
but decreases their light output. On the other hand,
overvoltage significantly reduces their life. An overvol-
tage of only 5%, for example, will reduce the life of an
incandescent bulb by about 50%,

Fluorescent lamps are affected by both voltage and fre-
quency. With a voltage decrease in the range of 10%-
15%, it becomes difficult to start a lamp. Somewhat
below this voltage, the lamp will not ignite. If the lamp
is alrzady operating, it will flicker more as voltage
decreases, If voltage drops more than 25%, the lamp
may go out {47).

Tranaformers

Transformer lesses from resistive heating in the wind-
inygs and from eddy currents and hysteresis in the core
manifest themselves as heat. As losses increase, so
does the heat generated within the transformer and,
consequently, its temperature.

At fixed frequency, all these losses vary approximately
as the square of the voltage. Overvoltage therefore can
pose a problem, and voltage is usually allowed to
increase about 5% at rated load. However, undervel-
tage does not pose a problem.

At fixed voltage, decreases in frequency lead to
increased magnetic flux in the core and increased losses
and heat generation, The obverse is also true.

Motor loads

Motors and transformers are affected in similar ways.
Manufacturers often specify that motors can operate
satisfactorily at voltages within 10% of their rated
value, However, motors in rural workshops have oper-
ated with completely ungoverned turbines; voltage
momentarily drops significantly when a motor is
switched on. During start-up, minimal loads are
imposed on these motors so they come up to speed
rapidly. If a motor is started under a large load, such as
a motor driving a compressor in a refrigerator, the
longer period of low speed and high current may cause
the windings of the motor to overheat and fail. Major
fluctuations in voltage and frequency can have detri-
mental effects on motors, but it is difficult to specify
quantitatively how the nature of a load affects the life
of a motor.

APPROACHES TO GOVERNING

In this sourcebook, the approaches to governing are
classed in either of two categories, conventional and
nonconventional.

The conventional approaches (p. 202) can be used with
plants of all sizes, perform to high standards, but are
generally more complex and costly., These approaches
require sophisticated components available from indus-
trialized nations and have been designed to meet the
standards imposed by the needs found in these nations.
This havdware is difficult to manufacture in developing
countries without importing some components. Such a
system is most convenient where the power generated
will be put to a variety of uses, where the capital exists
to cover the costs of a conventional governing system,

Governing 201




and where the necessary skill to operate and maintain it
can be found.

The one exception to the rule that the conventional
approach requires sophisticated components is when
electric power is generated using an induction generator
connected to a large grid. In this case, the grid itself
serves as the governor, regulating both the frequency
and the voltage of the generator output. The responsi-~
bility for governing and regulation therefore falls on the
principal generator of power into the grid, not on the
wicra-hydropower plant operator.

Nonconventional approaches (p. 205) are generally used
only with plants in the micro-hydropower range, where
costs must be kept down but where usable power is still
required. These approaches rely more on proper design
and manipulation of the turbine and/or load than on the
use of additional equipment. Therefore, they may
require more manpower to operate than do automated,
conventional approaches. Although their output is of
lower quality (characterized by larger speed, frequency,
and voltage variations), it can still be adequate to
satisfy the expected end use.

Where mechanical or electrical power will be introduced
in rural areas, these nonconventional approaches may be
more appropriate. They allow micro-hydropower plant
to be installed at reduced cost. They also increase
chances for long-term viability by eliminating the need
for more sophisticated equipment, and they permit
increased use of local manpower for operation and
maintenance.

If a plant demonstrates its value and income-generating
uses for the power evolve, more sophisticated equip-
ment might be warranted later. At that time, income-
generating end uses for the power probably will be able
to generate the capital necessary to cover the costs of a
more sophisticated and expensive plant. Also, the basic

operating and maintenance skills probably will have
been mastered,

Conventional approaches

The conventional approaches to governing originated in
the middle of the 18th century with the advent of the
Industrial Revolution. Over time, these have evolved in
quality and sophistication to the point where the tech-
nology is well known and can meet exacting standards,
The technology was first based on mechancial and,
later, hydraulic principles. With the growth of electron-
ics, however, an increasing number of machanical and
hydraulic components are being replaced by electronic
components. Some governing, notably that performed
by load controllers, is now entirely electronic,

Figure 8.2 outlines the basic approaches to governing
the speed of a turbo-generating unit. Until recently, all
governing devices for hydropower plants—governors and
associated actuating mechanisms—adjusted the flow of
water through the turbine so that the waterpower input
into a turbo-generating plant matched the load imposed
on the plant. In this case, as more electrical power is
required of the plant, the load on the generator and tur~
bine increases, resulting in a decrease in turbine and
generator speed. Through either mechanical means
(e.g., using flyballs) or electrical means (e.g., by meas-
uring frequency), the governor senses this speed reduc-
tion. Through actuators, it then opens the appropriate
valves to admit more water, and therefore more water-
power, through the turbine to satisfy the increased
demand. Similarly, if less power is required, the gover-
nor senses an increase in speed resulting from the
exceas power available and causes the valve to reduce
the waterflow through the turbine. In hydropower
schees that include a reservoir, unused water can be
stored for times when demand for electrical power, and
therefore water, increases,

Although electronic components now replace certain
portions of governors, they also permit a new approach
to governing. This approach, developed to meet needs
specific to micro~hydropower, uses an electronic device
called a load controller to maintain turbine speed and
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Flig. 8.2, This block diagram illustrates how conventional
approaches Lo governing are integrated with the basic
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system frequency. Flow into the turbine is maintained
at some constant value, and constant electrical power is
generated. If the consumer requires less electrical
power than that being generated, this is sensed elec-
tronically and the excess electrical power is dissipated,
usually in a ballast resistor.

Commercial load controllers are available for plants
with outputs of less than about 100 kW. However, when
plant size increases, a governor generally is used
because its cost becomes small compared with other
costs incurred, trained operating staff and backup main-
tenance services are available, and water not used for
power generation usually can be stored for future use.

"Advances in Controls to Govern Mini and Micro Hydro-
power Systems” (55) contains a summary of the state of
the art of micro-computers and electronic controls,
with an extensive list of references,

Oll-pressure governor

Qil-pressure governors are so named because oil, kept
under pressure by a pump, is used to drive a piston,
which in tarn moves the flow-control mechanisms. They
are used with large turbines because they can generate
the large forces necessary to control the flow of water
into a turbine. They have also been incorporated in
commercially available micro-hydropower plants,
although load controllers are now preferred for run-of-
river schemes (see Load controller, p. 204).

A simplified diagram of an oil-pressure governor
presented in Fig. 8.3 illustrates its operation. For
example, when an increased load is placed on the tur-
bine, the resulting reduclion in speed of the flyball
assembly causes the flyballs to drop. This forces the
floating lever to raise the sleeve in the pilot valve,
opening the upper port and allowing oil under pressure
into the upper chamber of the servomotor. The result-
ing motion of the piston opens the turbine gate, permit-
ting an increase in the flow needed by the turbine to
generate the extra power required to meet the original
load increase. A compensating device consisting of a
dashpot and spring is necessary to prevent overtravel of
the gate and the instability that would otherwise occur
because of the system's inertia. The manual contral is
used to set the operating speed or to star: or shut down
the system,

Figure 8.3 illustrates the operation of a mechanical-
hydraulic governor where turbine speed is mechanicaily
sensed by means of a flyball mechanism. Also in use are
electrohydraulic governors tha® sense turbine speed by
measuring frequency or, occasionally, voltage electroni-
cally. These values are compared electronically to a
standard, and the difference results in electronic com-
mands that are then transmitted to the hydraulic part of
the governor by electromagnetic devices.

Although oil-pressure governors meet standards esta-
blished in industrialized nations, they are sophisticated
devices whose cost does not decrease in proportion to

fiyball assembly (driven
electrically or by turbine)

manual control

&P} / floating level
- - =)
o i g 5

?2

compensating

spring
oil under
ressure
oil dashpot p
Piston—p : [—
servomator W i i pilot and
control
valve to oil
‘ sump
gates
open

Fig. 8.3. Diagrammatic sketch showing the operation of an
oll-pressure govermor, Arrows indicate motion of various
components {n response to increased load on the turbine.
Numbers next to the arrows indicate the sequence of
avents.

the size of the turbine they govern. They also require
regular maintenance:

# Leaking seals and worn pins and bushings must be
replaced.

¢ All bolts and connections should be checked regu-
larly for lecoseness.

# All levers must be checked for friction or binding.
e All pivots, cam surfaces, and linkage rod ends should
be oiled frequently and any accumulated grit, rust,

or dust removed.

@ Just, which serves as an insulator on electrical
parts, must be guarded against.

¢ Governor characteristics, such as servomotor timing,

should be checked periodically and appropriate
adjustments made.
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The cost and sophistication of oil-pressure governors
detract from their appropriateness in rural areas, They
should be considered only where streamflow is relatively
swall and provisions for the storage of water not used
immediately for power generation are made.

In Nepal, where water resources are sometimes limited
and a governor was required to make more efficient use
of the available water, Balaju Yantra Shala, with Swiss
assistance, developed an alternative governor design
which, unlike ccnventional designs, could be fakricated
largely in-country. To keep the device simple, a propor-
tional-type governor, where the position of the turbine
valve is determined by turbine speed, was designed. It
uses water under forebay pressure, rather than oil under
pressure generated by a separate pump, as the working
fluid. Eecause of the lower working pressure, the ser-
vocylinder that activatea the turbine valve has to be
relatively larger in size. As with conventional govern-
ors, a flyball assembly senses turbine speed. As the
speed changes with changes in load, a pilot valve con~
nected to the flyball assembly controls the portion of
the forebay pressure that actually acts on the servecy-
linder, which in turn opens and closes the turbine valve
to compensate for the changes in load.

For the 30 kW plant at Dhading, Nepal, the speed devia-
tion from its nominal value varies from +10% under no-
lead conditions to -4% at rated load to -20% under full
load. However, it retnains within a range of 14% for the
output range from about 10-25 kW and is therefore ade-
wuate under normal loads, Because of voltage regula-~
tion of the generator output, voltage remains constant
over the entire range of loads, The Swiss Center for
Appropriate technology (SKAT) is preparing Design
Manual for a Simple Mechanical Governor and has
already prepared a summary report (2}. A brief descrip-
tion of the governor and its operation can also be found
in Local Experience with Micro-Hydro Technology {78).
Details of the operation of the goverror installed at
Dhading can be found in the zeport, The Dhading Micro-
Hydropower Plant (77). This publication also discusses
the procedure for tuning the governor, which is critical
to avoid erratic operation.

Mechanical governor

For micro-hydropower plants, turbines can be fairly
small, and reduced forces are required to manipulate
turbines valves. In these cases, mechanical governors
have sometimes been used. Typically, these incorparate
a flyball arrangement driven by the turbine shaft. The
output from this assembly is used directly to drive a
valve on the turbine rather than to drive small interme-
diary valves controlling the flow of oil. The flyballs
associated with a mechanical governor are much more
massive, because a significantly larger force is required
to drive the valve controlling waterflow to the turbine
than to drive a pilot valve of an oil-pressure governor.

Load controller

The load controller is an electronic devi-e that main-
tains a constant electrical load on a generator in spite
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of changing user loads, thereby permitting the use of a
turbine with no flow-regulating devices. It replaces the
governor that adjusts the flow through a turbine to keep
up with the fluctuating electrical or mechanical loads
and that requires speed-sensing devices, actuating
mechanisms, and valves, gates, or adjustable blades,
depending on the type of turbine used.

The [low through the turbine is set at some value and a
constant quantity of electrical power is generated.
Assume that the consumer initially uses all this power,
Because the waterpower into the plants is matched to
the electrical load, the generator operates as it should
and generates power at the required frequency of, for
example, 50 Hz. If the consumer switches off same
appliances or other loads that have been in use, the
electrical power used becomes less than the waterpower
available to the plant, and the turbine and generator
speed, and frequency generated, begin to increase. This
change is sensed electronically by the load controller,
which then adds a ballast load of sufficlent size at the
generator output to disslpate power equivalent to that
which was switched off. Therefore, in spite of a change
in consumer load, the total load on the generator
remains constant.

When a turbine is used io drive mechanical equipment in
addition to a generator, a lcad controller can maintain
the system speed and frequency at its design value
regardless of fluctuating mechanical and electrical
loads. In "Energy for Rural Development” (59), Halland
describes a sawmill where a 25 hp turbine mechanically
drives the principal load, a saw and cable drum drive for
a carriags to carry the logs, and, in addition, is perma~-
nently coupled to an ac generator that provides power
for cooking with storage cookers (sce Heat s

cooker, p. 242) and for lighting. As scon as the saw
starts to operate, a load controller automatically shifts
power from the baliast load to the saw so that as much
power as necessary is available for cutting.

If a load controller is located within the powerhouse, a
controller that senses current, voltage, or shaft speed
can be used, However, it might prove more advanta-
geous to locate the controller away from the power-
housge to use the excess power more effectively. In this
case, only frequency or voltage can be used to deter-
mine the state of the system. Use of voltage may be
unsatisfactory because it is affected by factors other
than the total load imposed on the system: voltage
logses in the distribution line, power factor, and the
action of the voltage regulator incorporated in the
generator. Determining the state of the system by
sensing frequency is therefore the most widely used
approach.

The principal advantage of a load controller is that the
overall system becomes simpler and less costly. It not
only eliminates the need for an intricate governor and
actuating mechanism, but it allows the design of the
turbine to be simplified. A less sophisticated system
increases the chances for long-term viability and
reduces equipment cost considerably for plants in the
micro-hydropower range. For example, rather than a
cost of $10,090 for an oil-pressure governor for an 8 kW




plant, materials for a single-phase controller (excluding
ballast loads) for the same plant could cost less than
$100 {31). If electronic components fail in the field,
they probably cannot be repaired on the spot; however,
a well-designed unit is composed of separate printed
circuit boards that can be replaced easily with spare
boards kept for that purpose.

A load controller also permits maximum use of the
energy generated. If properly planned, these uses can
generate income and, by increasing the load factor on
the plant, can significantly reduce the cost of the
energy generated.

When a load controller is used, flow through the turbine
is set at some constant level (but not necessarily fully
open) and all the water is used for power generation.
The water used to generate power that is not used pro-
ductively by the consumer is wasted. For run-of-river
schemes, this is irrelevant because they have no provi-
sion for the storage of unused water for later productive
use. However, load controllers alone cannot be used
with schemes that have to use a limited quantity of
water efficiently and therefore include a reservoir to
store excess water during periods of low power demand.
In this case, a governor or other device that regulates
the flow of water—that decreases the volume of water
used by the turbine during periods of low demand and
leaves it to be stored in a reservoir--must be used,

Generally, commercially available load controllers are
electronic devices that electronically sense changes in
generator frequency and switch excess power to ballast
loads. Other designs and variations are also possibla.
Rather than sensing generator frequency, they can sense
voltage and switch ballast loads on or off accordingly.
They can also use rotating flyballs to sense speed and
use them to switch power to dissipative ballast loads.

Phase control. Although numerous variations of this
approach to load controlling exist, only a single ballast
load per phase need be used. Under a full load, no
power is diverted to the ballast. As the consumer load
decreases, the accompanying increase in generator {re-
quency is sensed electronically and the controller
diverts excess power to the fixed ballast. For a single
ballast to dissipate a continuous range of power for zero
to maximum turbine capacity, a electronic solid-state
switch diverts full generator power to the ballast for a
portion of each half cycle. For the remainder of each
half eycle, power is diverted back to the principal con-
sumer load. As more power must be dissipated, genera-
tor output is switched across the ballast load for an
increasing portion of each cycle until, with no consumer
load, the entire portion of each cycle, and therefore all
the power, is diverted to the ballast.

Step ballasts. This approach to load controlling requires
several discrete loads that are switched across the
generator either singly or in combination to dissipate
the excess power generated. To keep frequency fluc-
tuations to an acceptable value with the minimum num-
ber of ballast loads, these should all be different by a
factor of two. Ballast loads would therefore have resis-

tance ratios of 1:2:4:8. By electronically switching
these loads in various combinations to four such bal-
lasts, for example, the total ballast load can be varied
in 15 Ziscrete steps and the frequency kept to under
t1.5% as consumer load varies from zero to full load.
However, if the use of any ballast resistor is lost, some
control over speed may also be lost. In "Electronic Load
Governors for Small Hydro Plants™ (31), Boys et al. pro-
vide further details of this design.

A rudimentary load controller of this type is illustrated
in Fig. 8.4, which was designed and built a decade ago
and is still in operation (62,70). Ailthough it is similar to
the controller just described, there is one major differ-
ence, Rather than solid-state circuitry to sense fre-
quency, it uses voltage-sensitive power relays, electro-
mechanical devices designed to energize and de-ener-
gize {and thereby make or break an external circuit) at
predetermined voltage levels that can be set manually,
Because generator voltage is related to generator speed,
sensing voltage gives an indication of frequency. The
relays then add or remove load, depending on whether
the voltage (and therefore speed) is above or below
preset values.

Lowernille, VA, U.S.A. {6 W)

Fig. 8.4. Load controller using four voltage-sensitive
power relays. Knobs on top of each relay are used to
adjust piclup and dropout voltage. At this installation, a
slave relay used to actuslly conirol power to each ballast
load i3 activated by the voltage-sensitive relay behind it

Nonconventional approaches

If the planned end uses are sufficiently voltage- or fre-
quency-sensitive, the conventional approaches to
governing just described are usually required. Further-
more, if it is necessary to automatically make optimum
use of the water available for power generation, a
governor or governing device that regulates the flow
through the turbine must be used. However, if these
circumstances do not apply, lower-cost and more tech-
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nically straightforward approaches to controlling speed
are possible.

It must be kept in mind that use of nonconventional
approaches usually implies less control over speed.
However, this is generally not a valid argument against
such approaches, especially in the initial years of a
project. In rural areas, electricity is a new commo-
dity and load builds up gradually. Nonconventional
approaches to governing permit access to electricity at
reduced cost and with minimum sophistication. If
demand grows and the sophistication of end uses
increases, a load controller car later be included with
virtually no modification on the existing systera. By
that time, both users and plant operators will have
gained some familiarity with the hydropower plant, and
more sophisticated devices will have a better chance of
being operated and maintained successfully.

Another advantage of several of these approaches to
controlling speed is that they are failsafe. Some
approaches described {Operation on the backside of
power curve, p. ¢10; Operation in parallel with dissipa-
tive load, p. 211; and Turbine flow modification, p. 213)
can protect against runaway with no additional protec-
tive devices required.

In addition to replacing conventional governing systems,
some nonconventional approaches can also serve as a
backup to these systems. Although conventional
governing systenis are impressive in performing their
task under varying load conditions, a single component
can fail and, depending on the available expertise, cause
the system to be shut down, Some approaches (Constant
loads, p. 207; Manual control, p. 207; and Large base
load, p. 209) provide alternative options for making use

of an otherwise nonfunctional plant until repairs can be
made.

Like the load controller, the approaches described in
this section are generally used where there is constant
flow through the turbine. They do not guarantee the
most efficient uce of the water available for power
generation; however, this is not important at run-of-
river micro-hydropower sites, because storage of excess
water is not provided for.

Several nonconventional approaches and their theory

of operation are described below,. For illustrative
purposes, a parabolic power curve is assumed (see
EXAMPLE 8.1), This patterns the actual situation fairly
closely; nevertheless, the following descriptions are
valid, regardless of the precise power curve for the tur-
bine used. In addition, although incorporating a proper
flow-regulating valve with a turbine permits more flexi-
bility, the approaches discussed in this section can be
used witt rudimentary turbines which include no such
valves and which therefore accept only a constant flow.

Often, two or more of theae approaches can be com-
bined to create a more effective system at minimum
cost and complexity. For example, an approach to
steepening the power vs, speed curve to reduce runaway
speed is described in Turbine flow modification (p. 213).
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This approach can be used in parallel with the
approaches described in Operation on the backoide of
power curve (p. 210} and Operation in parallel with dis-
sipative load (p. 211) to attain evep better control over
speed.

Constant loads

Constraints: This approach permits only the use of
fixed loads, such as village lighting. However, it allows
for a bit more flexibility than may first be apparent (see
last paragraph of Large base load, p. 209},

Although it is the most restrictive approach, maintain-
ing a constant load is the simplest method of ensuring
constant frequency and voltage. In this form, no
switchos are included in the circuit} power is switched
on by opening the valve to the turbine wide enough to
attain the nominal frequency and/or voltage. Closing
the valve when power is no longer required switches off
the electricity. In this approach, neither switches nor
power outlets should be included in the system.

One variation of this approach permits more than one
constant load to be used. A two-way switch can be used
so that switching off one load (e.g., lighting) when it is
no longer needed switches on a second load of similar
magnitude {e.g., a water heater), In this manner, a con-
stant load is maintained on the generator despite the
use of several lpads. There are numerous variations of
this approach, (See EXAMPLE 8.2.)

A locally fabricated crossflow turbine capable of gener-

ating about 1 kW was installed about 400 m from the
village of Gemaheng, in the rugged Saruwaged Range in
Papua New Guinea (see Figs. 5.165), Power is supplied

to several homes in the village where it is nsed for both
incandescent and fluorescent lighting. As evening
approaches, a villager switches on the lights by opening
the gate valve to the turbine in the powerhouse. The
valve is then shut the following morning when the lights
are no longer needed. The principal complaint was that
the lights were on all night. Although they could bave
been turned off by shutting the water at the power-
house, that involved a long, often slippery trek in the
dark through the bush to the powerhouse, a trip that no
one wanted to undertake. A solution to that problem
would have been to install a two-way switch at the vil-
lage, with a water heater for villager use as the alter-
nate load.

Manual contral

Constraints: For proper operation of the system, an
operator must be available whenever needed to correct
for changing loads. This approach can be used with a
turbine that may not have any means of flow regula-
tion. Some of the options described permit governing
either from the powerhouse or from anywhere along the
distribution syst2m.

With this approach, an operator is required to maintain
a relatively constant frequency manually. This can be
done in either of two ways—by adjusting the flow of
water to the turbine or by adjusting the total load
imposed on the generator.

It is not necessary for the operator to make the adjust-
iments continually during the operation of the plant.
Small deviations from nominal frequency would have no
adverse effect on the plant or the load. (See last para-
graph of Large base load, p. 209.)

__’"ExAMpLE 8.2

. For the sample installation described _
8.1, assume that the village has a total incand
- lighting load of 11 kW. With the onset (
-.the valve to the turbine would be op#
*frequency and/or voltage (whicheve
. tored) reaches ita norainal valuej the valve
'__'._':then be left at that settin_g until the
. da

operating point
after addition of
( 5 kW of load

...00"'-.._

T fixed .,
operating ., *
. point with et
il kW load *
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Flow modification. To keep the frequency constant as
the load imposed on the generator varies, the water—
power to the turbine must be varied accordingly. This
approach requires a turbine that includes a flow-regu-
lating valve. Load variations can be noted by observing
voltage or frequency readings on a meter. However,
it is not necessary to observe the meters continually,
because changes in load will result in observable
changes in light intensity. This warns the operator
that the flow to the turbine should be increased or
decreased. Reference to an electrical meter may be
necessary when [low is readjusted in order to return to
nominal operating frequency. (See EXAMPLE 8.3.)

EXAMPLE 8.3

For the sample installation described, aasume that
the village has a load that varies from a ‘minimum of
16 kW to 25 kW in the evening. In this case, the tur-
bine valve would be opened until nominal voltage or.
frequency is reached. From that point on, the opera-
_tor would continue to open or close the inlet valve as
needed to mainiain these conditions. When pn'e_re__ting'
properly, the opera.ting point would remain on the .
heavy solid line shown in Fig. 8.7 and the frequency
would remain at a nominal 50 Hz. .

25 SRS AR
o (@)

g 20 L .'.o ”-‘ T"-“\ e.
‘§' 15} S e T .
=] . e,
M . R .
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a 10 B :, . " . ..o-.
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Fig. 8.7. The solid line representa the opemung curw
when frequency is kept. constant through flow modiffca~
tion. If, after adjusting the flow to'operate'e '
the operator i3 not alert,. furtherload ywanati
mow the opemﬂng polnt ulong the dashed 1f

31eaves the plant, the operatmg.pomt
_-daahed line, and the- speed_{and_ Feq

: amaﬂ, thﬁy will have ho ‘adverse aeh devk ‘on eithe

hydropower plants in the northem part -
try. These are all used to generate electridty, and a
nuiober are also used as a source of direct motive .
‘power to drive small. eottage industries, ~These -
plants, averaging about 10 kW in size, provide lec
tricity primarily for. lighting in the
sionally provide power for small electric motors and,
in one case, for an arc welder. A plant operator is
responsible for maintammg thie desired turbine sp'eed e
by adjusting flow. Plants with ateel penstocks have = -
gate valves that are used to regulate flow. Losses in
efficiency when using a gate valve are of no major:
concern.as adequate water is'usually available. ‘Mor
eommonly, flow regulation is achieved by using )
wooden gate at the inlet to the penstock, This: -
appmach to flow control linpliea that the pens _ock _
may at times function only partiaily fuil." However, )
the eecempanying reduction in e!fieiency at. part— L
load is agam of no- consequence ‘at these plante.

'wot.ld_l be aomeehere along the dashed line in: Fig. 8.8,

tnrbo_-generating unit-or the lon _ :

EXAMPLE 8.

At the sample imta.llation where the maximum con- .
sumer load is 16 kW, the valve on the turbine is -
opened until nowinal frequency and/or voltage is.
reached with this maximym load on-line.: The valve
is then maintained at that setting. As the user load
decreases, the operator would switch on additional .
loads to maintain the total load at 16 kW, Because -
resistive loads are iisually available in discrete sizes,
the actual opereting point might not remain fixed but-
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Load modification. Similar in approach to that using a
Toad controller, this method can be used with a turbine
that has no flow-regulating valves. Because the flow
into the turbine remains constant, the load imposed on
the generator must also remain fairly constant to pre-
vent the frequency from varying significantly. This
requires a ballast load, also connected across the gener-
ator, to be increased or decreased manually as the user
load varies. The ballast loads might be a series of light
bulbs or perhaps heating eletnents in either air or water,
A voltmeter or frequency meter can be used to monitor

the generator speed 50 that the ballast loads can be

added or removed when necessary., (See EXAMPLE 8.4.)

A 20 kW Pelton unit has been providing electricity for
refrigeration at a farm and for domestic uses in the
home near Zenag, Papua New Guinea, since the early
1950s, A voltmeter is located in the kitchen. As user
lead changes over the day, anyone passing through the
kitchen would switch on or off one or more ranges in the
electric stove/oven to return the voltage, and therefore

frequency, approximately to its nominal value.

Large base load

Constraintst This approach requires the major load on
the turbo-generating unit to be constant and the vari~
able load to be no more than about 30% of the constant
load to keep frequensy variations within generally
accepted limits.

When the turbine is started up, the flow through it is
adjusted gso that the generator provides a slightly higher
than nominal frequency with only the base load imposed
(Fig. 8.9). The voltage may also be slightly higher than
its nominal value, depending on the design or adjustment
of the voltage regulator. As the variable user load is
increased from zero, the operating point, originally at

(b}
25k (a}
s ~
5 ’ A
n / \
X4 20 / operating\,
. / point with \
Esh / only the \
3 / base load \
¥ / imposedon  \
& / \
! \
/ \
3k \
! \
']
% 50

Frequency [Hz)

Flg. 8.9, Operating near peak power with a large base load
and a smatl varigble user load. The solid line represents

the operating curve as Increasing consumer load ts imposed
on the system,

point (a), travels down the curve, with an accompanying
decrease in turbine speed and generator frequency. At
point (b}, the load is such that a frequency of 50 Hz is
reached. As additional appliances are switched on, the
load imposed on the system apparently increases. How=
ever, as the operating point continues to move to the
left and the turbine speed continues to decrease, less
real power is aciually available. What actually occurs is
that, as additional end uses are awitched on and the
apparent load increases, the power actually available
{which may decrease slightly, depending on the location
of the operating point) is redistributed among the entire
connected load. The decrzased voltage available at the
generator terminals as the turbine frequency decreases
causes this to happen automatically. For example, as
additional 60 W bulbs are switched on, every 60 W bulb
connected to the generator will actually consume

decreasing amounts of power because the voltage across
sgach bulh will he dacreasing iCan RYAMDIR 8. K.}

A AN ALY YT B ARARATEA Mided S ofEy

With a large base load, the variable portion of the user
load must amount to no more than about a quarter of
the cutput of a turbo-generating unit to keep frequency
and voltage variation within generally accepted limits.

If a generator is beli-driven, other approaches described

below provide more flexibility. On the other hand, if
the generator is driven directly by the turbine to oper-

ate at the point of peak turbine efficiency, the options

available for an alternative approach to speed control

are restricted. In this case, using a large base load is
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one of the few approaches that can be applied without

As poted in Constant loads {p. 207) and Manual control
resorting to more conventional approaches.

(p. 207), these two approaches described in those sec-
tions have more flexibility than is first apparent,
because the turbine output need not be matched exactly
to the load. Although the systems in these cases are
designed to operate at the normal frequency—at the
peak of the power curve—they would still operate satis=-
factorily if either the total load were somewhat below
{e.g.) because some lights have burned out} or above
{e.g., because several bulbs are replaced with some of
higher capacity) its normat value,

generator continues to be 2.5, as in the. previous RNt
‘examples. In this case, with only the water heating. -
elements on-line, the turbine inlet valve ia adjusted .
50 that the output frequency is about 52 Hz." As the
variable load increases from zero to the maximum of
4 kW during the day, the output frequency would - -~
decrease to about 46 Hz. Consequently, the operat-
ing pomt would remain along the solid line oti the - turbine were used with this approach, it would be
curve in Fig, 8,10 during the plant's operation. S adversely affected by cavitation. This approach can
251 L only be used where the turbine and generator are cou-

Operation on the backside of power curve

Constraints: This approach requires a plant with an
impulse turbine large enough to generate wore power
than is to be consumed. In addition, the flow must be
available to generate maximum power, even though this
power will not be generated or consumed. If a reaction

. . . . pled by a beit that permits a choice of gearing ratio
as load‘ increases, operating point with between the two. If a turbine is directly coupled to a
20l operating point only ‘a ftxed' load generator, it is conventionally designed to operate at
B moves to the left \ (15 kW nominal) the point of peak turbine efficiency and this approach
g J cannot be used. In addition, the turbine, bui not the
- 15k — - e - generator, must be capable of operating continually
2 e ~ near its runaway speed.
2 . N
' : 10 L e AN Although good speed regulation can be obtained using
g e * this approach, it will usually lead to less than optimum
S S . use of the installed capacity of the turbine. However,
| \ plants implemented in rural areas often are oversized in
S * anticipation of a gradual increase in size and types of
/ N load. By the time demand grows, the villagers should
0 L il have more familiarity with the plant and with electri-
0 46/ I"\é.z city and be able to vse more sophisticated approaches to
&0

governing to make better use of the plant's capacity.
This approach is a simple and cost-free way of providing
effective control over speed, and requires no overspeed
protection.

Frequency (Hz)

Flig. 8.10. The operating curve asmm!ng a fixed hase
load of 15 kW (nomtml) and a 4 kW variable user lood.

A turbine with a parabolic power output vs. speed curve
shown in Fig. 8.11a is again assumed, but the following
description is valid for any curve; only the actual values
may change. Whatever the curve, there are a number of
possible operating points along it.

In this case, asgume that the voltaga is pruportional
to generator speed and that the voltage at the gener-
‘ator terminals at 52 Hz is thus correspondingly larger’
than nominal. Therefore, although'a 15 kW heating-:-
element is used, the actual power consumed by the " -
elements is slightly higher, approximately 15 kW -
times (52/50}“ or 16 kW. After an additional: laad
with a nominal power rating of 1 kW has heen placed
" on the system, frequency decreases to 50 Hz and the
16 kW actually availablo is dissipated in both the -
‘heater (15 kW).and the additional 10ad {1 kW).. ‘A’ an-. .
additional 3 kW of nominal load is imposed on the: . .
system, the same 16 kW {or now slightly less, k
‘the operating point has moved to the left, off the
_peak) is distributed to all 19 kW of nominal load; : -
“Each device then' actually receives slightly less than .
_ite designed rated poyer, because the voltage'is: - .o
dacreased: to {46150) ‘or 92% of its nol:nina.l value.. L

Conventionally, a generator is coupled to the turbine so
that it generates the standard frequency of, for exam-
ple, 50 Hz ac the turbine speed corresponding to peak
efficiency and power (Fig. 8.11b}. If the electrical load
is removed, however, a turbine with ne gevernor would
reach runaway and the generator would be driven at
approximately twice nominal speed. The generator and
voltage regulator would no longer function praperly at
these high speeds.

If the gearing ratio between the generator and turbine is
changed so that the nominal operating frequency is
generated when turbine speed is halfway between nomi-
nal and runaway speed as shown in (Fig. 8.11c), then
from zero to full load, speed variation would amount to
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(a) (b)

(c)

turbine power output
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Frequency (Hz) 0
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b s Sy

variable
load

PIZ' 7 - 4

A 4 " A
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¢ Frequency (Hz) 50
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a—ae] t——
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Fig. §8.11. Operating on the baciside of the power cirve:
(a) the assumed turbine power oulput vs. speed curve,

(b} conventional operating point, with large frequency
increase at runaway, (¢} decreasing the gearing ratio
between the turbine and generator so a3 to operate on the

about £30% of the nominal speed. This might still be
too large a speed {and frequency) variation, but it still
nermits full use of plant capacity.

If the variations in the user load are less than the power
potential of the plant, it is possible to operate at any of
a number of points:

¢ With no constant base load and only a variable user
load imposed on the system, the generator could be
coupled to the turbine so that the nominal frequency
would be generated at either the turbine runaway
speed (Fig. 8.11d) or somewhat below that speed
(Fig. 8.11e}. The actual frequency variation depends
on what percentage of peak capacity the actual var-
iation in load represents; the percentage frequency
variation is about one-quarter this percentage. If
the electrical load varies from zero to half or 50%
of turbine capacity, as shown in the figure, the fre-
quency variation will be about -12% or 16% for
+3 Hz},

One drawback of this approach is that the bearings
supporting the turbine shaft turn at about twice the
usual speed and that their life is therefore reduced
by an avevage of 50%.

back of the power eurve, {d) a gearing ratio designed to
generate 50 Hz at turbine runaway , {e) a gearing ratio
designed to generate 50 Hz at slightly below runaway, and
{f) system with a fixed base load and additional veriable
wser load operating farther up the curve,

® With a constant base load less than the peak power
available from the turbine and an additional variable
user load superimposed on this, the generator could
be coupled to the turbine to generate 50 Hz at some
lower speed (Fig. 8.11f). Because the turbine's
power curve flatiens as its peak is approached, a
given change in load will result in a somewhat higher
frequency variation than when no base load is
imposed.

The hydropower plant at Kibimba, Burundi, operates it
this fashion (see WHY CONSIDER VARIOUS GOVERN-
ING OPTIONS?, p. 200). Because no governor was
available, the piant was operated near the end of the
power curve, with the turbine operating near runaway
speed. In addition, during periods when the large light-
ing load was off, switching on the water heater hase
load brought the frequency to its nominal value during
the day when other uses were minimal.

Operation in parallel with dissipative load
Constraints: This approach requires a second load,

preferably a mechanical load serving a productive pur-
pose, in addition to a primary variable load. This load
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must be able to accommodate a range of speeds. This
approach is also applicable when the turbine is directly
coupled to the generator so that it operates at its most
efficient point. To the author's knowledge, this
approach has not yet been tried.

Although operating on the backside of the turbine's
power curve {p. 210) permits some control over speed
over a range of loads, it results in an inefficient use of
the power potentially available. The approach described
in this section permits productive use of this otherwise
wasted power.

Let the dotted line in Fig. 8.12a represent the total
power available from the turbine at different speeds.
From an engineer's point of view, a curve illustrated by
the solid line has preferred characteristics—maximum
power at nominal speed, with a very small change in
frequency or speed as the load varies from fuil load to
zero. This can be accomplished by connecting a dissipa-
tive load to the turbine, which dissipates the power
between the two curves as indicated. It would require a
load that consumes no power at the nominal operating
speed--at the peak of the turbine's power curve--but
quickly consumes a large amount of power as the speed
is increased slightly above this nominal operating speed
{Fig. 8.12b),

Finding a simple device with such a loading characteris-
tic is difficuit. One device that only approximates this
desired characteristic is a mechanically driven heat
generator, basically a fan that generates heat by fric-
tion through agitation of a fluid {(gas or liquid) (see
Mechanical heat generator, p. 241). The power charac-
teristic of this device is indicated by the dashed lines in
Fig. 8.12c; the magnitude of the power dissipated varies
approximately with the cube of the speed. The precise

curve depends on the gearing ratio between the turbine
and this device.

If both this dissipative load and the generator are cou-
pled to a turbine, as shown in Fig. 8.13, the dotted line

PZ ' turbine ’ Pl
g:mary load
{electrical generator) >
dissipative
base load

{heat generator)

Fig. 8.13. One layout for turbo-generating equipment
when a dissipative load as well as an electric generator are
coipled to a single turbine.

in Fig. 8.14 again represents the power available from
the turbine, and the dashed line represents the portion
of that power consumed by the heat generator, the dis-
sipative load. The solid curve—obtained by graphically
subtracting the dashed from the dotted curve—repre-
sents the power remaining to drive the electrical gener-
ator. In this example, most of the power available from
the turbine is converted to electrical power {PZ) under
normal operating conditions. A small remaining portion
(P)) is converted to heat, which can be used for some
productive purpose. As the electrical load decreases,
the speed increases and the dissipative load converts an
increasing amount of power into heat. When the entire
electrical load is withdrawn, the turbine attains its
highest speed. This value depends on how the dissipa-
tive load is incorporated in the overall system. (See
EXAMPLE 8.6.)

{a) {b)

()

change in [requem:y\
from zero to full load

power power power that must be con- power dissipated by a
to be available sumed by dissipative load to mechanically driven heat
dissipated from obtain power characteristics generator \ /
turbine shown in (a) Y /
" { !
o SR AP /
2 - A /
= - » . / Fe
" . | ~ /7
X - - 7y
-, o ! - 0 / / s
. . ) + ..' 7/ Vd 7/ -
g /f . g e e ,
M 3 L - - :.-.—_'-'.éﬂ,"' |
e Frequency

Fig. 8.12. Operating in parallel with a dissipative load:
(a) desirable turbine power characteristics are shown by
the solid line, (b) the desired characteristics of the parallel
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dissipative load to achieve the preferred net power charac-
teristics shown in {aj, and (c¢) the actual power dissipation
characteristics of a mechanically driven heat generator.




If coupling between the turbine and generator is

changed, this approach can be used, with the approach
described in Operation on the backside of power curve
{p. 210}, for speed control. (See end of EXAMPLE 8.6.)

¥
power consumed !

Pr=PF1+P by dissipative .
load N
!
PT- ......... '!
t.. * * /
. A

3 ! tatal power|
&Pt *._available
3 “ from the
b * turbine
2
O L]
m L]

power consumed
by electrical
generator

Frequency (Hz)

Fig. 8.14 Power awailable for electric power generation
when the excess power available from the turbine i3 con-
sumed by a heat generator,

Turbine flow modification

Constraints: Unlike other approaches discussed in this
chapter, this approach cannot simply be added onto an
existing system, because it involves phenomena that
occur within the turbine. In addition, although this
approach has been used to exercise some control over
the speed of Pelton turbines, some research and devel-
opment work would be required before this approach
could be used with other types of turbines. Finally, this
approach is better suited to persons who fabricate their
own turbines, because the flow modification devices can
then be integrated within the turbine during its
fabrication.

To control speed by turbine flow modification, a device
must be placed in the vicinity of the turbine runner. As
the imposed load on the system decreases and speed
increases above nominal speed, this device rechannels
the flow within the turbine to introduce disturbances
that effectively reduce the system efficiency. This
reduces the power available from the turbine to m. tch
the reduced user load. A system developed in Colombia
best illustrates such a design and its operation.

In field installations, Jaime Lobo Guerrero of the Uni-
versidad de los Andes (Bogoté) has been using a device
he developed to control the speed of a Pelton runner.
Although the initial studies weye theoretical, the actuzl
device grew out of numerous laboratory trials using a
variety of designs and variations on those designs that
were more a result of hunches based on experiment and
experience than of theoretical calculations.

; from the 25 kW turbine. Only a maxmmm of 5 kW of .':
this capacity will be ueetl to generate electticity' the

generator

: nominal tur'bine epeed. diseipetmg less enetgy. If the -

trical load is_

N
R
L)

I
e .
L)

Pow=r output {kW) -
N .
un

1iid o
5 =
00
fia He _
—+23 Hz~
Frequency {l-Iz]
R N S T | .l..l P
o . 300 60'0" 900 '1290 B

Generator Speed (revimin)

weaseess pOWEY eva;lable Erom turbme o s
power consumed to generate electricity
----- power censumed by. dlseipatmg lnad .

this is reduced, this load will turn’ slower at- the.same'.'.

~ {Continued on p. 214)
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gearing ratio between the turbine x
generator. Assume that a maxlmum !
total power available from the turbine is required fo
electricity’ gemeration {curve A '
than generating 50 Hz at. 600 i

- .gearing-ia changed g0’ -
the turbine -speed:
For a 1500 rev/m

To develop such a device requires 4 familiarity with the
flow pattern within a turbine under normal operating
conditions and with changes in tlLiat pattern as runner

speed increases. For example, Fig. 8.17 depictaina
highly simplified manner the flow pattern emerging
from a Pelton runner rotating at different speeds.

Pelton runner

incoming
jet

1

normal speed
{design load)

|

W

increasing speed
(less than design load)

runaway speed
{no load)

Fig. 8.17. The changing pattern of flow exiting a Peltor rwwizr as load {s removed.
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S K . A I
Fig. 8.18. A three-jet Pelton runner fitted with speed con- 0 i 4 : i L 1 L
trol sleeves. With this unit, orifice plates are used as noz- 0 0.2 0.4 0.6 0.8
zles (50). (Runner speed)/{runaway speed)
The speed control device is designed to leave the flow Fig. 8.19. Speed characteristics of the speed contral
largely unaffected at the normal runner speed, but at device shown in Fig. 8.18 (50).
higher than normal speeds, it gathers a portion of that
flow and uses it to reduce the net efficiency and power tions of PVC pipe were curved to form casings or
output to the runner, It thereby reduces the increase in sleeves through which the buckets of the Pelton runner
speed to below that which would have occurred without pass. A gate that leaves just enough clearcnce for the
the device. buckets to escape is placed at the exit of each casing.
As the load on the turbine decreases and the runner
The Colombian design that has proved to be the most increases in speed, the flow leaving the buckets
effective to date is illustrated in Fig. 8.18. Short sec- becomes caught up within this casing and, in trying to
(a) (b}
| runner outside 80
——p — diameter
+
| o
!
/ i
A"
’,gate 60k
speed ]
control E‘
casing g 4or
.2 with speed \
el
I control casing — \
\“
20 Y
|}
L]
1
o 1
L]
L]
L}
L]
0 1 1 1 1 I 1 1 k]
0 0.2 0.4 0.6 0.8
Bucket-to-jet speed ratio
Section AA
Fig. 8,.20. Another attempt at speed control by modifying with the shape and pesition shown in {a) results in reduced
flow exiting a single-jet Pelton runner: a control casing overspeed (b) (63).
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escape, applies a back pressure on the Pelton buckets.
In addition, when three jets are used, as shown in

Fig. 8.18, the water leaving one casing tends to spoil the
jet immediately behind it, further increasing the effec-
tiveness of this method of speed control. The speed
characteristics of a Pelton runner fitted with these
devices are shown in Fig. 8.19,

Because of the placement of the casings with this
design, some water is caught up even at normal speed,
resulting in a small drop in the peak power available.
Based on an awareness of how the pattern of the water
emerging from a Pelton runner changes with speed,
shifting the casings back slightly would gather less
water under normal operating conditions and should
improve the peak power. Tests undertaken at the ATDI
in Lae, Papua New Guinea, support this hypothesis {(63).
Figure B.20a shows the position of an improvised casing,
and Fig. 8.20b presents the associated power curve.
With this design, however, although peak power remains
unchanged with the addition of the casing, the speed
variation from full to zero load conditions is greater
than with the previous design. Tests with other designs
might identify one that leaves peak power unaffected
and, at the same time, decreases further the speed
increase on loss of load.

To illustrate some available design options, Fig. 8.21
presents the basic configuration of a number of designs
tested in the development of the Colombian design, as
well as curves representing the effect of each design on
the power output of a Pelton turbine.

One advantage of using flow modifications is that pro-
tection against runaway is intrinsic; no additional pro-
tective device is required- When the entire turbine load
is removed, the power is dissipated within the turbine
and the usual runaway speeds are not attained.

0.8

A
/ Yﬂector
l A
‘\
L)
\\. ':

————— flow at design speed

o~
\
\

----- - flow at higher than design speed

Fig. 8.22. Will the addition of the deftector affect the
power cheracteristics of a crossflow turbine and reduce
the speed increase when load on the turbine is decreased?

It may also be possible to use a similar approach with
other types of turbines. For example, it might be possi=
ble to control the speed of a crossflow turbine by incor-
porating a flow deflector, as illustrated in Fig. 8.22.
Although the flow at normal operating speed (solid line)
would leave the turbine largely unaffected, perhaps the
flow at greater speeds (dotted line} can be caught and
redirected against the runner and used to have some
effect on controlling speed. There may be other
approaches to redirecting flow to control overspeeding,
but these need further research and development.

free runner
\\ -

-

0!6 B

Efficiency
=
£
1

(7(—{ >.i short sleeve around each of three jets (see Fig. CL)

@ single short control sleeve

long control sleeve

( l modified re-entry

@ re-entry horn

0 0.2 0.4 0.6 0.3
(runner speed)/{runaway speed)

Fig. 8.21. Test results using casings of various shapes placed around a Pelton runner (31),
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IX. ELECTRICAL ASPECTS

INTRODUCTION

In this chapter, it is assumed that at least a portion of
the power available from the turbine will be converted
to electricity. It is aiso assumed that the turbine speed
is adequately governed to meet the needs of the con-
sumer (see GOVERNING, p. 199). Now it is necessary to
specify the generator that will generate the electrical
power and the monitoring, control, and protection
equipment that will ensure protection of both the
equipment and the user.

This chapter first reviews several decisions which will
have to be made-—-whether alternating current {ac} or
direct current (dc) is to be generated and whether
single- or three-phase power most appropriately meets
the consumers' needs. The [ollowing discussion assumes
that the hydropower plant will provide power to isolated
consumers and will not supplement power into an
already energized grid.

This chapter then describes the parameters required to
specify the generator and briefly describes the function
of the switchgear and the various monitoring and pro-
tection devices. It is assumed that the reader is famil-
iar with basic electrical terminology.

The design of the distribution, secondary service, and
housewiring for a system served by a micro-hydropower
plant does not differ from one served by any other type
of electric power generator. Because this task is best
addressed by an experienced electric power engineer
and electriciana (except for very small schemes}, this
publication does not discuss these areas in detail.

ACYVS. DC

If a micro-hydropower installation is to generate elec-
trical energy, a basic decision to be made is whether ac
or dc generation is more appropriate in a specific situa-
tion. Selecting one or the other involves a trade-off
between the advantages of dc--storage of electrical
energy and a less sophisticated and costly overall
system--and those of ac—transmission over greater dis-
tances, ready availability of end-use appliances, and
copvenience.

Magnitude of power generated

AC generators are available to generate power over the

entire power range, from the bottom of the micro-
hydropower range to the level of massive hydroelectric
powerplants. For a large hydropower plant that serves a
wide service area, ac generation is preferred; transmit-
ting a significant amount of low-voltage dc some dis-
tance would require heavy and costly cables to minimize
losses. With ac, relatively inexpensive transformers can
be used to step up transmission voltage and reduce
losses, even when small cable is used.

DC generators are available up through several kilo-
watts. They are frequently used at the very low end--up
to several hundred watts—where battery storage of dec is
required to make such an installation worthwhile or
where the costs for governing an ac generator would
contribute significantly to the total cost of the plant.

Between this very low end and several kilowatts, either
ac or dc generation can be used, depending on the speci-
fic circumstances--whether electrical storage is
required, the distance from the pcwerhouse to the con-
sumer, and the uses to which the power will be put.
Usnally ac is generated.

Storage of energy

1f the energy (kWh) available from a well-situated, iso-
lated installation is adequate on a daily basis but its
power (kW) potential is less than the peak electrical
power demand, energy available during low demand per-
iods must be stored to meet needs during peak demand
periods. This can be done two wayst by storing water
behind a dam or in a forebay during times of low
demand or by generating power and storing the excess in
batteries if small guantities of electrical energy are
envisioned. When the only option is the second one, d¢
is often generated. However, if ac is generated and a
load controller is used to govern turbine speed, excess
power could be rectified and stored in batteries at the
powerhouse or anywhere along the ac system. In this
case, an inverter (see p. 218} would be needed to con-
vert dc back to ac if ac equipment is used by the con-
sumer. Though batteries provide a means of storing
power, they are heavy, relatively costly, and require
care for their proper operation and eventual disposal.

Cost and complexity of system

With ac systems, there is generzlly a need to maintain
frequency and therefore the speed of the turbo-generat-
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ing unit within fixed limits. A governor or load control-
ler often is used for this purpose. These are sophisti-
cated and sometimes costly devices which, if well
designed and maintained, work effortlessly. However, if
a part fails, the plant may have to be shut down, possi-
bly for montbs, until the needed part and/or expertise is
obtained.

Because dc is obtained by rectifying ac generated at any
frequency, the precise speed of the turbine and genera-
tor is not critical. Thus, there is no need for sophisti-
cated equipment to control speed, and with less sophis-
tication, fewer problems can occur. Providing for the
storage of electrical power in the overall dc system
design does not so much increase system complexity as
it does the need ior proper maintensnce and use of bat-
teries.

If only small quantities of power are required, dc gener-
ation may be more accessible, because a dc generator or
alternator is a component found in all automobiles and
trucks and is therefore available worldwide. Discarded
cars often contain alternators in good working condi-
tion.

Convenience

Appliances, lights, and motors operating ofI eitber ac or
dc are available commercially. Because national power
systems around the world generate ac¢, however, ac
devices are much more common, generally less costly,
and available in a much wider variety. Most dc appli-
ances are relatively difficult to locate and are usually
available from suppliers that furnish equipment to own-
ers of trailers or caravans {(where power comes from
automobile batteries}, pleasure boats, and windmills
(whick often generate dc to permit energy storage to
compensate for the variability of the wind).

Transmission of power

In transmitting power over any distance, losses inversely
proportional to the square of transmission voltage are
incurred. Minimizing the losses therefore requires max-
imizing, within economic limits, the voltage at which
the power is transmitted.

For the range of power being considered, ac generated
at the standard user voltage, such as 240 V, is rarely
transmitted more than a couple of kilometers, If power
is to be transmitted farther, a transformer can be used
to increase the voltage. With d¢, there is no easy means
of changing voltage; therefore, dc losses can be kept
low either by ensuring that the load is near the power-
house or by generating at a higher dc voltage and ensur-
ing that the consumer can use this higher voltage.
Appliances that operate off this higher voltage must
then be found or a sufficient number of storage batter—
ies must be connected in series. The individual batter-
ies in the series can power low-voltage appliances. If
storage batteries are used, proper management of the
system is essential to ensure that the appropriate bat-
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teries are heing charged by the generator or discharged
by the consumer.

In rural areas, where small quantities of power would be
used by a dispersed population primarily for lighting,
another way of transmitting power might be consid-
ered—~carrying energy not by power lines, but in a "box."”
The powerhouse can serve as a small, battery-charging
enterprise where persons who desire power can have
their batteries recharged. This method has several
advantages:

# a dc generating system at reduced cost and complex-
ity can be used,

¢ distribution costs are avoided, and

s a resident can discontinue service or relocate with-
out leaving behind costly power poles and power
lines that may no lenger serve any consumer,

However, if automotive storage batteries are used, they

are not very portable, can be damaged easily, and their
contents can spill.

The load factor--the ratio of energy actually consumed
to the energy potential if power were consumed contin-
ually at peak levels--in rural areas, especially in devel-
oping countries, tends to be very low; there is a large
demand for power several hours each night, primarily
for lighting, and little demand the reat of the day. This
demand profile requires a larger and costlier hydro~
power installation than is really necessary, and with a
low load factor, energy cost is high and usually has to be
subsidized, Another advantage of generating dc and
storing excess power in batteries is that a smaller and
less costly installation can meet peak lighting loads,
because energy generated during nonpeak times can be
stored and used to supply peak power. The cost of
energy is therefore reduced.

Another approach to reduce transmission costs while
keeping the turbo-generating system simple was pro-
posed in Indonesia {10%). In homes off the grid, families
commonly use motorcycle or automobile batteries to
power lights, radios, televisions, and small electrical
appliances. These are charged pericdically at small
shops in electrified villages. Because the use of baiter~
ies is well established, it was proposed that power from
a micro-hydropower plant, generating ungoverned ac,
would be transmitted to central locations in several
unelectrified villages. There, it would be rectified for
charging the batteries brought from howes in the vicin-
ity. This system would permit ac to be generated at a
higher voltage, such as 240 V, to minimize transmission
losses, yet would require no expensive governing
because power would be pactified. The turbine would be
operated under some load all the times and, with an
automatic voltage regulator incorporated in the genera-
tor, there would be no large voitage variations.

Inverters

It is possible to generate dc and still be able to use
lower-cost and readiiy available ac appliances and to



transmit power farther with reduced losses. This
requires using an inverter, ar electronic device that
converts de¢ into ac. DC can be generated and stored at
the powerhouse; on demand, an inverter can convert dc
to ac, which is then transmitted to the user to power
conventional appliances. Unfortunately, although this
approach is possible, the advantages of transmitting and
using ac that are gained way be offset by the cost and
sophistication of the inverter that would be required.
However, it can still prove effective if storage is essen~
tial to a system's operation. If flow is sufficient and
storage is not required, using a load controller to con-
teol frequency with an ac system can prove more cosi-

SINGLE- V5. THREE-PHASE

If an ac generating system is found to be more appro-
priate for an installation, as is usually the case, there is
still a need to determine whether single- or three-phase
power will be generated. The availability of equipmeni
and the type and size of the loads affect this choice,

Single-phase generators are available to cover the
entire micro-hydropower range, and three-phase genera-
tors cover the range down to about 2-3 kW. Below this
rating, individual loads would probably be a more signi-
ficant percentage of the total generator capacity, and
balancing the phases would be more difficult. This is
one reason that single-phase generation is commonly
used with schemes less than 10-15 kW. Although both
single- and three-phase generators cover the entire
power range of concern here, local availability of
generating equipment may also affect the final choice.

For small units, the costs for single- and three-phase
generators are similar; however, a three-phase system
requires costlier switchgear and monitoring and control
equipment. A single-phase generating system can be
less costly because it requires switchgear and monitor-
ing, control, and protection equipment for only one
rather than three phases.

The size of the larger anticipated system loads may
determine which of these options is most appropriate.
5irgle-phase motors are available for applications that
require no mwore than several horsepower. For larger
loads, three-phase motors are generally used.

The circuit for each phase of a three-phase generator is
designed to accommodate one-third of the generator's
rated power output. Consequently, as this output is
approached, it becomes increasingly important that the
power in each phase be balanced; otherwise, excess
power may flow through one or two of the other cir-
cuits, overheating the generator windings and eventually
causing the insulation to break down and the generator
to fail. For example, a balanced 30 kVA generator
operating at full capacity would generate 10 kVA in
each phase. If the flow through the turbine remains
unchanged but the load through one phase drops signifi-
cantly, the two other phases would have to accommo-
date more than 10 kVA each. Adequate protection
equipment can avoid this potential problem, which is not

encountered when a single-phase, two-wire generator is
used. Thus, one advantage of a single-phase, two-wire
system is that no balancing of loads is necessary.

Whether single- or three-phase power is transmitted
more cost-effectively depends on the configuration
selected. Table 9.1 compares the quantity of conductor
material required for different configurations for lines
of equal length, with equal balanced electrical loads.

ELECTRICAL EQUIPMENT

In the following discussion, it is assumed that a micro-
hydropower plant will generate ac rather than dc—~which
is generally the case in all but some very small
systems—and will operate in isolation of any other
power source, such as a diesel generating set or a
national or regional grid.

For micro-hydropower plants, a generator coupled to a
turbine and associated electrical equipment are often
furnished as part of a pre-engineered package. For a
supplier to assemble the wost appropriate unit for a
specific site, he must have the necessary specifications.

TABLE 8.1. Comparisn of the relative total conductor
material required for various power transmission confige-
rations with belanced elactrical loads

Comparative total
conductor material
Short Lomg
System line® line®
single-phase,
240 v 100 10¢
three-phase,
three-wire,
240 v
{delta system) 87 75
[ ]
single-phase,
three-wire,
480/240 v 62 3
three-phase,
four-wire,
415/240 v
(Y system) 58 29
Y

—_—

*For a short line, the conductor size is based on
keeping heating of the conductor within acceptable
limits. Fer a long line, maintaining voltage drop
within acceptable limits determines conductor size.
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This section describes the types of generator and
equipment that might be incorporated in an electricity-
generating system for a micro-hydropower plant and
how each is specified.

Generator
Whether a generator is incorporated as a component of
a packaged unit or is purchased individually, certain of
its operating as well as physical characteristics must be
specified to ensure that the equipment furnished meets
the users’' needs. Some of these characteristics must be
specified only if a generator is purchased separately,
not if it is part of a packaged unit, because they con~
cern the internal workings of the overall unit. For
example, if a generator is purchased separately, it is
necessary to specify both the speed at which it will

| operate, or the number of poles, and its output fre-
quency. If a packaged unit is purchased, however, it is
necessary to specify only the output frequency. The
supplier selects whatever speed he thinks is required to
design a package that best meets the needs of the site
developer.

Type of generator

Although there are two basic types of generators--syn-
chronous and induction—the former is used almost uni-
versally for isolated operation, which is being consid-
ered here,

An induction generator requires some form of external
excitation to operate. Moat often, this is achieved by
interconnecting the generator to an energized grid but
this is not possible for an isolated powerplant. Induction
generators are essentially induction motors run at faster
than usual (i.e., near-synchronous} speeds and are sim-
pler in construction and less costly than synchronous
generators, For these reasons, several efforts have
been made to design electronic devices for the excita-
tion and control of induction generators at isolated sites
{31,45). However, such devices have only begun to find
their way to the marketplace. Until now, synchronous
generatora have almost always been used at isolated
locations,

Voltage

The availability of equipment limits the options for
generator cutput voltage. For micro~hydropower plants,
single-phase generators are available with output vol-
tages of 120 V and/or 240 V, depending on internal con-
nections. Three-phase generators are available for vol-
tages about 240/415 V or, in the United States,

120/208 V or 277/480 V.

If transformation of voltage is not being considered, the
voitage generated should match that of the appliances
and equipment that will be plugged into the system. If
power will be transmitted some distance to the con-
sumer, a higher generator voltage would reduce losses
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without requiring a transformer at the powerhouse end.
If both step-up and step-down transformers are being
considered because of the magnitude of the power to be
transmitted and the distance to be covered, either
generation voltage couid be used.

It is advisable to select a voltage that is accepted in the
country in which the project is being implemented. In
developing countries, an overseas organization funding a
project such as a training center or mission hospital may
sometimes find it more convenient to generate power
according to its own country's siandards, because appli-
ances for staff housing and electrical equipment for the
classrooms, laboratories, or workshops can then be pur-
chased easily at home. However, this approach is short-
sighted when the two countries use different standards,
because it complicates transferring maintenance of the
physical infrastructure to local entities, as will even-
tually happen. Even simple items such as light bulbs or
fluorescent tubes may have to be imported specially.

Frequency

The generator output frequency is usually set by the
national standard, which is either 50 Hz or 40 Hz.
Because end-use appliances available on the local mar-
ket operate at the national standard frequency, it is
usually best to select this frequency for any power
scheme implemented in that country,

Power rating

If a commercial packaged unit is purchased and the net
head and flow available to a turbine have been deter-
mined, the output power is simply a function of the
unit's overall efficiency. When purchasing a packaged
unit, the site developer therefore has to specify only
two of these three parameters, usually net head and
either flow or power. Although he would have esti-
mated the value of the third parameter from the power
equation {Eq. (5.11)], only the equipment supplier, with
his knowledge of the characteristics of the equipment
he is recommending, can state the actual value of the
third parameter. If power output must be maximized,
then one factor in equipment selection might be a com-
parison of the usually small differences in cutput power
for a specific flow through the turbine operating under a
given head or, equivalently, a comparison of overall
efficiency of the units proposed in the submitted bids.

The net head under which a turbine operates determines
the flow through a particular turbine and its power out-
put. When the gross head at a site is known, Sixing pen-
stock pipes (p. 125) describes how the net head can be
determined if the penstock configuration is also known.
Incorrectly implying that the net head is equivalent to
the gross head can lead to the selection of inappropriate
equipment, especially if penstock losses are significant.
For example, if a turbine is selected for a specific site
but the net head is 90% of that stated in the turbine
specifications, the design power output would be
reduced by about 15%.




If a generator is purchased separately, the power input
to the generator--the turbine cutput power—must be
specified. For planning purposes, the site developer,
knowing the appro:umate efficiepc:es of generators of
various sizes {see merg_y conversgion iosaes, p. 19 u, can
predict the approximate electrical power output from
the generator. However, the supplier should specify
either the efficiency or the power output of the genera-
tor he is proposing. This may be one criterion by which
bids are evaluated. Because generator size is generally
quoted in kllovolt-amperes (kVA) rather than in kilo-
watts {kW}, it is appropriate to review the difference
between these two terms.

The cutput of an ac generator is a current and voltage
that both change in magnitude with time. If the exter-

nal cirenit is purely resistive, the current and voltage
are in phase--at each point in time, the value of one is
directly proportional to that of the other (Fig. 9.1a).
The average power output of the generator—equal to
the power constumed by the load--is then

P,=E 1, {9.1)
where

P, = effective power (VA or W}

Eo = effective ‘ﬂ‘uiagé v}

1, = effective current {A)

Because the voltage, current, and power vary with time,
the term "effective” signifies an average value, which is

—
-1
—

energy cousumed
by load~~

\ energy returned/
to generator

Fig, 9.1. The relationship between woltage, current, and
power consumed by a purely resistive circuit (a} and one
with inductive and capacitive elements (b). Here, the vol-
tage is leading the current by 30° which results in a power

factor equal to cos 30° = 0.87. In either case, the power at
any instant of time is equal to the product of voltage and
current at that time.
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that measured by a voltmeter, ammeter, or power
meter. For a purely resistive load, the value of power
expressed in watts is numerically equal to that
expressed in volt-amperes. For example, a 220 V gener-
ator generating 30 A would generate power equivalent
to 6.6 kVA or 6.6 kW.

If the external circuit also includes inductive or capaci-
tive elements, such as motors, transformers, or fluores-
cent lamps, the voltage and current may not be in phase
(Fig. 9.1b}. Although both voltage and current still have
the same frequency and same peak values, each point on
the voltage curve is then reached before or after the
corresponding point is reached on the current curve.
The power generated, or that consumed by the load, at
any instant of time is still the product of the voltage
and current at that instant. However, if the real power
generated or consumed is derived or measured, it is now
found to be

P,=E,1, pf (9.2)
where
pf = power factor = cos ¢

The angle "¢" is a measure of how much the voltage
leads the current. The actual value of the power factor
depends on the type and size of the various loads
imposed on the system. For a purely resistive load dis-
cussed earlier, it equals 1.0. From the example pre-
sented in Fig. 9.1b where the current and voltage are
not in phase, the real power cutput is less than the
product of effective voltage and current, even though
the peak output voltage and current are the same. This
is because some of the energy introduced into a circuit
containing inductive or capacitive elements is not actu-
ally consumed but merely stored in the load and sent
back to the generator twice during each cycle.

Equivalently, if the real power consumed by a purely
resistive load is the same as that consumed by a load
also containing inductive or capacitive elements, the
current is greater in the latter case. For example, with
a generator voltage of 240 V, a 10 kW resistive load
would draw 42 A. A more commonly found load with a
power factor of 0.8, for example, would draw 52 A or
25% more current, even though it still consumes 10 kW
of real power. -

The actual current drawn is critical in the design of a
generator, because this affects the size of the wire used
in the windings. From these discussions, it can be seen
that the real power generated does not truly indicate
the current and therefore the size of the generator.
Rather than being specified by its real power output

{W or kW), a generator thus is specified by the apparent
power—the simple product of current and voltage {VA or
kVA).

The relationship between the real power and apparent
power "P," is

P, (in kW) = pf x P_ {in kVA) (9.3)
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The kilowatt rating of motors, lamps, and other electri-
cal appliances usually reflects the real power consump-
tion "P_". With this value, Eq. {9.3) should be used to
determine the capacity of the generator "P_" required
to generate adequate power to drive these laéads. If the
actual value of the power factor is unknown, a value of
0.8 is assumed as the value for a typical system load.

The horsepower rating of a motor reflects the actual
power that the motor can produce on a continuous basis.
Because of inefficiencies introduced in converting from
electrical to mechanical energy, the aciual power con-
sumed is more than this, and the apparent power con-
sumed, which determines the generator size, is even
greater.

Speed

When a packaged uuit is purchased, there is no need to
specify the generator speed, because the supplier will
ensure the compatibility of all components incorporated
in a packaged turbo-generating unit. The generator
speed must be specified only if the generator is pur-
chased separately.

Th generator speed is related to the number of genera-
tor poles and the desired output frequency in the follow-
ing manner:

120
N= =222 (9.4)

N = generator speed (rev/min}

i = cutput frequency (Hz), see Frequency (p. 220)
= number of poles

For micro-hydropower plants, generators usually have
two, four, or sometimes six poles. Because generators
with four poles run at a lower speed than those with
two, they are used more often. Less gearing up is
required and bearing life is extended. If some problem
leads to turbine runaway, a two=-pole generator would
reach speeds of about 6000 rev/min with possibly disas-
trous consequences. Four-pole generators are available
that can operate for extended periods at a runaway
speed which would be about half this value. Although
six-pole generators have an even lower design speed,
their cost is somewhat higher. They are more com-
monly used for plants in the mini-hydropower range
{100-1000 kW) where, because physically larger genera-
tors are required, rotor speeds must be reduced in order
to reduce the otherwise increased centrifugal forces
acting on the rotor.

Physical characteristics
&

Other specifications might be made when a generator is
specified, either as part of a packaged unit or as a sepa-
rate purchase.




Small generators can either have brushes or be brush-
less. In brushiess generators, an electromagnetic field
transmits excitation current from the stationary to the
rotating elements. Formerly, brushes rubbing against
slip rings located on the shaft served this purpose, but
these wear out and have to be replaced periodically.
Brushless generators have increased in popularity
because, aside from bearings, they invelve no physical
contact between stationary and moving parts.

Although it is not an integral part of a generator, the
type of coupling between turbine and generator should
be specified if there is a preference. Direct coupling is
preferred because it permits a more compact layout and
less maintenance; however, it is often impossible for
small standardized units. Although any one of several
other types of coupling can transfer power from the
turbine to the generator, one particular type might be
most suitable. For example, fiat belts may be used ina
packaged unit, because very efficient types are now
available. However, if such a unit will be used in a
¢country with foreign exchange restrictions or an unreli-
able postal system but where V-belts can be acquired
lecally, it would be advantageous to specify a V-belt
coupling. OPTIONS FOR COUPLING {p. 192) describes
of the various types of coupling.

Because the ambient powerhouse temperature and
humidity can affect the insulation of generator wind-
ings, it is also necessary to specify the climatic condi-
tions under which the equipment will operate. The word
"tropical® is usually sufficient to describe operating
conditions where high humidity prevails.

If the generator experiences a loss of load or excitation,
both the turbine and generator will attain runaway
speed. A supplier of a packaged unit should consider
this in the unit's overall design. If a generator is pur-~
chased separately, some means of averting runaway
speeds must be incorporated in the powerplant's design.
However, it would still be advisable to specify that the
generator be capable of operating at runaway speed for
at least a limited period of time. This speed depends on
turbine type and design. Approximate values are noted
in the descriptions of specific turbines in TURBINE
TYPES (p. 173).

Momnitoring and protection equipment and switchgear

Between the generator terminals and the powerlines to
the end-user loads, there is need for devices to monitor
the operation of the equipment, to protect the turbo-
generating machinery, and to permit the generator to be
isolated from the load either automatically, if a fault
condition occurs, or manually.

Monitoring equipment

Voltage, current, and frequency are monitored to assess
the state of an operating system. Other parameters—
power, energy, power factor, forebay water level, etc.—
can also be monitored but are not usually of concern for
micro-hydropower plants.

Virtually all micro-hydropower plants monitor current
and voltage with an ammeter and voltmeter, respec-
tively. For a single-phase generator, a single ammeter
and voltmeter is commonly used. A frequency meter,
on the other hand, is relatively costly and is not used in
small micro-hydropower plants if cost is a major consid-
eration. Maintaining close frequency control is not
essential for many types of end uses. Because voltage is
related to generator speed and therefore frequency,
frequency can usually be kept within required limits by
ensuring that the voltage is maintained at its proper
level.

For a three-phase system, the voltage and current on
each of the three phases are usually monitored. Six
weters can be used for this purpose, as shown in

Figs. 10.59 and 10.60, Costs can be reduced somewhat
by using one rather than three voltmeters and a selector
switch to measure the voltage of each phase.

Switchgear

The switchgear is commonly compaosed of one or more
circuit breakers, a switch designed to open even when a
heavy current is flowing. Its contacts are closed
mechanically against the action of a spring and held
closed by a latch. When a protection device senses a
fault condition, it sends a signal to the circuit breaker
to release the latch and open the breaker. Some small
circuit breakers open by themselves when they are
forced to handle excess current. Breakers can also be
opened manually.

If a current is flowing when the breaker opens, an arc is
drawn between the contacts. A breaker is designed to
extinguish this arc as quickly as possible. This usually
take: from three to eight cycles, depending on the
design, the size of the current, and the extinguishing
medium. Small breakers commonly use air as the extin-
guishing medium and are referred to as air circuit
breakers.

Protection equipment

Protection devices are incorporated in a powerplant
primarily to ensure that the generator is isolated from
the external lcad when a fault condition that could
damage the turbo-generating equipment occurs. These
are devices that sense anomalous conditions and trigger
an appropriate response, such as signaling a circuit
breaker to open.

For the simplesi system, protection is at least needed to
guard against overcurrent. This occurs when an electric
short or excessive load causes a sustained current larger
than the current rating of the generator to be drawn
from it. The simplest overcurrent protection is a fuse.
A more expensive but more versatile and convenient
device is a circuit breaker, one tripped either by excess
current that flows through it or by a protective device
that senses overcurrent. Some fuses and circuit break-
ers are designed to prevent nuisance tripping when surge
currents are needed, such as for starting motors.
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Small generators may be unable to furnish adequate cur-
rent into a fault long enough to trip a circuit breaker
before the generator is damaged. In this case, a relay
may be the most effective way to detect a fault and
protect the generator. Branch circuit breakers can be
used to protect individual system loads.

Overspeed protection is generally required {n conjunc~
tion with overcurrent protection. If an overcurrent
device is activated, the external electrical load would
be removed. The turbine and generator would then
accelerate to runaway speeds because the water des-
cending the penstock would continue to impart power to
the runner. Many generators are not designed to oper-
ate at runaway speeds, especially for any length of
time, and some means of stopping or deflecting the flow
of water--and therefore power—entering the turbine
must be incorporated. This usually takes the form of a
shutoff valve or deflector activated by a device that
senses speed or loss of load. For example, equipping a
Pelton turbine with a deflactor permits the use of a
simple overspeed protection device. In this case, a
counterweighted lever would control the deflector.
When load is lost, the solenoid holding the counter-
weight is deactivated and the deflector is placed across
the jet, diverting the flow of water away from the run-
ner. The solenoid can be deactivated by a loss of gener-
ator output voltage or by a relay. An advantage of
using a relay is that turbine flow can be cut off when
any one of several adverse conditions, such as bearing
overheating or overvoltage, occurs.
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Over/under voltage devices are used io shut down a sys-
tem when changes in voltage exceed a preset limit, pos-
sibly caused by overspeed or underspeed, failure of the
voltage regulator, or loss of excitation, Such devices,
which protect end-nse equipment as well as the turbo~

generating equipment, are not often used with very
small schemes.

Three-phase systems need protection against phase
imbalance. With a properly designed system, the cur-

rent in each phase is balanced. If, for some reason, this

is no longer the case, the total current may be distri-
buted so unevenly among the three circuits that the cur-
rent in one or two of the circuits exceeds its design
value. To prevent overheating and subsequent damage
to the generator, the problem must then be remedied
immediately or the system must be shut down until it

is. Phase imbalance devices initiate this action.

As the size of a plant increases, abnormal operating
conditions can lead to more costly problems and an
increasing number of such conditions must be guarded
against. These include excessive winding and bearing
temperatures and overfrequency and underfrequency.
For most small micro-hydropower plants, however, pro~
tecting against such conditions would not prove cost-
effective.




X. CASE STUDIES

INTRODUCTION

A large number of micro-hydropower plants have been
installed worldwide, often providing the only source of
power in remote regions. The wealth of experience
gathered by those who implemented these schemes has
rarely been documented. One purpose of this publica-
tion is to enable persons implementing their own micro-
hydropower schemes to benefit from the experiences of
others by recording some of these experiences.

This chapter takes a broader view than the previous
chapters. In addition to reviewing the designs that have
evolved through field experiences, it describes overall
approaches to implementing large-scale micro-hydro~
power programs developed by several organizations.

The first study, prepared in 1982 with contributions
from Robert Yoder who was personally involved in the
project, describes the efforts of the United Mission to
Nepal in Butwal to implement its Small Turbine and Mill
Project. This organization and Balaju Yantra Shala in
Kathmandu have been involved in relevant research and
development, the local manufacture of turbines, the
packaging of turbines and end-use equipment, and pro-
grams to implement micro-hydropower mills in rural
areas. These two groups made the first efforts to
develop a broad-based micro-hydropower program in a
developing country. Considerable resources and exper-
tise were brought from overseas, and to date, each of
the two companies has implemented well over 100
modern turbine-driven mills {Fig. 10.1) and has docu-

e N T e
Fig. 10.1. A two-story mill house with the turbine and
milling equipment on ground level and living quarters

above is visible on the right. The penstock is seen emerg-

ing from the forebay in the upper center of the figure.

mented some of its experiences for the benefit of
others, More important, their approach has been repli-
cable—more than half a dozen other Nepalese compan-
ies have begun fabricating turbines and installing plants
to perform a variety of tasks, such as flour milling, oil
expelling, rice hulling, paper-making, sawmilling, wood-
working, and electricity generation. In addition, one of
these companies has embarked on the design and fabri-
cation of its own turbine design and, after only four
years, has built approximately 100 units.

The second study, prepared in 1983, reviews the efforts
of a few dedicated persons from the University of
Science and Technology in Peshawar, working with the
Appropriate Technology Development Organization in
Pakistan, to implement a program of micro-hydropower
plants to generate electricity for remote villages.
Unlike the Nepalese efforts, almost no outside resources
were employed in Pakistan, yet the results illustrate
what is possible with rudimentary designs and limited
financial resources (Fig, 10,2},

In addition to descriptions of the Nepalese and Pakistani
efforts, this chapter notes other puablications that each
present a more complete view of the implementation of
a specific micro-hydropower scheme or programs.

_. ey g . B
Fig. 10.2. A locally fabricated turbine has been incorpo-
rated as part of a very basic turbo-generating unit. Signi-
ficant speed increase is necessary to drive the generator at
this site because of the relatively low head available.
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PRIVATE-SECTOR AFPROACH TO IMPLEMENTING
MICRO-HYDROPOWER SCHEMES IN NEPAL

Introduction

Since the turn of the century, numerous small decen-
tralized hydropower plants have been installed in the
wmore remote areas of developing countries, often on an
individual basis to provide power to mission hospitals,
government outposts, mining operations, plantations,
and others with a specific need for power. The turbo-
generating equipment was expensive and usually
required the skills of expatriates to install, maintain,
and operate.

Recently, governments of some developing countries
have attempted to install small hydropower schemes on
a larger scale, as part of an overall energy supply pro-
gram. China, India, Indonesia, Pakistan, Papua New
Guinea, and Peru are among these countries. In the
1970s, the increasing cost of oil gave such programs
added impetus. Many of the efforts pursued by nations
other than China proved costly, and this often discour-
aged further undertakings. {The extensive implementa-
tion of small-hydropower schemes in China occurred
under unique circumstances.)

Nepal is another country whose government has under-
taken a small-hydropower program. Faced with a diffi-
cult situation—few roads, a scattered but dense popula-
tion in certain parts of the country, rugged terrain,
major deforestation, and no indigenous oil reserves--the
Nepalese see decentralized hydropower as a promising
option. The government approach to installing small-
hydropower plants in Nepal manifests some of the char-
acteristics encountered by other nations that discourage
replication cn a broad scale. These include:

» lack of staff motivation,

# bureaucratic delays that result in long gestation per-
iods before a plant is operational,

e the high cost of schemes, and

¢ a dependence on external financing to cover these
¢:08t8.

In the 1960s, Balaju Yantra Shala (BYS}, a private
machine shop in Kathmandu established under a Swiss
aid program, undertook to design, fabricate, and install
several propeller turbines to drive grain-milling
machines. This effort provided a catalyst for another
group, the United Mission to Nepal, to examine micro-
hydvopower. Through its Butwal Engineering Works Pri-
vate Limited and Development and Consulting Services,
the United Mission to Nepal became involved not only in
designing, fabricating, and testing turbines and asso-
ciated hardware but in developing a viable, nonsubsi-
dized approach to field implementation of small water-
powered mill installations. This private-sector approach
to the implementation of a micro-hydropower program
illustrates an encouraging alternative to the more
costly, bureaucratic governinental approach. It is an
approach which lends itself to replication in other coun-
tries that have sufficient interest and motivation and

appropriate end uses to take advantage of the power
generated.¥
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The effectiveness of this approach to implementing
micro-hydropower installations is apparent in the fact
that, through the early 1980s, more than 60 mills had
been installed, most in remote areas. As existing
hydropower mills prove their usefulness, viability, and
profitability to residents of these rural areas, the pace
of implementation has been increasing. To assist those
interested in initiating a micro-hydropower program on
a broad scale and to provide a possible framework
within which such a program could evolve, this case
study documents the evolution and characteristics of
the approach adopted by Butwal Engineering Works and
Development and Consulting Services.

BYS is also involved in a similar program in Nepal but
its experiences are not described here. Some of its
experiences have been documented by Meier in Local
Experience with Micro-Hydro Technology (78}

Backgroumd
Butwal

Behind these developments is the United Mission to
Nepal (UMN]), a private voluntary organization com-
posed of nearly 40 Protestant mission groups and
church-related aid agencies. In addition to work in the
health and education fields, rural and industrial davel-
opment is carried out under its Economic Development
Board. The Butwal Technical Institute (BTI}, begun in
1963, was the first such undertaking. As this project
grew beyond apprenticeship training with its machine
shops, new organizations were created. BTI was subse-
quently redefinad as the holding organization for the
various workshops, which were formed into private
limited companies. Among these were the Butwal Ply-
wood Factory, the Butwal Power Cowmpany, the Gobar
Gas and Agricultural Equipment Company, the Butwal
Wood Industries, and the Himal Hydro Construction
Company. The mechanical workshop became the Butwal
Engineering Works Private Limited (BEW). Another
organizational structure, Development and Consulting
Services (DCS), now carries out most of the non-
workshop~oriented consulting and field work. The pri-
vate limited companies and DCS are located in Butwal,
a small Nepalese town on the northern edge of the flat
rice-growing plains spreading up from India, at the hase
of the Himalayan foothills. Butwal is on the road from
Gorakpur, India, to Pokhara, Nepal.

The term "Butwal® as used in this study indicates the
overall grouping of persons and organizations involved in
designing, fabricating, and installing micro-hydropower
plants.

* Another perspective on the implications of govern-
mert vs. private-sector implementation of micre- and
small-hydropower plants, based on personal experiences
in Nepal, is given by Kramer (67).




Program history

Harnessing their country's water resources is not new to
the Nepalese. For centuries, they have tapped its
streams and rivers for irrigation, and canals, often
kilometers long, crisscross the hills and valleys, perched
on steep mountain slopes and occasionally tunneled

Fig. 10.3. The janto i3 a stone mliit used by each household
for grinding com, wheat, and millet.

Fig. 10.4. The dhiki, a foot-powered mortar and pestle,
has traditionally been used by woemen to hull paddy (rice)

through rock. Rice, corn, wheat, and other crops are
grown on irrigated plots. Traditionally, the processing
of some of the produce—the hulling of rice, milling of
grain, and the expelling of oil from seed—has been
performed largely by hand with rudimentary tools

(Figs. 10.3-10.5), "ne of these tasks was mechanized
centuries ago with the development of the vertical-axis
waterwheel to drive millstones for milling grain

(Figs. 10,6-10.9), Thousands of these water-powered
mills dot the countryside,

More recently, diesel-powered mills that perform all
three of these processing tasks were introduced in the
mountains (Fig. 10.10). These mills have proved popu-

Fig. 10.5. The kol is used for extracting oil from seed. A
heavy timber is Fotated within a hollowed out boulder con-
taining the seed. The process is arduous and time-consum-~
ing and the yleld is relatively low.

P :
ditional water

e ) .

Fig, 10.6. Ona of tha thousands of tra
powered mills found in Nepal.
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Fig. 10.7. Water failing several meters through an open

wooden channel {(seen emerging to the right of the shaft)

provides power to drive the grindstones. wooden

turbine : chute

oy

Fig. 10.9, Cross-sectional view of a traditional mill.

Fig. 10.8. Inside a traditional mill, grain s placed in the

rectangular tin and automatically fed through the center Fig. 10.10. Diesel engines used to drive milling and oil-

of the grindstone, which is rotated by the waterwheel expelling equipment are found scattered throughout Nepal.

undermeath the buflding. The wooden pole through the

floor in the foreground is used to adjust the clearance bet- source of motive power for these mills that BYS first

ween the stones. fabricated and installed propeller, and later crossflow,
turbines.

lar, despite the higher cost for processing grain and eil

seed because of the capital cost of diesel-powered mills Over the years, BTI has been involved in a range of

and the high cost of diesel fuel carried on the backs of activities, including fabrication of foot suspension

porters into the remote areas. They can be found bridges, ropeways, tanks for bio-gas plants, and the con-

thoughout the country, far from the main roads and struction of the Tinau Hydro Project, which eventually

population centers. It was to provide an alternative supplied 1 MW of electrical power to Butwal and the
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surrounding area. In addition, BTI occasionally repaired
BYS turbines in its workshop facilities. An increasing
number of people who had seen these few turbines oper-
ating successfully in the hills went to Butwal to request
assistance in installing similar plants in their villages.
Initially, these potential customers went elsewhere
hecause of BTT's limited capacity, its involvement with
other work, and its inahility to dedicate sufficient time
and staff to the design of turbines. As BTI's workshop
capacity increased, however, there was increasing pres-
sure to look for new manufacturing ventures. After dis-
cussions with potential customers, local staff, and
employees about existing needs that the workshop might
meet, the board of direcioes of both BTI and DCS
approved a proposal for a pilot hydropower project.

Although both villagers and the government often seek
electricity for lighting, this is not a primary need.
Some kerosene is used for lighting, but, aside from fire-
wood used primarily for cooking, diesel fuei for milling
is more essential to the rural population. The proposed
pilot project therefore focused on providing energy for
milling. Because of the emphasis on this need, it was
possible to develop and perfect designs for a turbine and
associated hardware for driving agro-processing
machinery directly, without relying on expensive and
technologically complex electrical components.

From BTT's experience with the BYS turbines and obser~
vations of existing hydropower installations, the need
for a broad, well-coordinated program was apparent.
This program needed to include both the design and
fabrication of reliable; low-cost turbines and field
teams with a broad range of expertise to:

¢ evaluate sites,

e discuss options for technical designs and financing
with prospective customers,

¢ design the necessary civil and mechanical works,

¢ install machinery, and

¢ undertake the necessary followup maintenance work,

In 1975, the UMN received a grant for $24,000 to esta-
blish such a program. In addition, BTI funded the cost
of turbine development and part of the test site facility.
Two fuli~time and several part-time expatriate engi-
neers and staff members were fully supported by their
sponsoring organizations. Because the program was
planned to be financially self-supporting, with income
from sales covering overhead and development costs,

the grant reflected only working capital and start-up
costs.

DCS took primary responsibility for field work. This
included customer contact, site survey, plant layout,
crdering and assembling of all machinery and materiais
for delivery, installation, and followup repairs. BTI {and
later BEW) became the contractor for the fabricated
parts. In addition, BTI retained responsibility for tur-
bine resesrch, development, and testing, because these
contributed to its manufacturing and marketing activi-
ties.

Organizationally, it might have seemed more straight-
forward to keep the entire program within BTI. How-

ever, its previous experience with a footbridge program
indicated that sending workshop personnel into the ficld
disrupted installation work, workshop planning, and pro-
duction. In addition, salaries for workers in the field
were also higher than those for workshop staff, creating
conflict between workers. Because this program had
growth potential, it was made a separate program
within the DCS framework from the beginning.

During the initial phases of the project, progress was
slow. The self-imposed limitation of using only mate-
rials available in Nepal and the Indian subcontinent
required that many items be designed and manufactured
in Nepal, when importing them would have been far eas~
ier. In 1977, the first three water turbine-powered mills
were installed in the hills of Nepal. This was followed
by 11 installations in 1978 and increasing numbers in

subsequent years. By 1982, a total of 65 mills had been
installed.

Technical designs
Selection of turbine type

Innumerable small streams with steep gradients are
located in the central hill region of Nepal, which sup-
ports most of that country's population. Peaks rise to a
height of 3000 m. Unlike the Himalayas to the north,
with their perennial snow=-fed streams, streams in the
central region are entirely rain~ and spring-fed.
Although monsoon rains lead io heavy floods, siream-
flows are extremely low by the end of the dry season in
April and May. These conditions are not uncommeon to
many tropical countries with hydropower potential,
Under those circumstances, a Pelton turbine, which
operates under a high head and requires relatively low
flows, appeared to be most appropriate. However, even
the single Pelton turbine fabricated by Butwal is still in
the workshop; it has never been installed.

Turbines operating under high heads have proved less
appropriate in Nepal than those operating under low
heads for several reasons:

o conflict with irrigation--In the hills terraced for
growing rice and other crops, use of water for irriga-
tion assumes primary importance. Water rights are
carefully protected. If water in the streams were
used for hydropower generation, it would bypass all
the land between the elevation of the intake to a
hydropower scheme and the elevation of the power-
house and would no longer be available for irrigation.
For high-head units, this land may be extensive. The
owner of a water-powered mill could never deprive
farmers of their water. Even where excess water
for power generation would have been available, the
farmers anticipated eventual loss of control and
blecked further developments. It became apparent
th: . ‘he best sites to develop were those where the
pol. acial mill owner controlled or could purchase the
land between the intake and powerhouse. This
implied that, to minimize conflict, low-head sites
would have to be developed. Another alternative
might have been to exploit high-head sites as a
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cooperative venture among all the affected farmers.
However, given the social setting, it proved easier to
deal with individual entrepreneurs than to initiate
such ventures.

¢ inappropriate location of potential sites—The
numerous, high-head sites were usually at impracti-
cal locations--either on steep slopes prone to land-
slides or too far from a village to be convenient.
Observation and understanding of traditional mill
locations and water control rights would have
revealed this problem earlier.

® cost of penstock—High-head sites generally require a
longer and therefore usually costlier penstock pipe.
In several locations where a higher-head site was
technically and socially acceptable, the penstock
alone cost twice as much as the turbine.

After a review of these and other factors, it was
decided to develop low-head sites. In the mid-1960s,
BYS had begun its hydropower work with the design,
fabrication, and installation of propeller turbines.
Because of the complexity of the design and the manu-
facturing requirements, however, neither BYS or Butwal
pursued this work., Both BYS and Butwal decided that
their work would center on the fabrication and use of
the crossflow turbine. This type of turbine seemed
more appropriate because it is easier to fabricate. It
could also accommaodate a wide range of flows and
heads with only minor design modifications; the same
jigs could be used in fabricating turbines of different
capacity.

Turbine design

Focusing their efforts on turbines for low-head sites
with nearly identical operating conditions enabled BYS
and Butwal to develop one basic design and then to
improve subsequent units on the basis of experience.
Most mills operate under heads of 5-15 m. Experience
gained in the fabrication and installation of numerous

. ; _ - .
Fig. 10.11. A 200 mm-diameter crossflow turbine, with a
length of 560 mm, fabricated by BEW, When the turbine is
installed, its draft tube {s connected to the rectengular
flange shown,
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turbines has been incorporated in what is now a well-
engineered turbine design.

The design that evolved uses a crossflow runner either
200 mm or 400 mm in diameter and is manufactured in
10 standard widths to suit a range of flows (Fig. 10.11}.
A single guide vane as wide as the runner is used to
manually control the flow. The runner, housing, transi-
tion piece between the penstock and turbine, and draft
tube are fabricated of steel sheet (Fig. 10.12), A

Flg. 10.12. One of the first turbines fabricated by BEW
being installed at Dobilla,

hydraulic press is used to form the runner blades, guide
vanes, flanges of the housing, and other components
formed by bending. Initially, difficulty was encountered
in locating bearings suitable to support the shaft of the
runner. The limited life of imported bearings bought in
India caused problems until it was discovered that these
were actually old imported bearings, reconditioned and
sometimes resold as originals. A source of new, sealed,
self-aligning bearings made in Japan was later located
in India.

A complete set of mechanical drawings, a list of
reguired materials, a description of the technical
aspects of the design, and a description of the jigs and
techniques used in the fabrication of the crossflow tur-
bine are included in Small Water Turbine (97). Because




that publication clearly documents tlie design, technical
details will not be repeated here. Complete wachine
drawings for a similar design developed by BYS are
found in Crossflow Turbine, Type: BYS/T3 (4).

After fabrication, the turbine and all secticns of the
penstock are tested at the test site adjoining BEW
(Fig. 10.13). Any misalignment, poor threads, or leaks
then canr be repaired easily in the workshop. After the
unit is sent to the field, only hand-crafted repairs can
be made.

Fig. 10.13. The test site located at the workshop of BEW,
Sections of penstock pipe in the foreground are ready for
pressure testing.

Design of a typical mill inatallation

The civil works necessary to convey water from a
stream to the powerhouse are identical to the those
used with irrigation schemes throughout Nepal. A row
of siones, sometimes interwoven with branches, forms a
temporary diversion structure across part or all of the
stream, and an unlined earth canal conveys water to the
intake of the penstock. Sowmetimes, water from an
existing irrigation canal itself is used, although this
canal might have t3 be widened to ensure an adequate
flow of water. Irrigation canals are cleaned once before
the rice planting season each year and then after each
flood during the monsonn season (115).

Generally, water from the canal enters the penstock
directly. A trashrack in front of the penstock inlet
retains the larger floating debris. The forebay is often
simply a transition structure between the canal and pen-
stock and does not serve as a significant settling area
{Fig. 10.14). Most of the waterborne sediment that
might injure the turbine settles in the canal before it
enters the penstock. When a large forebay is unneces-
sary, incorporating one results in additional costs
because of the concrete and labor it requires.

Butwal makes the penstock pipe of 2.5 mm mild steel
sheet in 2 m lengths. Flanges are made by hand-forging
strips of flat iron, and a groove for an Q-ring is
machined in one of the two flanges welded to each pen-

Fig. 10.14. A mason completing work on a forebay. The
trashrack is located behind him.

stock segment. O-rings have proven much better than
flat gaskets in providing leak-proof seals. The company
has not provided for thermal expansion of the penstock
used with its low-head installations. Leakage between
the upper end of the penstock and the Eorebay structure,
although expected, has never been a problem. Butwal
tries to select a penstock alignment that avoids any
deviations from a straight line, except for the portion
immediately in front of the turbine (Fig, 10.15). If
bends are required, their size is determined by using
rudimentary field measurements.

In existing mills, all the machinery was mounted inde-
pendently on the mill floor. Careless installation of the
machinery frequently caused misalignment of shafts and
pulleys. To minimize this problem, Butwal developed a
single frame on which all the machinery required in an
average mill—a turbine, rice huller, flour mill, and cil
expeller--could be attached. In this way, the machinery
could be fitted and aligned in the workshop under proper
supervision, Machinery could also be secured onsite
with a minimum of concrete. Unless a customer owned
processing machinery in an earlier mill {diesel- or
water-powered), machinery for a new mill had to be
purchased through Butwal. This helped to ensure that
all the processing machinery would be properly inte-
grated into the overall mill design.

Initially, the turbine with a 400 mm-diameter runner

was placed in a recess below floor level to gain addi-
tional head with minimum additional excavation
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Fig. 10.15. The penstock descends from the forebay to a
mill under construction.

Fig. 10.16, At Ampchaur, the turbine is placed below floor
level.

{Fig. 10,16}, The resulting higher level of the mill house
floor also reduced the possibility of flood waters reach-
ing the floor. In addition, lowering the turbine elimi-
nated the wetting of the mill floor caused by water
dripping from the seals. On the other hand, it made the
turbine somewhat less accessible, The newer, higher-
speed turbine with the smaller, 200 mm-diameter runner
is now more popular and is mounted half a meter abave
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Fig. 10.17. A mill layout using one of the new turbines
mounted on a common frame with the proce.sing equip-
ment. An intermediat: drive shaft iz not a usual compo-
nent of the new layout. It has been included in this instal-
lation because the mill owner is considering adding other
machinery later,

the mill floor on a four-legged stand (Figs. 10.17 and
10.29).

Butwal also changed the layout of the machinery in the
mill. A problem at the first water-powered mills
installed by BYS was that the turbine simply replaced
the diesel engine in the typical installation but left the
basic layout of the mill, with its long intermediate drive
shaft, unchanged (Fig. 10.18}. Three or four bearings
supported these drive shafts (Fig. 10.19). These shafts,
up to & m long, were rarely straight, and the bearings
failed sooner than expected. An initial solution was to
introduce a new layout for the machinery. It permitted
the low-speed oil expeller to be driven directly off one
side of the turbine and the two smaller machines to be
driven off a short intermediate drive shaft off the other
side uf the turbine {Figs, 10.17 and 10.28). At present,
by using a 200 mm-diameter runner at most sites, the
speed is high enough for all machines to be driven
directly off the turbine shaft. Use of the intermediate
drive shaft has largely been discontinued, and the tur-
bine shaft has been extended to accept two pulleys on
one side, A third bearing is necessary along the turbine
shaft to support the pulley load. This results in an even
more compact layout (Fig. 10.20). However, misalign-
ment of the third bearing may account for some of the
subsequent problems with fracture of the runner shaft.

Another problem in existing mills involved the use of
flat belts. The shafts and pulleys were rarely aligned,
and poles implanted in the ficor or otherwise secured
often were used to prevent the belts from running off
the pulleys {Fig. 10.19). This resulted in loss of power
and rapid wear of the belts. To overcome this problem,
Butwal turned to the use of V-belts throughout its mills.
These belts transmit power more efficiently than flat
belts; require no connectors, which are necessary with
flat belts; and reduce the distance required between




(a) Conventional layout

B bearings
I flat belt D flat pulley
I V-belt ﬂl V-pulley

intermediate drive shaft

{b) Butwal's initial layout

rice huller

flour wnill

(c) Butwal's present layout

Fig. 10.18. These drawings (llustrate the evolution of the
stendard equipment layout in a mill. Note that the floor

pulleys. From the drive shaft, a flat pulley to V-pulley
permits easy removal of the belt; individual machines
can then be disengaged while the turbine is running. To
facilitate the replacement of belts, D-section V-belts
with a common length are used throughout the mill,

Installation teamsa

An expatriate DCS director serves as project leader for
the Small Turbine and Mill Project, but the business
chief is responsible for the day-to-day running of the
project. A technical supervisor, accountant, and store-
keeper complete the permanent office staff,

The heart of the installation program consists of three
or four teams that undertake work in the field. Origi-

area occupied by the equipment i3 reduced, a3 are the
number of bearings and the overail complexity.

nally, each team comprised a team leader who was a
skilled mechanical tradesman (each has had BTI appren-
ticeship training}, a mason, and a helper. More
recently, most teams consist of only two people; this
reduces the cost of the installation to the customer.
The only time a third person accompanies the team is
when a new employee is being trained.

If it is possible, the team leader is present during initial
discussions with a new customer who wants to install a
water-powered mill. When the team later goes to the
field, it acts independently. It is responsible for the
survey, site selection with the customer, and price quo-
tation. When the team returns from its first field visit,
the leader prepares the layout design and order list for
the sites surveyed. He also supervises his team in the
workshop assembly and in checking and packing all the
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Fig. 10.19. A common sight in milis using flat belts—a
metal or wooden stake is used to prevent the flat beit from
slipping of f misaligned pulleys. This mill has a conven-
tional layout with a long intermediate drive shaft. The
shaft was also bent, forcing the removal of the fourth
bearing.

t v — L . K . f -'r .
Fig. 10.20. At this new mill, no intermediate drive shaft is
used between the turbine and agro-processing equipment.

machinery for an installation before delivering it to the
customer for transport. The team is responsible for
installing the machinery and for any necessary followup
repair work. To minimize confusion, it is best if one
team deals with a customer from first contact to final
installation; however, practicalities make this impossi-
Ile. By an insistance on uniform information-recording
procedures, it has been possible for one teain to survey
and a second team to complete the installation. Parti-
cipatinn in decision-making has prepared each team to
set up its own independent installation operation if DCS
should decide to discontinue its operation.

Installation of a mill

Site selection

With the growing reputation of an increasing number of
successful water-powered mills, there is no need now to
promote small turbines to get business. Ever since BYS
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installed the first modern water-powered mills in the
1960s, they have promoted themselves. Villagers famil-
iar with traditional water-powered mills and, more
recently, diesel mills are quick to see the merits of this
compact, trouble-free source of power with low recur-
ring costs. After learning of the mills and thejr poten-
tial, persons with likely sites express their interest by
visiting the office in Butwal, contacting one of the DCS
teams installing a new water-powered mill in the area,
or notifying an of ficer of the Agricultural Development
Bank of Nepal {ADB-I), which has branches throughout
the country.

In the dry season, after Butwal has gathered as many
requests as possible from one geographical area or when
a team has reason to go near that area for installation
or repair work, the tcam takes the information needed
to contact the potential customers., The loan officer
from the nearest ADB-N office is also notified and
invited to join in the survey. The team travels by public
transport as near to the site as possible and then contin-
ues on foot, for up to a week in some cases. The team
restricts its surveying equipment to the minimum
required for the task--a hand-held sighting level or a
clinometer, a vinyl ribbon staff, a 30 m fiberglass meas-
uring tape, and several square meters of plastic sheet to
assist in making flow measurements. These can deter-
mine the parameters necessary for layout and design
with adequate accuracy.

The customer is presently charged a nominal fee of

Rs 200* for each site survey to ensure more commit~
ment on his part to following through with the project.
As the number of small local workshops beginning to
fabricate crossflow turbines increases, there is also an
increasing risk that perspective mill owners will take
the survey results to another workshop to have the
machinery fabricated. This initial nominal chavge
therefore also covers part of the cost of the initial sur-
vey. If a site is found feasible, an additional Rs 1600 is
charged as part of the final gquote for the installation.
This covers expenses incurred during preliminary sur-
veys of both feasible and infeasible sites.

In every case, the potential customer must find a loca-
tion where he either owns or can purchase land for the
mill and obtain rights to the required water. For this
reason, it is extremely important that the customer
understand the requirements of head and flow, so that
he can choose likely spots before the survey team
arrives. Ideally, a new customer should visit an operat-
ing water-powered mill to understand the principles
involved. From their experience with irrigation, Nepal-~
ese farmers have a good eye for assessing a prospective
location and for sizing the canal needed to carry ade-
quate water from the stream to the area selected for
the forebay. This usually enables them to select a site
with adequate water, if one exists. However, the con-
cept that the head is the elevation difference and not
the slope distance has often been difficult to explain.
Because they are interested in installing a mill, they

* Rs 12 = US $1.00




also frequently overestimate the streamflows availabie
to be harnessed.

If streamflows are small, even careful flow measure-
ments made at one point in time are of little use.
Because irrigation often is practiced in the same area,
however, the local population usually has a very good
idea of how small the streamflow becomes in an average
dry season and what happens during drought years. Dur-
ing its site visit, the team therefore measures the
streamflow and, {rom interviewing the local farmers,
determines what proportion of the average- and
drought-year flows this represents. Flow measurements
are made using a temporary wooden weir sealed with a
plastic sheet; the float method is virtually never used.
Frequently, there will not be encugh water to run even
one machine for at least several months, but two can be
operated simultanecusly for most of the year. This is
carefully explained to the customer. Sometimes a sec-
ond, more suitable, stream can be found in the area.

At other times, the solution has been to look for a site
with a higher head, but in such cases, Butwal often
recommends that the site be rejected, Misunderstand-
ings have been avoided by gathering all available infor=
mation to estimate flows and clearly explaining to the
customer the implications of less-than-expected flows,

With the experience gained in selecting dezens of sites,
the field team can usually tell at a glance if the site is
feasible. Because each typical milling machine requires
approximately 3 kW of mechanical power, and three
machines are customary in every mill, 3 kW is the min-
imum desirable power and § kW is the maximum operat-
ing power that would be necessary. The customer must
decide if he will be satisfied with the output that can be
expected from the available sites.

Site layout

After the customer selects his preferred site, the exact
location of the mill is determined by establishing the
maximum flood level of the nearby stream and checking
the stability of the ground above the mill site to ensure
safety from landslides. It is desirable to minimize the
length of the penstock by selecting a point where the
slope is steep or where the mill house can be dug back
into the ground; however, this must be balanced against
the stability of the ground and the difficulty of digging
a canal to the desired point. In many cases, an existing
irrigation canal can be used. Although this simplifies
site development and reduces the cost of an installation,
it also reduces the options for site location. It may also
limit the power potential at the site because the avail-
able head might be lower than the head that could have
been developed by digging a new canal with a more
gradual slope.

At most sites, a spillway is included in the forebay wall
to lead away in a controlled manner any excess water.
In choosing a site for a mill, the location of the spillway
and the course followed by the excess water as it
returns to the stream must be considered. Otherwise,
this water might cause erosion and undermine the pen-
stock or mill.

The next step is to establish the canal alignment. If an
existing irrigatiun canal cannot be used and a new canal
must be dug, a hand-ield sighting level is used to run a
level from the proposed penstock inlet to the stream.
The actu~rl intake to the power canal would then be
slightly upstream of this point; the exact location is a
function of both the length of the canal and the nature
of the terrain. Digging the canal is entirely the cus-
tomer's responsibility. The viilagers' experience with
irrigation qualifies them more than outsiders to deter-
mine the cost and feasibility of the alignment. The cus-
tomer also consults with villagers who specialize in
canal digging and frequently hires them to excavate
sections requiring rock-cutting. In almost every case,
the customer can determine the necessary dimensions
and slope of the canal when given the fraction of the
streamflow it must convey.

After the site has been selected and the canal elevation
determined, the elevation needed to keep the mill floor
safe from flooding must be established. This choice is
best left up to the customer, because he has the best
knowledge of the site and must live with the conse-
quences of the choice. The area to be excavated for the
mill floor and tailrace canal can then be marked out.

The head and other information required to design the
penstock is obtained by making a series of measure-

ments, generally using the hand-held sighting level and
the ribbon tape that is supported on a bamboo or other

Fig. 10.21. The team swrveys using a hand-held level and a
vinyl surveying tepe suspended from a pole.
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suitable pole (Fig. 10.21). An elevation profile is then
run along the expected penstock alignment from the
proposed turbine location to the end of the proposed

or existing canal elevation. All the information is
recorded on a sketch of tha site in the field notebook.
For future reference, a permanent mark on the root

of a tree or large stone is also made and its position
recorded in the field notes. Although direct measure-
ments of the length and profile of the penstock can sel-
dom be made without excavation, they can be calcu-
lated by making several simple linear and angular meas-
urements.

It is important to examine and note the soil and rock
formations for possible problems in excavating for the
mill house, draft tube, tailrace canal, or penstock pipe.
A bend in the penstock pipe can usually be avoided by
shifting the site slightly; however, if a bend is required,
more careful measurements must be made.

If the streamflow iz large encugh that only part of it
will need to be diverted for the mill's use, the design
flow will depend on the head available and the power
required. The maximum flow easily conveyed in a tradi-
tional unlined irrigation canal is about 200 ¢/s. The flow
for the most convenient canal design is 80-120 /5.

Quote [or the installation

After all the information has been recorded in the field
notes, the technical supervisor completes a price quota-
tion based on the survey. Except for the penstock pipe
which varies considerably in price, most items cost
roughly the same from site to site. The cost of an
installation alsu depends on the types of processing
machinery to be included, but most customers want all
three—a flour mill, rice huller, and oil expeller. The
quotations are valid for only three months, after which
a new quote must be obtained for the loan procedure. If
the customer does not take delivery of the machinery

within a certain period after he has been told it is
ready, Butwal may sell it to another customer. In such
cases, Butwal is no longer bonnd by the quotation given
the original customer. BEW gives a six-month guaran-
tee on its machinery and DCS gives a one-year guaran-
tee against errors in installation, provided the work was
done according to instructions from the leader of the
Butwal installation team, For the Indian processing
machinery, no guarantee is given.

The terms of the quotation and the details of the guar-
antee are explained to the customer. He must under-
stand exactly what DC5S will provide and undertake. He
must also understand precisely what are his responsibili-
ties {Table 10.1). He must beware that he must receive
from the Department of Cottage Industries one license
to build and then another to operate the mill. He must
place a firm order with the required advance before
DCS can take any further action.

Formerly, customers had to include an advance of

Rs 2500 in "earnest money" with their orders before
DCS would take any action; however, customers often
waited until the last minute to arrange for a loan and
this led to cashfiow problems on the part of DCS, Since
mid-1981, an advance of 50% of the DCE quotation
along with a letter of guarantee from the ADB-N has
been required. This procedure places more pressure on
the customer to expedite the process,

Most customers turn to the ADB-N for financing. With
an interest rate of 11% and a loan repayment period of
seven years, it offers better financial terms than com-
mercial banks. This loan also requires physical property
as collateral. A typical loan covers all the machinery
and installation costs, 85% of the land purchase, and
65% of the cost of the lahor necessary to undertake the
excavation and to install the machinery. A typical
ADB-N loan covers about 80% of the entire project
cost. Of the first 65 mills, only four have been paid for
without loans. The ADB-N has officers and personnel at

TABLE 10.1. Diwsion cf responaibilities for the instailation of a water-powered mill

Tasks undertaken by Butwal

Respnsibilities of the mill owner

¢ perform initial survey

¢ design and fabricate turbine, penstock,
and cther required hardware

e obtain the necessary license to build and operate a mill

# purchase the land and right-of-way for the power canal and
tailrace (as needed)

» purchase, inspect, and pack the milling, » arrange for water rights

hulling, and oil expelling machinery for

transport as needed # locate sufficient cash to cover ar least a portion of total cost of
the installation and apply for a loan for the balance necessary

» provide technical guidance and

assistance in installing and & organize local labor to undertake the necessary work

commissioning of the plant

¢ undertake the necessary excavation and collection of locally

¢ train one of the local persons designated
as mill operator how to operate and

available materials (sand, stone, gravel}

maintain the machinery e transport all the hardware and materials from Butwal to the site
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every level who actively promote a loan program for
water-powered mill development, having withdrawn a
sitnilar program for diesel mills. When an application
has been received, a loan officer gathers information
about the econcmic feasibility of the project before
approving the loan. A customer who secures a loan
from the ADB-N receives a coupon, which he then sub-
mits to DCS. With this guarantee of payment, DCS will
deliver and install the mill, collecting payment directly
from the ADE-N upon submission of the bill signed by
the customer.

responsible for preparing the site. The canal must be
built if an existing canal will not be used, the site for
the powerhouse has to be excavated, and all the neces-
sary materials that are available locally--stones, sand,
and aggregate—must be pathered in preparation for the
final construction effort (Fig. 10.23).




Fig. 10.24. After the site excavation has been completed
and the equipment fabricated at Butwal, porters carry the
Recessary materials to the site. The two sections of pen-
stock shown weigh about 100 ky.

required in advance. This sum is based on an installa-
tion time estimated at 30 days; if it is less, any over-
payment is refunded after completion of the work.

Installation

The customer notifies the installation team from Butwal
to come after he has ensured that all the machinery is
at the site, that all materials noted on the project cost
form have been stockpiled near the site, and that all
necessary excavation work has been completed

(Fig. 10.25). The owner usually underestimates the dif-
ficulty of transporting several tons of machinery and
materials and the seasonal difficulty of locating porters.
Weighing 110 kg, the gear box for the oil expeller is the
single heaviest part and requires an exceptionally strong
porter. If the load can be supported on a sling, two por-
ters can to carry it. Because the trails are narrow and
steep, however, a load that must be carried by more
than one person is often passed up in favor of more con-
venient weights and sizes. The team takes any special
equipment needed for the installation, such as ropes,
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Fig. 10.25 Before the installation team arrives from But-
wal, all the necessary materials have been transportied to
the site.

mason's tools, and a level. All of this fits easily into
their backpacks.

A per-day installation fee of Rs 180 is charged for the
work performed by the installation team. This rate,
which is considered extremely high for these remote
areas, encourages the customer to do a2s much of the
work as possible in advance and to supply labor to
reduce the installation time. Because the masonry
requires curiag time, it takes priority over other jobs.
The tailrace canal is prepared first, using stone mmasonry
for the floor ard dry stone for the sidewalls and top.

To install the penstock, turbine, and draft tube, Butwal
uses a unique approach that eliminates the need for
detailed and costly site surveys. These components are
first assembled and bolted together ncar their final
lacation and then temporarily braced by wooden cross-
frames or piles of stones (Fig. 10.26). The empty pipe is
strong encugh to be self-supporting. The entire assem-
bly is then maneuvered around slightly until a suitable
alignment is found. Although this may be the most dif-
ficult part of the installation, this approach makes it
possible to circumvent boulders or other obstacles that
might have been encountered during the excavation. It
also makes it possible to compensate for small discrep-
ancies between the configuration of the penstock-tur-
bine-draft tube assembly designed according to data
gathered during the initial survey and the layout of the
area actually excavated. To facilitate this task further
when penstock bends are used, the bolt holes in one
flange of the bend are slotted to permit another degree
of freedom. In addition, an extra 1 m length of pen-
stock is supplied if needed. Any excess length can be
cut off with a hacksaw blade, This method allows any
minor deviations to be accommodated easily, thereby
eliminating the need to interrupt work for several weeks
for a return to the Butwal workshop to fabricate or
twodify the penstock bends. After the turbine shaft has
been leveled, to reduce bearing loads and to simplify
alignment of the other machines, the turbine and draft
tube are secured in a foundation and the penstcck sup-
ports are built up.




Fig. 10.26. The penstock, turbine, and draft tube are all
assembled and properly aligmed before they are set in con-

crete. A portion of the tailrace canal has already been
completed.

The machines are all assembled on a mounting frame
and set in place (Figs. 10.27 and 10.28). Correct spacing
is assured by placing the belts on the pulleys. To ensure
that the shalfts are parallel and the pulleys in line,
alipnments must be done carefully using a string and
level. The string is stretched parallel to the turbine
shaft and the line shaft is adjusted parallel to it. The
string is also used to line up the V-belt pulleys from
their machined outer surface (Fig. 10.29). The mounting
frame is supported on rocks, allowing sufficient space
around the anchor bolts to place the concrete without
disturbing the frame.

The mill owner and whoever he has designated to help
operate the mill are encouraged to participate in fitting
and mounting the milling machines and transmission sys-
tem to understand how the parts fit together. The team
leader uses this opportunity to explain the need for
proper belt tension, adjustment of the machines, and
clean and adequate lubrication.

The team usually spends from three to four weeks at a
site to complete the installation. Because a few days
must be allowed for the masonry to cure before testing,

Fig. 10,27, The tailrace and forebay have been completed
and the processing equipment (s being installed,

Fig. 10.28, All the equipment has been aligned and set in
concrete,

there are often a few free days between completion of
the installation and testing. This time is used to under-
take surveys of new sites nearby or to followup on mills
that may be already operating in the area.

After completing the installation, the team makes all
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Fig. 10.29. The new turbines are mounted abave the mill
floor on a common mounting frame, which is eventually set
in concrete. Here the installation team is shown using a
string to align the pulieys.

final adjustments and operates each of the machines
under full load for several hours. The owner or operator
is also required to run the mill under the supervision of
the team until it is satisfied that he understands the
operating procedures and safety requirements.

Design modifications

To obtain continuing feedback from the field in order to
improve its designs, DCS initiated a policy of team
members visiting mills, free of charge, for followup
adjustments, repair, possible replacement of bearings,
and observation of operating problems, whenever they
are near a mill they have installed. Even though this
policy sometimes has required an extra day of walking,
valuable information that has led to design improve-
ments has been gathered.

For example, one of the earliest turbine designs devel-
oped a problem with the operation of the turbine inlet
valve. Careful examination determined that the valve
shaft had been twisted, preventing the valve from clos-
ing completely From observing the operator in action,
it became clear that when the valve was closed, he for-
got the direction in which to turn the spindle to open it
again and applied a substantial force in the wrong direc-
tion. The initial solution was to paint arrows indicating
the directions for opening and closing. The final
solution, however, was to provide blocks limiting the
travel of the valve arm, thus reducing all possibility of
damage caused by operator error.

The clean-cut opening above the turbine runner was
another design improvement that resulted from a ser-
vice call. A stick that a boy had floated down the canal
had lodged in the runner. Without this opening, the
complete turbine had to be disassembled to gain access
to the runner.

Although the forebay is small, sediment eventually
accumulates on the bottom. With no sluice gate, its

240 Case studies

removal proved a problem. Incorporating a removable
standpipe in the floor of the forebay area resolved the
problem (Fig. 10.30}, Wheu the forebay is to be cleaned,
the pipe is removed and the sediment is flushed out,
During normal operation, this standpipe serves as a
shaft spillway.

removable
pipe section

drain /‘

Fig. 10,36, A removable standpipe incorporated in the
forebay design factlitates removal of the sediment. It also
serves ag an overflow,

Observing mills in operation has also resulted in the
relocation of the turbine valve control handle, changes
in the machine disengagement mechanisms, and other
changes for the convenience and safety of the opera-
tors.

Coats

The cost of implementing a water-powered mill is
clearly site-specific. Table 10.2 prasents the costs of a
typical mill insta:led with Buiwal's assistance. The
breakdown is graphically depicted in Fig. 10.31.
Although the total cost may seem high, the owner of a
water-powered mill generally charges only slightly less
than the diesel mill owner. With his low recurring oper-
ating costs, he can repay his loan in four to seven years,
depending on the terms of his contract.

Most mills installed by Butwal range from 8 to 12 kW.
The total cost of the entire water-powered mill installa-
tion, including the agro-processing machinery, is about
US$ 9000 or about US$ 1000/kW. The actual cost is
influenced by the length of the canal required, the
length and size of the penstock, the capacity of the tur-
bine, and the size of the agro-processing machinery
used. If the mills had been built to gunerate electrical
power, the costs per installed kilowatt would be approx-
imately the same, with the cost of the generator replac-
ing the cost of the agro-processing machinery. This
assumes that no governor is necessary, either because
direct current is generated or because the plant is man-
ually controlled, as with the Pakistani schemes imple-
mented by the ATDO (see VILLAGER-IMPLEMENTED




TABLE 10.2. Cost brealdown for a typical water-powered mill (presented in 1881 U.S. dollars)

Mackinery and services provided by Butwal

Additional costs incurred by mill owner

Survey and design 200
Turbine 1,100
Mounting frama, pulleys, belts,

and misc, hardware 800

Apro-processing machinery {flour
mill, rice huller, and oil

expelier) 1,700
Penstock 1,000
nstallation {(est. 30 days) 500

SUB-TOTAL $5,30C

Land and canal right-of-way 400
License 40
Transportation of machinery

and materials 600
Canal excavation 700
Mill house 700
Workers (fitters, masons, etc.) 500
Cement ($14/bag) 400
Sand, stones, and other

materials 100

SUB-TOTAL $3,440

MICRO-BYDROFOWER SCHEMES IN PAKRISTAN,
p. 248}

Other developments

Hardware

The introduction of modern water-powered mills in the
mountains of Nepal has permitted more efficient exploi-
tation of an indigenous resource to process grains and
oil seed on a village scale. This has led to a decreased
reliance on expensive diesel fuel, which has te be car-
ried by porters long distances over mountain trails.
Although this is a positive development, a more pressing
problem for Nepal is not the increasing cost of diesel
fuel but the depletion of its forests. Food requirements
for Nepal's expanding population have forced farmers to
clear forests and cultivate even marginal land areas.
When deforestation reaches a critical point, extraction
of fuelwood becomes an additional factor in deforesta-
tion. Fuelwood is used for cooking food and for a num-
ber of village industries including drying ginger, tea, and
tobacco; making paper, sovap, and cheese; alcohol pro-
duction; and dyeing yarn.

Current and former Butwal employees have been under-
taking research to find means of using hydropower to
reduce firewood consumption. Two areas of research
are the development of a mechanical heat generator for
village industries and a heat storage cooker for house-
hold cocking. These are examples of new approaches to
addressing an increasingly pressing problem. The tech-
nical feasibility of these approaches has been demon~
strated, but a critical question remains: Will villagers
adopt them, and will they meet the need they intend to
address? Numerous cultural, social, and economic fac-
tors are involved, and the answer is, as yet, unknown,

Mechanical heat generator. One obvious approach to
drying agricultural produce using hydropower would be
first to generate electricity and then to use it to oper-
ate a fan to force air past electrical resistance heaters.
However, this approach has two disadvantages:

Equipment and services
provided by Butwat

A

penstock

agro-processing
equipment

survey, design,
and installation

frame
and misc,

Additional costs incurred
by mill owner

Fig, 10,31, A graphic representation of the breakdown of
the total cost.

® The generator and associated electrical hardware
may be more costly and complex in a situation where
simplicity has distinct virtues.

e Converting mechanical into electrical energy intro-
duces inefficiencies and, at most, only 70%-80% of
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the power available at the turbine shaft can be con-
verted into high-grade heat.

An alternative, which converts virtually 100% of the

availahle shaft nower inta haat ic hased on ariginal
RTOALLGLVEY sSiits & ru“ Al AR WS FETEWA ) B BTt AR UI.

research work on the equivalence of mechamca.l and
thermal energy undertaken by James Joule ip the mid-
19th century. Although several persons have undertaken
further research on various aspects of this effect, inter-
est in the practical application of this process for
generating usable heat has increased only recently (99).

At Butwal, work has centered on a heat generator that
can be coupled to a turbine to heat air through viscous
friction. Figure 10.32 presents the layout of this design.
Ajr is drawn through the inlet by the fan, and part of it
leaves through the outlet into the drying racks. The

fan blades

bearings

Fig. 10,32, Schemetic of the heat generator developed at
Butwal.

other portion flows back over the bafiles, which are
arranged radially, The kinetic energy imparted to the
air is changed into heat by the creation of eddies. This
hot air passes the valve, mixes with the incoming cooler
air, and is drawn in again by the fan. The amount of air
leaving the generator and its temperature depend
mainly on the position of the valve. When it is closed,
the generator is simply a fan blewing air at near-
ambient temperature through the generator. If the
valve is fully opened, nearly all the air leaving the fan is
drawn back through the baffles, thereby heating it to
the maximum temperature. By varying the opening of
the valve, any temperature between these two limits
can be obtained,

The generator is driven at about 2000 rev/min and tem-

peratures above 100 °C have been attained. However,
for crop-drying purposes, temperatures in the 60-80 °C
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range are sufficient. Tests have shown that the tem-~
perature stays constant after an initial heating up per-
iod, provided that the ambient temperature does not
change.

After successful test runs, Butwal has fabricated two
generators. A 10 kW unit has been installed at a trade
scheool in Jumla, in the far western region of Nepal. The
school plans to use this unit to dry apples and vegeta-
bles, seasonally available in this area, to cover its
annual needs. Another unit has been installed at a
cooperatively run mill in Arkhala in the midwestern

region of Nepa.l (see Cooperative appreach to implemen-
tation, p, 245). It has already been used to dry a large
quantity of ginger, and it will be used to deternine the
influence of drying crops artificially on post-harvest
losses during storage.

Because both projects are still under UMN managem :nt,
tests and modifications can be made without putiing the
farmers at risk. Such a risk arose from the drying of
600 kg of ginger. Although the drying was successful,
the final product did not have the appearance of ginger
that traditionally is dried over a fire. As a result, the
product fared poorly on the market.

While field work continues in Nepal, Reinhold Metzler,
former preduct development engineer in Butwal, is con-
tinuing research work at Furtwangen Technical Univer-
sity, Federal Republic of Germany, in several areas:

& testing the present design to gather reliable data on
its performance;

e improving the design view to make it simpler and
more efficient;

e developing a system to provide heat for bo:lmg for
rural industries; temperatures up to 200 °C are
required. The first unit is intended for a small soap
factory in Nepal and is undergoing tests in Furt-
wangen. Although the unit operates satisfactorily, it
requires improvements to reduce heat losses. Field
tests of the unit are expected in January 1983;* and

¢ designirg and testing methods of storing heat pro~
duced by the heat generator when the mill is not
otherwise in use.

Heat storage cooker. Small-hydropower plants in defor-
ested rural areas are often considered as an alternative
source of energy for household cooking. However, this
poses several problemst

s Because the power requirements of conventional hot
plates range from 750 to 150¢ W, micro-hydropower

* In The Heat Generator (81), which has been published
since the completion of this case study, Metzler reviews
the design and construction of a heat generator capable
of generating tewmperatures above 200 ¢, its perform-
ance, and applications for this technology. Units are
presently being constructed and field-tested in Nepal
and Peru.




plants can provide eleciric power to only a very
limited number of homes.

# The cooking of evening meals coincides with the
peak lighting load, which contributes to the twin
problems of low load factor and high peak loads that
characterize small decentralized electricity
schemes.,

e Additional costs are incurred in purchasing cooking
pots and kettles with flat bottoms, which would be
required for cooking on hot plates, and in purchasing
and repairing or replacing the hot plates,

To be a technically and economically viable source of
energy for cooking, micro~hydroelectric power requires
a storage device thac will allow the energy that is
generated between ihe normal cooking ‘imes to be used
during these times. The full capacity ol the generating
equipment could then be used by delivering energy to
this storage system continuously. This approach would
result in a higher load factor as well as in a reduced
peak load requirement. As the use of hydroelectric
power expanded in the United States and Europe during
the first half of this rentury, commercial heat storage
cookers that met this requirement were developed and
marketed (108). These were essentially electrical ele-
ments embedded in well-insulated cast iron blocks that
stored heat until it was needed. They became popular
because of a tariff structure that encouraged the con-
sumer to use, at a fixed tariff, all the power to a maxi-
wum limit. The last company known to have manufac-
tured heat storage cookers discontinued marketing in
Norway in the early 1950s.

Robert Yoder recently completed research on heat stor-
age cookers at Cornell University (113,114}, Before this
work, he was involved for eight years in a number of
activities with DCS, ranging frow project engineer on
Butwal's 1000 kW Tinau Hydroelectric Power Project to
project leader for its water-powered mill projects. The
research at Cornell University focused on a design
incorporating stones to store heat, rather than an
expensive, heavy cast iron mass. Because heat conduc-
tion is low both within a bed of stones and between the
stones and the cooking vessel, heat is transferred from
the stones to the cooking vessel by dripping water into
the hot stone bed to generate steam at atmospheric
pressure. The steam then conveys heat to the cooking
vessel, where it condenses, drops back into the stone
bed, and is recycled.

The laboratory unit, with a power input of 275 W, was
used for eight consecutive days to cook a typical Nepal-
ese meal on a twice—daily basis, as is done in Nepal.
These trials confirmed that heat storage in a bed of
stones would work for water~based cooking.

The viability and social acceptability of a locally built
unit must now be determined. Figure 10.33 illustrates a
possible storage cooker design built of local materials,
Although the current prices of electricity and fuelwood
in urban areas make building and operating such a design
competitive with using fuelwood, its acceptance by vil-
lagers is not agsured. One of the problems is that, to

mud plaster

KD
N e

{rice husk ash or
powered dry clay)

Fig. 10.33. Schematic of the heat storage cooker based on
research undertaken at Comell University (113,114).

conserve heat, the villagers would not he able to
observe or stir the food while it is cooking. Perhapa of
greater significance would be the loss of space heating
and social value traditionally associated with an open
fireplace. It is interesting to note that, even among
those who can easily afford it in Kathmandu, electricity
is used rarely for cooking. It is possible that cooking
habits will not change until firewood becomes essen-
tially unavailable. DCS is continuing its experiments,
but there is a need {o gather hard field data on the
appropriateness and acceptability of this device under
differing conditions.*

Mill lighting. Although most work to date has involved
hydropower plants used to power food-processing
machinery, mill owners have remained interested in
generating electricity for lighting, in part because it
facilitates willing during evening hours (Fig. 10.34), As
a result, a direct-current mili-lighting system has been
developed.

Most mili installations in the hills of Nepal are several
days' walk from the road, and an understanding of elec-
tricity is rare. For these reasons, several basic design
criteria were established. These included:

e a system with sufficient power to light a minimum
of six bulbs;

* With the support of the Intermediate Technology
Development Group (ITDG), conventionally designed
storage cookers have since been installed at the El
Dormilon (Colombia) micro-hydropower scheme to
determine the soclal acceptability of this type of
cooking (59).
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Fig. 19,34, Mill lighting perm(ts 24-hour operation of the
milt during the busy season.

® a system that did not use a lead-acid battery, which
is both heavy and needs to be used and handled prop-
erly;

e a system where the voltage output of the alternator
remained constant over the wide range of speeds at
which the turbine actually runs; and

s a system that is designed for reliable operation.

The system that evolved uses an automobile alternalor
and a DCS-designed voltage regulator. An alternator
manufactured in Bombay at a cost of about US$ 100 was
used initially, but a source of US$ 40 alternators from
the United States has since been found. This 12 V alter-
nator is connected in a way that allows it to generate
24 V, thereby permitting twice the power from the same
unit. Incandescent bulbs running at 24 V are widely used
on the Indian rajlway system and are easily available.

The voltage regulator was designed to maintain the vol-
tage cutput at a nearly constant level over the wide
range of speeds to which it is exposed. Most of the
componentis are mounted on a laminated printed circuit
board designed by DCS and manufactured in India. The
present design incerporates a plug~-in circuit board
rather than the permanent circuit board that was used
in earlier versions. The difficulty of performing high-
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quality soldering in the hills of Nepal, away from any
source of electricity, necessitated this change.

The alternator is mounted on a balance arm, and the
countuerbalance regulates the tension of the driving beilt.
It is driven off the same pulley that powers the rice
huller (Fig. 10.35). The alternator pulley is selected to
drive the alternator at 3000 rev/min when the turbine is
running at design speed.

- § e

Fig. 10.35. An alternator, mounted at one ¢nd of a balance
beam, will provide light for milling during evening hours.

As of the beginning of 1982, seven mill-lighting units
had been installed. A standard installation with a total
of eight incandescent lights costs about US$ 420, broken
down as shown in Fig. 10.36. In addition to the basic
installation, opticnal items are also available now.
These include the wiring of additional areas (with a
maximum total of 12 bulbs), electric fans, fluorescent
tube lighting, and an electric horn. This horn notifies
the villagers in the area that the mill is open for busi-
ness. An advantage of the diesel mills is that a small
container could be partially inverted over the outlet of
the exhaust pipe to create short intermittent toots and
alert villagers, often several kilometers away, when the
mill was in service. This approach was not available to
owners of turbine-powered mills.




alternator
installation

voltage
regulator

guarantee,
handling charges,
and profit

Fig. 10.36. Brealdown of the cost for a standard lighting
installation.

Cooperative approach to implementation

Those who have inquired about developing a modern
water-powered mill represent a cross-section of the
social and ethnic groups in the hilis. Some who have
completed their installation have turned to milling as a
business venture, either because of a lack of other
options for a livelihood or because they saw this as an
attractive investment. However, the majority have a
high social, economic, or political standing in their
community. The local entrepreneur who owns and oper-
ates his water-powered mill is the primary beneficiary
of this technology. He charges approximately the same
rate as that charged by diesel mill owners, has fewer
recurring costs, and can repay his ADB-N loan in four to
seven years. After that time, all income beyond that
required to cover operating and waintenance expenses
represents a net profit. Consequently, the question of
whether these water-powered mills are merely enriching
the already wealthy has been raised,

To increase the benefits of water-powered mills to the
users rather than to a few entrepreneurs, UMN
embarked on an experiment to establish cooperative
mills. The first project was undertaken in Buling
Arkhala, Nawal Parasi District in the Lumbini Zone (42).
In the late 1960s, UMN had established a dispensary in
the area; more recently, it has been involved in a Food
for Work Prograinme. Therefore, a good relationship
already existed between UMN and the people of the
area, From discussions with the villagers about improv-
ing their economic standing, it was apparent that they
saw the biggest potential in developing their ginger
industry and improving its marketing. With Butwal's
work on a mechanically driven crop drier, the idea of
installing a water-powered mill evolved. In addition to
drying ginger, it could also be used to process their
grain and seed, a task that otherwise required a day's
walk to the nearest {diesel) mill.

UMN advanced a loan for the cooperative mill and later
trained the local people in operating and maintaining
the mill as well as in accounting and management.
Represcntatives from each of the wards in the area
formed a building committee.

The canal to the mill was built during a Food for Work
Programme. The remaining work was undertaken by the
villagers, who were paid either in cash or in coupons
they could use later to buy shares in the cooperative or
services at the mill. Initial work was slow because of
weak leadership in certain villages, the villagers' preoe-
cupation with other tasks in their fields, and the low
wages agreed upon by the committee. To expedite pro-
gress, contracts were let for specific tasks, as is the
tradition in the area.

The small oil expeller that had been installed produced
low vields. Consequently, in spite of the low promo-~
tional rates set when the mill became operational, vil-
lagers preferred walking to the nearest diesel mill,
where they could obtain higher yields. After the instal-
lation of a standard-size oil expeller, a rice hulier, and a
heat generator, the mill became so popular that the vil-
lagers often had to wait several days to get their mus-
tard seed processed. A shop that sold basic necessities
to villagers waiting to process their grain and oil sead
was also built as part of the cooperative.

As the mill became operaticnal, the villagers and UMN
discussed how to set up a cooperative. With assistance
from the ADB~N, it was decided that minimum sharas
would be available at Rs 20 each but that each share-
holder should strive to purchase Rs 200 worth of shares
eventually, This maximum value of shares that a single
person could hold was set to avoid large differences
among shareholders. A management committee was
formed composed of one or two members from each
ward, depending on the number of shareholders in that
ward. This committee meets on a monthly basis.

The advantages of a cooperative approach are apparent:

# It relieves the villagers of the work of processing
their crops by hand or carrying it long distances to
have it processed; this can be done locally and at an
affordable cost.

e The money is kept within the community.

® Jobs are created where many men otherwise would
be forced to go to the southern plains or to India.

® Any cash surplus is reinvested in projects that bene-
fit the entire community.

e The mil] area becomes a center for market activities
and for exchanging views and information.

# Possibly most important, such an undertaking can be
an incentive for active community involvement in
ather projects. This can reinforce among the villag-
ers the idea that they can help bring about change
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largely through their own efforts, without relying on
substantial assistance from outside.

This has been a learning experience for both the villag-
ers and UMN, The low initial motivation might have
been reversed if the villagers and their leaders had been
better informed about the organization, objectives, and
operation of a cooperative and the role of the commit-
tee and the members, especially in light of the past
failure of several government-initiated cooperatives.
Involving villagers in the decisions made by the commit-
tee would have avoided such problems as implementing
the project at the wrong time of the year. Also, the
role played by the "agent of change”" (UMN) should have
been clarified.

Despite problems in implementing the cooperative
water-powered mill project, it is now operating success-
fully and has recently expanded into other types of
work. Agricultural supplies such as insecticide and seed
dressing (for storage) are now available at the mill. The
cooperative is paying the salaries of two part-time local
health workers, has established a health subcenter, and
is building a nursery. UMN provides the training and a
loan or grant if needed, but the cooperative is responsi-
ble for setting up the organization and management
structure for these new undertakings.

A second cooperative mill project in Bangbari has since
been undertaken, That project was less rushed, and
more villager participation was demanded. UMN paid
only for the milling machinery; all other costs were
borne by the community. Initially nine villages were
interested in participating, but because of the demand it
placed on the villagers, only four undertook the project.
It, too, is now well managed and running smoothly.
Registering these cooperatives in order to give their
members legal protection is the only remaining problem.
The government is reluctant to register new groups
because of its experience with many cooperatives that
have failed in the past.

QObservations

Micro-hydropower projects, like related development
projects in remote rural areas of Nepal and around the
world, frequently have trouble making a positive impact
on the rural sector and then maintaining it without some
form of significant continuing external support. But-
wal's Small Turbine and Miil Project presents one excep-
tion to this pattern. Those concerned with increasing
the effectiveness of micro~hydropower projects should
analyze the factors that have contributed to Butwal's
success.

End uses and viability of micro-hydropower plants

Installing micro-hydropower plants can be costly, Their
high cost is compounded if itnported machinery is used
and if the plants are located in remote areas. Conse~
quently, subsidies are often necessary in order to install
and operate these plants, especially if revenues rely
primarily on domestic consumer uses of the power. To
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place the plants on & more sound financial footing, it is
important to introduce and encourage income-generat-
ing or productive end uses.

Although persons installing plants in rural areas around
the world might expect that numerous rural industries
will automatically be established to take advantage of
electrical power when it is available, experience has
shown that this rarely happens. If specific income-
generating end uses are not incorporated in a project's
design, the power often is used almost exclusively for
lighting. This is probably inevitable, because lighting is
the end use most apparent to villagers from rural areas
who visit towns and cities. In addition, this use requires
minimum additional capital investment on the part of
the user, and it often meets an existing need. Lighting
generaily does not generate income, although it can
result in cash savings when electricity replaces kerosene
and can also enhance income-generating activities.
However, continued operation of installations that pro-
vide electricity primarily for lighting usually will con-
tinue to require a sizable subsidy.

Butwal's approach to implementing micro-hydropower
mills directly addresses this income-generating aspect.
Butwal decided to work with a technology that would
improve the profitability of an existing income-generat-
ing end use in rural areas while introducing the mini-
mum departure from existing technologies that the peo-
ple of the area had already mastered. With these goals,
economically viable end uses were automatically an
integral component of the project, not something to be
added at a later date. In addition to generating income,
Butwal's micro~hydropower plants are also less costly to
operate and maintain than the diesel plants they often
replace. While electricity could have been generated
and used to drive motors to power the same processing
machinery, Butwal elected to use mechanical power
directly, because this technology was already under-
stood. A mechanica! system was also cheaper to install
and maintain than the alternator, motor(s), and other
electrical components that would have been required to
perform the same task. Micro-hydropower plants
implemented by Butwal have not had to rely on any sub-
sidies for their success. Rather, their viability is a con-
sequence of an active policy of incorporating productive
end uses to generate revenues and an approach to meet-
ing needs in a cost-effective manner guited to the con-
ditions found in Nepal.

While Butwal focused on the direct use of mechanical
energy in the design for a viable system, the potential
usefulness of electricity cannot be discounted. Several
owners of mills that have been in operation for some
time have expressed an interest in adding an electricity-
generating capacity to their plants, Of course, most of
these mills have now paid for themselves, and an elec~
tricity-generating capacity could be added at minimum
cost. To address a growing number of requests in a nat-
ural, evolutionary manner, Butwal now fabricatss a
frame for its new machinery that has a provision for
mounting a car alternator (see Fig. 7.2). In this manner,
a small quantity of "safe" (24 V) electiricity can be made
available to light the mill, permitting work in the even-
ing (Fig. 10.37), and possibly for a few homes near the



Fig. 10.37. As evening approaches, the lights at a mill
under construction are already working.

mill. Owners of several mills near villages have
expressed interest in including a 240 V ac alternator in
their mill of sufficient capacity to provide power to the
villagers, primarily for lighting. Although this is tech-
nically feasible, legal questions regarding generation
and supply of electricity still have to be resolved.*

Appropriateness of micro-hydropower technology

A number of governments and aid organizations arcund
the world have been or are now involved in small hydro-
power projects in developing countries. The avowed
purpose of many of these projects has been to evaluate
the appropriateness of this technology. Although the
results of Butwal's applications of micro~hydropower
technology definitely have been favorable, the same
cannot be said of many results elsewhere, Can a con-
clusion regarding the appropriateness or inappropriate-
ness of micro-hydropower technology be drawn from all
these experiences, or do the results reflect more on the
approach to the implementation of such projects than on
the technology itself?

Butwal's efforts have resulted in numerous achieve-
ments. The UMN began establishing workshops and
technical training in the early 1960s. Only in 1975 did it
begin seriously to consider fabricating turbines and
installing micro-hydropower mills. By 1982, Butwal had
installed 65 nonsubsidized mills around the country. The
skills in Nepal and its level of economic development
are no different from those found in many developing
countries. Yet the turbines are designed and fabricated
in-country; the mills are installed, maintained, and
operated largely by the Nepalese; and virtually all con-
tinue to operate successfully. As the pace of implemen-
tation picks up, other small workshops in the area are
becoming aware of the technelogy and its implications
and, completely on their own, are fabricating machin-
ery. In summary, the experience of Butwal leads to the
conclusion that micro-hydropower technology is indeed
appropriate. But then, why do the resuits of projects
elsewhere often seem to lead to opposite conclusions?

Like numerous development projects, Butwal's micro-
hydropower program was not an indigenous effort. Out-~
side expertise and financial assistance were essential;
however, differences from conventional aid projects are
numerous. As with other foreign aid projects, expatri-
ate engineers and staff are involved in the Butwal proj-
ect, but they are there primarily because of a genuine
personal commitment to the work (Fig. 10.38). Unlike
mwany consultants, they are involved in this work, not for

Fig, 10.38. An expatriate steff contributes to an exchange
between DCS staff and a customer,

weeks, but often for years. They have time to learn
first-hand about conditions in the countries in which
they are working. Rather than simply talking about the
rural areas in the abstract, they spend days traveling on
foot to those areas, staying long enough to understand
tha people's way of life, their hopes, aspirations, and
frustrations. Many speak Nepali, and this prevents the
loss of information which often occurs when communi-
cations are filtered through an interpreter.

While development is regarded as a long-term, ongoing
process, most aid projects demand short-term results.
Progress is measured by reaching physical milestones,
whereas the real problems are often with intangible
aspects-—-cultural, social, environmental, economic, psy-
chological, and others—~that influence or are influenced
by the technology. Butwal has the time and experience
to deal with many of these prablems, whereas wost aid
projects, faced with largely inflexible deadlines, do not.

This gulf between Butwal's approach and those adopted
by more conventional aid projects in implementing
micro-hydropower projects may well explain the differ-
ence in the conclusions drawn about the appropriateness
of this technology. If so, the approach to implementa-
tion and not the technology itself should be examined
and improved if micro-hydropower technology is to
become a viable technology in the rural setting of
developing countries.

* Beginning with the 1984-85 fiscal year, His Majesty's
Government of Nepal has lifted all restrictions on elec-
tricity generation, distribution, and sales of up to

100 kW by the private sector.
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VILLAGER-IMPLEMENTED MICRO-HYDROPOWER
SCHEMES IN PAKISTAN

Introduction

In the mid-1970s, the Appropriate Technology Develop-
ment Organization (ATDO}, with the technical consult-
ing services and support of Dr. M. Abdullah of the
North-West Frontier Province (NWFP) University of
Engineering and Technology, Peshawar, launched 2 pro-
gram to disseminate micro-hydropower technology and
install micro-hydropower plants in remote rural villages
in northern Pakistan. Their objective has been to create
appropriate designs whose technology and cost can be
absorbed by the local populaiinn. Ranging from about

5 to 15 kW, nearly 40 plants have been installed to date,
at a pace quickening with time as news of these instal-
lations spreads. A number of plants ranging in size up
to 50 kW are also under construction. Shaft power is
used to generate electrical power primarily at night to
replace wood or expensive fossil fuels used for lighting.
At about a quarter of the sites, it is also used to drive a
variety of tools and agro-processing equipment during
the day.

Beyond the accomplishment of implementing viable
hydropower schemes in remote rural villages, this
undertaking features the unusually low cost of US$ 350
to 500/kW (in 1981 dollars) including distribution, This
low cost is attributable primarily to three factors:

& nonconventional use of readily available materials;

¢ designs suited to local conditions; and

& community involvement in the initiation, implemen-
tation, management, operation, and maintenance of
the hydropower schemes.

At a time when the high cost generally associated with
micro-hydropowe r schemes is often used as an argument
against their appropriateness, especially in a rural set-
ting, the Pakistani exception to the rule prompts a more
detailed description of their experience,

Background

In stark contrast to the flat plains that extend over a
large portion of Pakistan, the northern part of the coun-
try presents physical as well as demographic obstacles
to extending roads and the electricity grid and develop-
ing the infrastructure necessary to serve its people,
The steep, rugged, stone-studded mountains, rendered
even more austere by the dearth of trees, discourage
inroads. Among these mountains, villagers in scattered
and isolated comrmunities eke out a living off the inhos-
pitable terrain {Fig. 10.39). Greener irrigated plots of
land are generally restricted to narrow strips on the
slopes bordering perennial streams in the valleys. The
areas farther removed, if cultivated at all, must make
the most of the low rainfall in the region.

Dr. Abdullah's involvement in micro-hydropower proj-

ects was triggered by the 1973 oil crisis, After the first
OPEC 0il embargo, an increasing number of organiza-
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Fig. 10.39. The unusually large and well-bullt powerhouse
at Shang. The virtually treeless terrain is typicai of the
area, A series of three traditional water-powered milis
can be seen behind the powerhouse, each mill using the
water leaving from the previous mill.

tions and programs worldwide began to address the
problems caused by a dependence on imported oil.
Because of the enormousness of the problem, however,
governments in numerous countries showed little con~
cern or capacity for meeting the relatively insignificant
energy needs of those in the rural areas. These include
replacing costly fuels, especially kerosene and diesel
already in use, and providing these people with some of
the basic amenities available to those in the urban
areas.

In Pakistan, two alternatives for providing electrical
energy to the remote areas without relying on imported
fossil fuels were apparent. To the extent that the
national grid relied on large~hydropower generation of
electricity, zrid extension to these areas provided one
such alternative. However, the annual development
plan of the Water and Power Development Authority
{WAPDA), the agency responsible for electricity genera-
tion, transmission, and distribution in Pakistan, envi-
sions rural electrification proceeding at the rate of
about 1000 villages anpually. With three-quarters of the
country’s 43,000 villages still not electrified, it may
take decades to provide electricity to most of them.



The remoteness of the villages, their small population,
and the lack of income-generating enterprises combine
to making rural electrification by grid extension uneco-
nomical. Under the present system, the average cost of
electrifying a village, even one only several kilometers
from the main grid, approaches Rs 500,000.* This fig-
ure covers only the cost of distribution, not transmis-
S10711.

Another alternative for providing electricity to the
rural areas was onsite autogeneration of power. In the
early 1970s, the Ministry of Water and Power installed
several small-hydropower plants along conventional
lines but, at US$ 5000-6000/kW, this alternative proved
equally uneconomical.

Both the high costs implicit in pursuing either grid
extension or autogeneration and the logistical and
organizational difficulties involved seemed to preclude
the possibility of electrifying the rural areas. If this
end was to be achieved, it appeared necessary to
develop a new approach, one designed to address the
specific conditions encountered in electrification of
remote rural areas more appropriately.

The ATDQ, under the Ministry of Science and Techno-
logy, initiated a program to develop a more viable
approach. Although many villages in the mountainous
regions had hydropower resources, a reliance on com-
mercial equipment and conventional designs contributed
to the high cost of autogeneration. This approach also
required skilled expertise to install and to maintain sys-
tems on a continuing basis. Consequently, the ATDO
focused on developing equipment designs suitable for
local manufacture from the perspectives of fabrication,
installation, maintenance, operation, and cost. After
several attempts, the ATDO adopted the crossflow tur-
bine design made of steel as the one most suited to local
conditions. Its design provided ease of fabrication, use-
ful efficiencies, and seemed suited to the head and flow
conditions most frequently found in the area. Because
new penerators were unavailable in Pakistan, the ATDO
also attempted to couple reconditioned generators to
the turbine. At that time, generators were being
imported only as part of a generating set--a complete
packag - of generator and diesel prime mover--and not
separately. These attempts to recondition generators
were not successful; however, suitable Chinese genera-
tors later appeared on the local market.

The ATDO also developed new designs for the civil
*+orks and a new approach to implementation. It
adopted designs that emphasized the use of local rather
thar: imported materials and the use of locally available
manual labor rather than machinery.

Finally, the ATDO sought to devise an administrative
and management structure less costly to maintain and
more responsive to the needs of small scattered com-
munities. A structure evolved that minimized the need
to rely on a central and remote administration. Each
community is responsible for all aspects of its own
scheme. Decisions on such questions as tariffs, hours of
operation, and distribution of power are all made
locally, as the need arises.

TFo bring the technology to the field, several persons
supported by the ATDO held discussions in villages
where some waterpower potential was apparent. They
informed the villagers of the possibilities for tapping
this power and gaged their interest in undertaking such
a project. Some villages dismissed the idea; others
accepted it and made a nominal contribution of labor
and cash, These latter villages eventually served as
demonstration sites, as examples to other villages of
what they could accomplish if they had the interest and
resolve.

The idea caught on. Initially, the ATDO envisioned that
a team it organized and supported would have to install
each scheme. However, the enthusiasm of the villagers
and their ability to learn the skills necessary to install
these schemes made it possible to share this responsibil-
ity with them. The ATDO has also been able to
decrease its financial contribution to these schemes in
line with its mandate of providing financial support only
for the initial development and dissemination of appro-
priate technologies. Interest is snowballing—about
three dozen schemes have been installed, and several
dozen new sites are being considered or are under con-
struction. Lillonai, the village where the first scheme
was installed, now has four micro-hydropower schemes;
in the area around Bishband, there are three schemes in
the same small valley. All the plants installed to date
continue to operate properly, proving the effectiveness
of the ATDO's approach to implementing these micro-
hydropower schemes.

The team that coordinates the implementation of these
schemes includes a full-time technician and a field
officer, who serves as an administrative assistant and
mainiains contact with the villagers. The ATDO assigns
both of these team members to work under Dr. Abdul-
lah's direction, In addition, two colleagues from the
university, one civil and one electrical engineer, assist
with site inspections and implementation. Personnel
from the university workshop or a private workshop
fabricate the turbine according to Dr. Abdullah’s speci-
fications.

Despite its very limited staffing and resources, the
ATDO has installed hydropower schemes in villages in a
fairly large geographical area in the mountainous
regions of northern Pakistan, in the Swat, Dir, and
Kaghan districts in the North-West Frontier Province,
and in Gilgit in the Northern Areas. These villages,
which generally house several hundred inhabitants, are
far from the electrical grid, Some may be situated by a
dirt road; others may be half a day's walk away from a
road, Agriculture on irrigated or rainfed terraces pro-
vides employment and a meager cash income for most.

Implementation and operation

The ATDO adheres to no rigid strategy in implementing
its rural micro-hydropower schemes. Its approach can

*Rs 1 = US$ 0.10
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be considered unique only in that it is flexible. Just as a
turbine is designed for specific site conditions, so the
approach taken in implementing these schemes caters to
the social and economic circumstances existing at each
site.

In considering the possibility of a micro-hydropower
project that could affect an entire village, it is impor-
tant to consider the intricate interrelationships and con-
straints to action inherent in a traditional village set-
ting; it cannot be assumed that the "village" +/ill request
assistance in exploiting its hydropower resovrces. The
issue is complicated further by the fact that implement-
ing such a project requires access and rights to water,
to a suitable site for the powerhouse, and to land
through which water is to be conveyed from the river to
the powerhouse, usually in an open canal. Consequently,
it is an individual or a small group who takes the initia-
tive, persons who retain the respect and trust of the vil-
lagers because of their economic and/or social position.
They may be traditional viilage leaders, local entrepre-
neurs, managers of local cooperatives, or resident land-
lords. If the group also includes the owner of the land
on which the hydropower plant will be built, this simpli-
fies the implementation of a potential schewme. Gener-
ally this venture is not formal, although the villagers
are encouraged to register with the cooperatives
department of the provincial government to avoid
Future problems and to have access to benefits available
through this department, especially loans.

Already operating schemes demonstrate the benefits
that result from developing a village's hydeopower
potential and are responsible for subsequent reqquests to
the ATDO for assistance. After villagers have made a
cpecific request for assistance, the ATDO ascertains
whether the national grid will be extented into the area
in the foreseeable future. If no extension is planned,
then one or more members of the ATDO team visits the
village to assess its potential for hydropower develop-
ment, to investigate the villagers' objectives, and to
advise them about possible implications ol their deci-
sions and of costs, monetary and otherwise, that would
be involved. All stages of the work, from the construc-
iion of the civil works to housewiring, are explained.
The ATDO approves the project only if it is satisfied
that the entire community will share in the accrued
benefits. If this point is in question, the ATDO delays
or withholds any potential assistance. This practice
indirectly nudges the community into fruitful coopera-
tion.

If villager interest appears well founded and genuine,
the ATDO discusses the roles of each of the parties
concerned. The civil works that will have to be built
are also discussed with the villagers, who will undertake
the construction by purchasing the necessary materials
(possibly cement, timber, and/or wire) and providing the
necessary labor. Designs for the civil works are dis-
cussed, The ATDO does not prepare engineering draw-
ings because villagers cannot understand them. Instead,
it may use small wooden models to convey the design of
some of the components of the civil works. For exam-
ple, a model of a forebay, might be presented, because
this is a component unfamiliar to most villagers. On the
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other hand, weirs and canals are well understocd, having
been components of their irrigation systems for cen-
turies.

Because the civil works are rudimentary and their
design and construction are well understood by the vil-
lagers, they undertake this work themselves under the
direction of the scheme’s initiators. Although masons
and carpenters are often found in the villages, an elec~
trician to wire the households might be found only in a
larger town. The villagers are responsible for locating
an electrician, who might pass the necessary skills on to
resident villagers. The villagers themselves install the
distribution lines. Depending on the circumstances, if
the initiators of the scheme have more immediate
access to cash, they might provide the necessary mate-
rials and the other villagers might provide the labor.
The ATDOQ determines the portion of the total cash out-
lay to be covered by the villagers based on their finan-
cial resources. To avoid any misunderstandings, the
ATDO has a policy of not bandling any cash contribu-
tions made by the villagers. With the monies they have
collected, the villagers themselves purchase whatever
materials are necessary.

During the site work, the ATDO provides the villagers
with technical guidance when necessary. Concurrently,
the university workshop or a private workshop in Pesha-
war fabricates the turbine. Because of its simple
design, a village-level technician with experience in
sheet metal work and welding could build the turbine in
several days. With limited staff, however, no effort has
yet been made to train local technicians. Generators
are purchased and stocked in sufficient numbers so that
they are available when required. When the villagers
complete the site works, the ATDO team provides gui-
dance in installing the turbo-generating equipment. The
entire project can be completed in 3-4 months from the
time that a framework for the implementation of the
project has been worked out and any disputes, such as
those concerning land or water rights or access to
future electrical power, have been resolved.

A villager designated by the community operates and
maintains the plant. For a few days after completion of
the installation, the local operator runs the plant with
assistance from the ATDO staff, learning the various
tasks necessary for proper operation. Because the sys-
tem does not incorporate a governor, a principal task of
the operator is manually regulating the equipment
through the night. Although the lights around the vil-
lage are generally provided with a switch, this lighting
load, which provides the principal load on the generator,
does not vary markedly. The operator therefore is not
required to adjust the water into the turbine continually
to keep pace with changes in electrical load. After
early evening, when most of the lights are on, the only
major change occurs several hours later as the villagery
prepare to retire for the night. Thereafter, the load is
maintained at a fairly constant low level, and the plant
is shut down at or before daybreak.

The initiators of the project often also manage the sys-
tem, undertaking operational decisions, including setting
a tariff, with the affected villagers, although this is




generally not a formal process. Equitable operation
under these circumstances depends on,a mutual trust
that has evalved over the years. Where the same canal
serves for both irrigation and power generation

(Wi, 10.40). power ganeration is relepated to a subordi-

I ig. 10,40}, generation is relegated to
natﬁe position; du.rmg the irrigation periods, the plant is
either shut down during critical hours or days or oper-
ated at reduced power. Whenever required, the villag-
ers contribute their services and perform the necessary
maintenance on the civil works without waiting for
external assistance. The ATDO maintains a strong link
with the local communities through its staff, which

I makes occasional visits and shares experiences.

Fig. 10.40., The Barkalay powerhouse Lses axcess water
available from an irrigation canal that cuts across the
slopes a short distance uphiil. Two other hywdropower
schemes are located farther up this same vatley (see
Figs. 10.55 and 10.58)

A ta=iff for the consumption of electricity by the vil-
lagers, which is amenable to all, is generally established
to cover some of the recurring costs. In one instance,
the landlord who initiated the scheme provides free
power to those who provided labor toward its construc-
tion. Commonly, however, a fixed monthly rate per
bulb (generally Rs 4) is set and villagers are asked to use
bulbs in the range of 40-60 W. Most homes have three
or four incandescent bulbs, No current-limiting devices
are used. The villagers involved in the first project
implemented with ATDO assistance, a unit at Lillonai
generating approximately 10 kW, decided to install indi-
vidual energy meters {at a cost of Rs 180 to each of the

£0 consumers) simply Yecause that was the conventior.al
approach used in urban areas. In this case, the tariff is
set at Rs 1/kWh, and the totai monthly revenue col-
lected from the villagers is about Rs 900. With initial

mnrlanr-p from the ATDO staff. the manager of sach
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scheme maintains an up—to-date register of all accounts.
Nonpayment of the tariff can result in disconnection of
power. Government agencies do not collect revenue or
levy taxes on these installations.

Lighting is the principal end use of the electrical power
generated, although some appliances; such as fans,
irons, arc-welders, drills, and televisions, are used occa-
sionally (Fig. 10.41). At one site, an electrically driven

wheat thresher/corn sheller is operated in the field (Fig.
10,42). 1t is moved to convenient locations around the

Fig. 10.41. is remote workshop uses electrical power
generated at the Borkolay powerhouse,

Fig. 10.42. This electric motor-driven wheat thresher
draws it power from the Barkane hydropower scheme.

village, and electricity is tapped from a nearby distribu-
tion pole. The ATDO encourages other income-generat-
ing end uses and provides information on availability and
cost of industrial and processing equipment of suitable
capacity.
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At a number ~{ sites, cottage industries have been esta-
blished that use direct mechanical power from the tur-
bine to drive a variety of tools (Fig. 10.43). These
include flour mills, rice hullers/polishers, band saws,

. . | hoan mmddae i el

rock-salt grinut:ru, wWooa uu.uca, COLLON gims, and work-
shop grinders (Figs. 10.44 through 10.46} and are gener-
ally used during the day when electricity is not gener-
ated. At some sites, the owner of the powerhouse site
purchases his own equipment. Where a cooperative
undertakzs a micro-hydropower scheme, the provincial
Department of Agriculture and Cooperatives provides

Fig. 10.43. In addition to generating electricity, a belt
drive from the turbine (betaw floor level) drives nwnerous
tools at one of the powaerhouses at Lillonat.

Fig. 10.44. Ata rwmber of remote powerp!anu, ﬂat belts
directly couple the turbine to a variety of equipment.
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loans for end-use equipment. Numercus banks in Pakis-
tan have introduced programs to make loans to farmers
for agro-processing equipment powered by micro-hydro-
power plants.

Technical designs

Appropriate designs of the components and the entire
system account for the very low costs incurred in

Fig. 10.45. Direct belt drives power a grinding wheel
(being used to sharpen a band saw blade), wood lathe (tumn-
ing a leg for a bed), and grain milling machine in back-
ground,

Fig. 10.46. Turbines at a number f powerhouses dre
directly coupled to flour milling equipment,




implementing the ATDO micro-hydropower schemes.
They also permit possible use of the villagers them-
selves to install, operate, and maintain the schemes
with littie outside assistance.

Civil works

The construction of the ¢ivil works maximizes the use
of local materials., Not only does thi- reduce cosis, but
it permits the use of materiais and construction tech-
niques with which the villagers are familiar. Once
involved in the construction, the villagers then under-
stand the operation of the system's various components
and are better able to maintain the civil works on a con-
tinuing basis.

Intake area. A temporary diversion structure—a low
wall of stones across the stream--directs part of the
flow into the intake. A major advantage of this tempo-
rary diversion is that it easily washes away during per-
iods of heavy rains and flooding, no longer restricting
the streamf{low or funneling it into the intake, The
flood waters continue downstream unhindered, carrying
potentially destructive boulders and debris down the
rivet. The villagers can then rebuild the diversion after
the flood waters have subsided, If possible, the actual
intake is placed so that the natural contour of the land,
rock outcroppings, or large boulders protect it from
flood waters and waterborne debris. In this manner, an
intake for a micro-hydropower plant is similar to the
innumerable intakes to irrigation canals that have dot-
ted the local streams for generations (Fig, 10,47}, No

Fig. 10.47. A temporary structure across the river dive
a portion of the water into an irrigation canal at the right.
Similgr structures are used with hydropower schemes,

new skills have to be brought in from outside the com-~
munity, Permanent dams or diversion structures used
elsewhere require high-cost materials (concrete and
steel) that must be purchased clsewhere, appropriately
trained and experienced individuals usually from outside
the community, and adequate engineering studies.

Power canal- At most sites, the power canal closely
parallels the river {Fig. 10.48). It is similar to the tradi-
tional irrigation canals used in the region, except that it
may be of slightly larger cross-sectional dimensions to
convey the larger flow that is usually required for power
generation at low head. It is typically an unlined earth
canal. When part of the canal is built above the original
terrain or passes through porous soils, that portion may
be lined with concrete or constructed of masonry

{Fig. 10.49). There are no settling ponds; instead, any

ol

Fig. 10.48. An earthen power canal canveys water to the
Alpuri powerhouse.

P A 2T Tl -
Fig. 10.49. A flume constructed of concrete and supported
by masonry pillars conveys water from the canal to the
powerhouse (behind the trees) at Bunfi.
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settling occurs in the canai itself. Depending on the
site, a power canal therefore may have to be cleaned
out monthly using village labor, and this may take a few
days. The only kind of settling area that might be
included in the scheme to save or labor would be a
properly designed concrete-lined structure, but this
would involve increased cost, In selecting an appro-
priate design, the trade-off between cost and labor must
ba considered. The approach actually adopted in Pakis-
tan suits local conditions well. Labor is more readily
available than capital, and the geography often pre-
cludes finding sufficient land for a settling area.

Forebay. The power canal terminates in a forebay,
which is one of the few areas where concrete is used.
Even so, the portion of the forebay that actually con-
veys the water is small, often having approximately the
same cross-section as the canal itself (Fig. 10,50), and it
is only on this immediate portion that concrete is used.

Fig. 10.50. Trashracks located just before the intake to
the nil-drum penstock at Alpurl,

The forebay serves neither to store water nor to permit
subslantial settling to aceur. A spillway is provided
either before the water actually enters the forebay or
as part of the forebay. A wooden sluice gate that is
used either to shut off the {low into the penstock com-
pletely or te control the waterfiow is included in the
forebay. Te eliminate bends in the penstock and to min-
imize its length, the forebay is placed as nearly above
the powerhouse as practical {Fig. 10.51). Accordingly,
the forebay is often built up above the natural terrain.
To minimize use of concrete, it is often constructed of
dry-rubble masonry {Fig. }10,52). Generally, concrete is
used only on the upper portion of the forebay, that por-
tion that actueally contains the water,

Penstock. A range of materials can be used in the con-
struction of the penstock. Sites with heads greater than
about 6 m use conventional, relatively costly, steel
pipes that are made in town. The flanged pipe sections
are then transported to the site, where they are bolted
together. A gate valve is included just before the noz-
zle, eliminating the need to run up to the inlet of the
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Fig. 10.51. A nearly vertical steel penstock leads to the
turbine in the Bishbtand powerhouse.

Fig. 10,52, A close-up view of the dry-rubble masonry
forebay structure at Bishband. The weoden penstock was
later replaced by a steel pipe (see Fig. 10.51).

penstock each time the flow must be adjusted to match
the load. At lower-head sites, 200 { oil drums are some-
times used (Fig. 10.53}. These are generally welded in
pairs, botiom to bottom, and then transported to the
site, where they are secured together with clamps. At
the lower end of the cost spectrum, wood, which is
sometimes available in abundance locally, is also used
{Fig. 10.54). These penstocks of rectangular cross-sec-
tion are fabricated of heavy, longitudinal planks,
secured by large nails where appropriate and reinforced
by occasional wood and steel clamps. The inner surface
and joints are painted with coal tar to seal any small
openings. If the peastock is built of either oil drums or
wood, no gate valve is used. Instead, the flow is con~




ing to the turbine, which (3 placed below floor lavel at a
powerhouse at Litloral (Fig, 10.56).

Yk . ’ e . L T

Fig. 10.54. The wooden penstock for uze at the micro-
hydropower scheme at Mandal.

Fig. 10.53. An oll-drum penstock passes through the ceil-

trolled by placing a board across the inlet 1o the pen~
stock.

The respective positions of the forebay and powerhouse
are selected to maximize slope--to minimize penstock
length for the available head--and to avoid the need for
any bends along the penstock. Consequently, the pen-
stock is steep and usually 5-15 m long. The upper end of
the straight penstock is incorporated in the wall of the
forebay. The lower portion ends with a rectangular
nozzle made from sheet steel (Fig. 10.55) or from an oil
drum (Fig. 10.56). At some sites, the forebay com-
pletely supports the longitudinal thrust of the penstock
caused by its weight. At others, this is achieved hy
concrete or stone~masonry anchors in the powerhouse
(Figs. 10.53 and 10.57}). In both cases, lateral thrust is
supported by the forebay and the stone wall of the
powerhouse. Because the penstock is short, straight,
and steep, anchors along its length are not often used.

Powerhouse. The powerhouse is generally built of dry-
rubble masonry with a timber roof (Fig. 10.58). The
turbine is often set 1-2 m below the level of the power-
house floor to maximize the available head without
expending a lot of additional efiort excavating for the
entire powerhouse,

Fig. 10.55. An exampie of ihe simple desigm used by the
ATDO. The ateel penstack Into the Bishband powerliouse
terminates with a rectangular nozzle. The shaft with
croisfiow turbine s supported oy bearings on a small con-
crete beae, and wooden slats and cover prevent water from
spraying cut., A gate vaive is not used at most sites.
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Fig. 10.56. A view of the turbo-generating area below
floor level at one of the Lillonal powerhousey, The last oil
drum used in the penstock i3 tapered to form a rectangular
nozzle leading to the turbing funder the wooden cover),
Also visible {s the generator and separate exciter.

A single-stage, multiple V-belt drive couples the runner
to the generator, which is usually somewhat above the
turbine, closer to, or at, floor level (Fig. 10.59). In
addition to housing the electrical equipmen: needed to
generate electricity, the powerhouse may also serve as
a workshep and contain a variety of agro-processing
equipment and other machinery. These are driven by
flat belts off a long intermediate drive shaft, which
itself is belt-driven by the turbine. Belts are simply
thrown over appropriate pulleys as the various tools are
needed.

Turbo-generating equipment

Turbine. The ATDO selected a crossflow turhine
because it is suited to the low heads found at most sites
and is easy to fabricate, requiring no precision machin-
ing or close fits. The end-plates of suitable diameter
are cut from 6 mm mild steel plate, and the blades of
sufficient length are shaped by hammering strips of

3 mm mild steel sheet to the proper curvatire. With
some units, blades are cut [rom steel pipe of appro-
priate diameter. The end-plates are marked to indicate
the position of the blades. The components are arc~
weldra .ogether and onto the steel shaft. To date, no
jigs have been used in the fabrication of the units, and
there has been no attempt at standardization. Both lab
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Fig. 10.57. The cil-drum penstock at th Alpuri power-
house. The operator's bed is in the foreground.

and field measurements indicate a turbine efficiency of
50%-60%.

Two bearings support the turbine runner shaft and are
secured to a small concrete foundation. The nozzle is
fixed independently of the runner, with a c¢learance of
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Fig. 10.59. The generator and control panel at the Al

powerhouse. An old crossflow turbine is visible in the
background.

up to about 0,02 m between them. A simple galvanized
iron sheet or wouden cover is used over the runner to
shield the bearings, pulleys, belts, and generator from
the spray of water emerging froi~ the turbine.

Generator. The generators are made in the People's
Republic of China and operate at 1500 rev/min, usually
generating three-phase power at 220/380 V. They have
a static excitation system and a mannally operated vol-
tage regulator. No effort is made to ground the system,
A panel board vften carries an ammeter for each phase,
one or more voltmeters, and possibly a frequency meter,
A main thermal circuit breaker box and switch fuse
units are also included (Fig,10.60).

Now that the ATDO has reduced the cost of many com-
ponents of its micro-hydropower schemes, the generator
is the single largest component of the total cost {see
Table 10.3}. To reduce these costs, work toward local
fabrication of generators is being organized by the
ATDO and undertaken at the University of Engineering
and Technology, Lahore, with a grant from the ATDO.
Several 1000 rev,/min generators, with elficiencies of

Fig. 10,60, The control panel at Litlonal I, ATDO's first
micro-hydropower plant, Several other plants have since
been installed in that village.

about 60%, have been built of locally available compo-
nents and imported sheet steel laminations, Several
units are about to be field-tested. However, with a
cost reduction of only 25% compared to the price for
the imported Chinese generators, the ATDO is examin-
ing whether large-scale local fabrication would ulti-
mately prove cost-advantageous.

Governing. No gavernor ot load controller is used with
the turbo-generating equipment io maintain a match
between the available waterpower and the imposed
electrical or mechanical load; therefore, equipment
costs are considerably reduced. At lower-head sites,
where no valves are included along the penstock, the
operator maintains the runner speed within acceptable
limits by regulating the flow into the penstock with a
wooden sluice gate included in the forebay. The pen-
stock might then operate partially full, resulting in
reduced head and jet velocity. Because the turbine
must continue to drive a generator at 1500 rev/min and
therefore rotate at its normal speed, it will run at
reduced efficiency at this reduced head. This is of no
concern because of the adequate streamflows that are
generally available. At higher-head sites, a gate valve
at the base of the penstock controls the flow to the tur-
bine. At reduced load, use of the valve introduces tur-
bulence into the jet, reducing efficiency, but again, this
is generally of little concern.

In actual operation, the operator does not need to moni-
tar the net load or, more precisely, the frequency or
voltage continually. The risk is actually greater that
the operator will fall asleep because adjustments to the
flow are required sc infrequently during the night. The
opcrator remains near the unit all night. At one site, an
alarm has been installed to alert the operator of over-
voltage conditions. It also includes an overvoltage trip,
which then removes the excitation from the generator if
the operator has not taken the necessary corrective
measures. For short durations, the generators can
accommodate the turbine runaway speed encountered
when the excitation is removed.
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Distribution

The powerhouse is located close to the village, and no
transmission system is necessary. A simple distribution
line of suitably sized, bare copper wire carries the
power to the consumers. A maximum voltage drop is
set at about 10%. Wooden poles support the lines. The
underground sections of these poles are painted with
coal tar. No lightning arrestors are included, because
lightning storms pose little threat in the area, Often
each phase is distributed to a different part of the vil-
lage, and occasionally, one phase is kept at the power-
house, which also serves as a workshop, Although an
attempt is made in the design of the scheme to balance
the average expected load on each phase, no attempt is
made to balance loads continually during the system's
operation.

The wiring standard used varies from nationally recog-
nized standards in the well-finished homes to rudimen-
tary wiring in most of the stone, brick, and mud-wall
homes. In spite of this, no accidents have occurred.
With some schemes, fuses are mounted on the power
poles in addition to being installed in each home

(Fig, 10,61}, Incandescent lamps are used for lighting,
although the use of fluorescent lamps is encouraged
where the consumer can afford the initial cost.

Costs

Around 1978, the ATDO prepared tables of the capital
costs {Table 10.3) and recurring cosis (Table 10.4} for
the range of its micro-hydropower schemes then
installed. This costing information is presented in
Pakistani rupees (Rs 1 = US$ 0.10). The unusually low
cost per kilowatt for the ATDO's micro-hydropower
schemes~-US$ 250-400/kW (in 1978 dollars)--results

from several factors:

e low administrative costs;
e the villagers' contribution of all the labor;
e maximum use of local materials;

Fig. 10.81. A power pole, with street light and fuses, In
the village of Alpuri. Power from a 10 kW micro-hyiro-
power plant provides power to about 100 familles in the

village.

# local fabrication of some of the equipment;

& appropriate system design {e.g., no attempt to max-
irmize system efficiency, no governor, no fuli-time
staff);

@ no provision for a profit margin included in most
costings for micro-hydropower installations; and

¢ minimal use of costly technical expertise and super-
vision.

The ATDO initially financed most of the machinery and

TABLE 10.3. A breakdown of fired costs for ATDO micro-hyiiropower plants (in Rs) (14)
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5. 9,350 1,500 5,000 3,520
7.5 12,950 1,500 6,000 3,520
10. 14,250 2,000 7,000 3,520
12. 16,780 2,000 8,500 3,520
15, 20,800 2,500 10,000 3,520

19,370 4,000
23,970 6,000
26,770 8,000
30,300 9,600
36,820

23,370 3,874 4,674
29,970 3,196 3,996
34,770 2,677 3,477
39,900 2,526 3,325

12,000 48,820 2,455 3,255
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TABLE 10.4. A reckdown of arvual operation and main-
tenanee costs for ATDO micro-hydropower plants (in

rupees) (R14)

j/f

&
¥

g

s 7 ¢

turbine and materials necessary for the distribution and
housewiring.

The ATDO bas also performed a cost analysis for plants
of the same size as those noted previously, For this
analysis, the ATDO assumed a plant life of 25 years, a
13% interest rate, a 30% plant factor, and distribution
losses of 5%, Its [indings are noted in Table 10.5. For
the tange of power outputs covered by the ATDO micro-
hydropower schemes, costs generated are in the

US$ 0.02-0.04/kWh range (in 1978 dollars),

Continuing progress in implementing micro-kydropower
schemes in the rural areas of Pakistan and growing
awareness of their potential is leading to an increased
demand for assistance. This raises several questions,

5. 1,800 200 150 2,150 Ohservations
7.5 1,800 250 200 2,250
10. 1,800 300 250 2,350
12. 1,800 375 350 2,525
15, 1,800 450 450 2,700

materials required in the installation of the micro-
hydropower schemes. This was partly for promotional
reasons—peopie needed to be aware of what the "prod-
uct® was, as well as its usefulness, before they would
consider buying it. In addition, capital is generally in
short supply in rural villages. As the technology is
becoming established and its potential use is becoming
visible, the ATDO contribution is being phased out. Its
role of designing and disseminating this technology
largely has been completed. The local population and
provincial authorities are carrying an increasing portion
of the capital costs. At present, the ATDO covers the
cost of its technical services and half of the generator
cost; the provincial government bears the other half of
the generator cost, and the villagers cover the cost of
the civil works. The three parties split the cost of the

which are addressed below.

Exparding the scale of the program

Is it possible to maintain the effectiveness of the pre-
sent program, yet to continue to implement projects to
keep pace with increasing demand for assistance? What
constraints hinder achieving this goal?

At present, responsibility for zll design work and other
technical assistance, arrangements for financial sup-
port, administration, and coordinating activities with
interested villagers falls upon the very limited staff of
three supported by the ATDO. Much time and effort
are expended in addressing these functions; however,
equally demanding are the time and effort required to
visit the widely separated villages in remote areas of
the country.

TABLE 10.5. A cost analysis for ATDO micro-hydropower plants (in Rs) (14)

¢ & & 3
‘? o> Ao .‘39 5
N gé" O:S i j gé ~{£ i & ?
NN/ A ﬁ" *’ f

& i;’ &
5. 13,140 12,483 19,370 2,643 2,150 4,793 0.36 23,370 3,188 5,338 0.44
7.5 19,710 18,725 23,970 3,270 2,250 5,520 0.28 29,970 4,089 6,339 0.34
10, 26,280 24,966 26,770 652 2,350 6,002 0.23 34,770 4,744 7,094 0.28
12. 31,536 29,959 30,300 4,134 2,525 6,659 0.21 39,900 5,443 7,968 0.27
15, 39,420 37,449 36,820 5,023 2,700 7,723 0.20 48,820 6,660 9,360 0.25
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To expand the present program, a larger staff is
required for implementing projects. This, in turn, leads
to several other questions, the answers to which are still
unknowns

¢ What would be the source of financial support for
this enlarged staff? Could the provincial govern-
ment provide such support? If so, would the pro-
gram’s present effectiveness be impaired by accom-
panying political contraints, bureaucratic inefficien-
cies and delays, and lack of staff motivation? On
the other hand, by redesigning its implementation
strategy and passing on its costs to its customers,
could such an organization be self-supporting?
Could the ensuing financial burden on the villagers
be minimized by making loans available, loans which
could then be repaid by collecting monthly fees
without increasing the fees from those presently
charged? Or would this place an unacceptable bur-
den on residents of the rural areas?

o Assuming that the financial problems can be
resolved, can persons with the same dedication to
the job that is apparent among the present staff be
recruited? This latier problem may well prove to be
more difficult to resolve than financial problems.
Although work in rural areas can he personally
rewarding, it is very demanding, That may be one
reason why the rural sector is generally largely
neglected, while resources continue to pour into
urban areas. Dr. Abdullah has already attempted
vecruiting, but his experience thus far confirms the
difficulty that can be expected. Not only must the
candidates be willing to undertake the work, but
ather factors, such as their age, motivation, and sen-
sitivity to local conditions, must also be considered,

Increasing the capacity of the planta

The hydropower plants already implemented by the
ATDO have had capacities ranging up to 15 kW. Eco-
nomically, its approach appears very attractive, espe-
cially in view of general experience with small-hydro-
power projects undertaken by the public and private
sectors around the world (Fig. 10.62), Can the ATDO
approach be applied to the implementation of larger
schemes? How does increasing size change the overall
design? What new problems might be encountered?

One factor that cannot be avoided in generating
increased power is the requirement for an increased
flow of water and/or an increased head. This introduces
several possible problems with the implementation of
larger projects:

¢ Sites near adequate load centers where these physi-
¢a) conditicns are met must first be found.

® Where water is adequate but limited at times
because of other end uses, especially for irrigation,
conflicts might arise. Any water used by a hydro-
power plant is lost to productive land between the
elevations of the intake and the tailrace, although it
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Fig. 10.82. A comparison of the costs of ATDO-sponsored
schemes with those of conventionally implemented small-
hydropower projects,

is available again at or beiow the elevation of the
tailrace.

& A larger scheme might involve more extensive civil
works, which could occupy or interfere with pre-
sently productive lands, causing further conflicts.
The small ATDO schemes already implemented are
either well integrated within the existing irrigation
svstems or occupy short strips of land along the river
wuat are unsuitable for agriculture.

The low capital outlay required to implement the
ATDQ's micro-hydropower schemes is a direct conse-
quence of its approach to implementation. Some of the
technical aspects of this approach are applicable to
larger schemes. Appropriate designs of the individual
components, a#s well as of the overall system, can con-
tinue to reflect the realities found in remote rural
areas. However, the use of increased flow and head
with larger projects will affect their design! increased
flow implies civil works and turbines of larger dimen-
sions; increased head implies a greater working pressure
imposed on the turbine and penstock. The construction
materials and designs must both reflect these changes.
Although micro-hydropower schemes should avoid the
approach of simply scaling down designs used for larger
hydroelectric projects, the materials and designs used
with small projects will tend toward those used by these
larger projects as plant capacity increases. This may
well imply higher-cost materials; it may also put locally
fabricated turbines to the test.




As a plant'’s capacity increases, the accompanying larger
and more varied electrical end uses may require more
sophisticated and costly governing and protective
devices. Transmission might have to be considered,
Aowandine nn tha ecics and the lavont of tha “’l‘!agﬂq fhat
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will be supplied by these plants. To date, low costs have
been maintained because only rudimentary protective
devices have been used and no governing devices or
transmission has been necessary.

How nontechnical aspects will affect the implementa-
tion of larger schemes is uncertain. Viliage leaders
established in the community bave been instrumental in
initiating and managing the small ATDO schemes.
Additionally, these schemes have been implemented
with substantial input and commitments from the local
community, whose bond to these leaders often has been
based on a time-proven trust., These factors have
reduced cost markedly and increased the viability of the
proiects. But for larger schemes, this raises several
questions:

» Is this possible for larger schemes which will cover a
broader geographical area and probably include
several villages? Is it possible to find a homogeneity
of interest and willingness to work together as a
larger group?

#» How large, and increasingly complex, a system can
an untrained person manage and still operate effec-
tively?

# Would this require additional financial, managerial,
and technical assistance, which would not be as
readily available at the village level?

Near Gilgit in the Northern Areas, the ATDO is imple-
menting a 50 kW hydropower scheme, a size sighifi-
cantly larger than those previously installed. Its experi-
ences with this scheme should provide insights into the
problems that might be encountered in implementing
and managing larger schemes and the costs incurred.

Benefit to the rural sector

A basic question is whether micro~hydropower plants
really improve the lives of the rural poor: Are the
"rich" the real beneficiaries? Is electricity a luxury, a
projection of the needs of urban-based planners on the
rural population? Does it make the poor more depend-
ent on forces largely outside their control for access to
the necessary end-use appliances and expertise to main~
tain both the system and the appliances?

The ATDO methed of implementing schemes relies on a
few persons to initiate, coordinate, and manage the
entire undertaking. However, these persons, by virtue
of their economic or other standing, are apt to benefit
more from the villager contributions to the scheme,
both financial and labor. Are the villagers assisting the
“rich in getting richer” at their expense, or are they
reaping actual benefits in proportion to their inputs?
Can a villager withdraw from the system, if he so

decides, without any net loss to himself? Over iime,
might the manager gradually manage the scheme to his
own end on the pretext that the villagers have already

reaped benefits commensurate with their original con-
tributions. both nhvsical and monetarv? Althouoh theos
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are possablhtles, there isno mdlcatlon that these con-
cerns are warranted for the ATDO-implemented micro-
hydropower schemes.

Because the poor often live just bevond a subsistence
level, they may be conservative, hesitant to accept new
ideas that might compromige their already precarious
aconomic positlon. But the villagers do tap onto the
electricity system at the ATDO sites and seem willing
to continue paying the monthly tariff, a fact which pre-
sumably indicates that they believe it is to their advan-
tage.

Assuming the schemes continue to be managed equita-
bly, are the stated villager benefits, primarily electri-
city for lighting, actually net benefits? If electricity
replaces kerosene or wood previously used for the same
purpose, any net benefit can be determined fairly easily,
because a cash value can be assigned to it. If newly
introduced lighting contributes to increased income-
generating productivity, then net benefits can be
determined fairly easily. But if electricity is used
because it is now avcilable, whereas nothing was used
previously, the conclusion is not clear~cut. The villager
will incur a new expense ond will require additional
income to cover it.

Social and other benefits derived from electrification
that have no direct cash value may be sufficient ration-
ale for implementing a subsidized scheme. However,
this is a luxury not afforded self-supporting schemes,
which must cover the costs they incur.

Replication in other countries

The approach undertaken by the ATDC in Pakistan pro-
vides an attractive alternative, given the prevailing
trend of high cost per installed kilowatt for small-
hydropower schemes around the world. However, two
points must be stressed:

e The low costa described in this case study are for
microe-hydropower plants with an output of 5-15 kW.
Until plants with higher capacities are operational,
it would be unwise to extrapolate from the experi-
ences gained to date and to assume that the costs of
hydropower schemes would remain low for plants of
greater capacity--that may or may not be the case.
Further work in the field is necessary before this
assumption can be substantiated.

e Before it is assumed that such an approach and its
low costs can be replicated elsewhere, even for
installations of small capacity, the factors that have
been instrumental in reducing the costs of the
ATDO-assisted schemes should be considered. Some
of these aspects are more easily replicated outside
Pakistan than others.
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Local materials have been used in hydropower installa~
tions of all sizes throughout the world, despite a fre-
quent bias toward expeunsive, often imported, "better”
materials, Although locally available materials can be
incorporated in the design of hydropower schemes to
rediice costs in other countries, care must be exercised.
For example, the low-cost earth canals used in Pakistan
may not be appropriate at other sites or in other
regions. Although an attempt to maximize the use of
local materials can be made, the extent to which this
can be accomplished is site-specific.

Not every developing nation has the experience in and
capability for fabricating a range of turbines and asso-
ciated hardware such as that found in Indonesia and
India. In the low power range being considered here,
however, most countries have the skills necessary to
undertake at least some local fabrication. Outside
assistance may be necessary initially in designing appro-

[ - .y

priate equipment and in training the staffs of local
workshops. On the other hand, the necessary expertise
may be found in the country, possibly in a university or
government ministry or department. Local fabrication
of turbines can reduce cost, and any decrease in the
aquipment’s efficiency usually can be offset by increas-
ing the capacity of the turbine slightly. Local capacity
for fabrication can also mean that turbines and related
equipment can be repaired or replaced more easily when
necessary.

ATDO's involvement of villagers in the implementation
of its schemes reduced the labor and administrative
costs substantially. Such an approach may be possible
elsewhere, depending on the villagers' motivation and
their commitment to the project, as well as on numer-
ous social and cultural factors. Active involvement of
villagers in a rural development project rarely occurs on
its own; it may be difficult to initiate even with exter-
nal assistance.

Approaches to system design similar to those used in
Pakistan are possible, but they require the aid of per-
sons with practical experience and a goocd command of
basic engineering skills, who are sensitive to the needs
and conditions of rural communities. Devising appro-
priate designs within a new context requires creativity
and flexibility, and often a break from conventional
approaches (Fig. 10.63). Finding qualified persons to
address this task may be difficult,

One essential requirement for implementing micro~
hydropower schemes on a regional basis is a genuine and
long-term commitment on the part of the organizations
and individuals concerned with following through on
such a project. This requirement may be the most diffi-
cult to fulfill. The approach taken by the ATDO is not
the conventional one, and therein lies the major obsta-
cle. It requires organizations and individuals who can
address a wide range of new needs, including:

& an integrated approach to implementation where

technical aspects are only one small part of the
overall work;
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Fig. 10.63. The ATDO approach en

courages self-reliance.
Rather than relying entirely on store-bought steel puileys,
villagers somet{imes construct their own Rdieys of wooden
half-sections bolted together around the shaft.

e new designs incorporating approaches and materials
that may be nonconventional;

¢ new approaches to funding;

e new organizations at the local level or at least a new
scope of work for existing institutions;

® training of a new type of project implementer; and
e conscientious end-use planning and implementation.

It requires persons who are willing to work for extended
periods of time in, and are committed to, remote rurat
areas, It requires a changed emphasis in the objectives
of hydropower programs from substituting for imported
fuel to rural development.

Unless a long-term commitment can be made to such a
ptoject, micro-hydropower schemes elsewhere may not
be as low-cost or viable as those in Pakistan. Careful
planning for an effective project is essential; otherwise,
the attempt may prove expensive and discouraging and
may fail to achieve the its objectives.

Implications of design on long-term costs

To achieve the low cost per kilowatt for its micro-
hydropower schemes, the ATDO has adopted nonconven-
tional approaches to design and implementation. Con-
sequently, each of the various components has a more
limited life than is generally associated with hydro-




power projects. For example, temporary weirs will have
to be rebuilt after large streamflows, and a canal that
has been hreached will need to be repaired. Turbine
runners will have to be repaired or replaced more fre-
quently, and oil-drum penstock pipe will fail sconer
because of corrosion through its relatively thin wall.

The increased attention required to maintain these
schemes does not increase their long-term cost as signi-
ficantly as it may lirst appear. Repair of the civil
structures will require only minor occasicnal labor from
a villager, and this will have little real impact on cost.
Patching up weirs and irrigation canals is a task which
the region's farmers already know well. The penstock
may need to be replaced from time to time, but oil
drums are locally available, and arc-welding skills are
found in nearby towns. Runner blades of the first tur-
bines often failed (Fig. 10.64} but they could be
rewelded or a new runner could be made locally, Unlike
most micro-hydropower schemes, the cost of the tur-
bines used at the ATDO sites is insignificant compared
to other costs incurred (see Table 10.3).

If the micro-hydropower schemes had been designed
more conventionally and if all turbo-generating equip-
ment had been imported, costs resulting from any fail-
ure, however infrequent, would have been significant in
terms of both money and time lost, In Pakistan, the
significant decrease in cost of the ATDO schemes has
made micro-hydropower more accessible to remote vil-
lagers and permitted them to remain in firmer control
over their own situations. There is always a trade-off
between cost and quality, but in the remoter areas of

Pakistan, an appropriate trade-off seems to have been
made.

Fig. 10.64. A common problem with the crossflow rumner
has been the fracture of (ts blades. Newer blades are now
fabricated of thicker steel.

OTHER PROJECT DESCRIPTIONS

Beginning in October 1983, a locally fabricated 25 kW
plant began providing power to Namche Bazar, a remote
village lying at an altitude of 3400 m, close to the
southern entrance of Sagarmatha (Mt. Everest} National
Park. Harnessing the power of a small spring emerging
below the village, it is providing power to the village
through two independent underground distribution sys~
tems: one for domestic lighting in the evening and the
other for electrical cooking and space heating at tourist
lodges at other times. As a UNESCO consultant in
charge of the project, Coburn has documented his
experiences in The Development of Alternate Energy
Sources and the Implementation of a Micro-Hydroelec-
tric Facility in Sagarmatha National Park, Nepal (35}.

A slide show with taped narration describing the imple-
mentation of the project is also available (36). The
Nepalese manufacturing company that fabricated the
turbine, assembled the turbo-generating package, and
assisted with the implementation of the plant has also
prepared the report, Namche Bazar Micro Hydropower
Plant (91), covering the more technical aspects of sys-
tem implementation, mmanagement, and operation. Pro-
jected and actual project budgets and a timetable for
implementation also provide useful data.

The experiences encountered in implementing a &6 kW
plant in the mountains of Papua New Guinea for electri-
fication of the school complex and staff housing have
been documented in Technical Notes on the Baindoang
Micro-Hydro and Water Supply Scheme (64).

The National Energy Administration of Thailand has
undertaken another well-documented effort. After
describing general design considerations, the weil-illus-
trated report, Development of Kam Pong, Mae Ton
Luang, Huai Pui, and Bo Kaeo Micro-Hydropower Proj-
ects (6), describes the technical, social, and financial
aspects of four schemes ranging in size from 35 to

200 kW. These schemes use fairly substantial civil
works but locally fabricated turbines.

The photographs in this sourcebook alse document
efforts to implement micro-hydropower schemes.
Several photographs of a single site often provide a bet-
ter impression of how it has been laid out and developed
than a single one. Therefore, sites illustrated by photo-
graphs in this sourcebook are listed below by their coun-
try and name of the closest viliage or town. The list
does not include the sites described in the detailed case
studies in this chapter. The numbers following each
entry refer to the numbers of the figures containing the
photographs. The power rating listed after the location
of each scheme denotes the approximate rated capacity
of the plant, if it is known.
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Bhutan
Namseling: 1.5

Burundi
Buhiga (220 kW): 4.20, 4.22, 5.41, 5.84, 5.203
Gihéta (90 EW): 4.24, 5.33, 5.34
Kibimba {80 kW): 5.45, 5.52, 5.166, 5.177
Mugere (50 kW) 5.118
Musongati: 4.19
Mutumba (30 kW): 5.54
Nyabikere (110 kW): §5.74
Ruyigi (70 kW): 4.26, 5.119, 5.172, 5.176

India
Maldeota, U.P. (10 kW): 1.7, 4.13, 5.15, 5.43, 5.173,
5.175, 6.18

Indonesia
Amlapura, Bali (90 kW): 1.2
Korupun, Irian Jaya (10 kW): 5.46, 5.167

Kenya
Gatundu: 5.26

Liberia
Yandohun {30 kW): 5.5

Nepal
Baglung (180 kW): 5.82, 5.93
Butwal (1000 kW): 5,28, 5.38, 5.51
Dhading (30 kW): 5.4, 5.30, 5,120, 5.200
Kaireni: 1.7
Khairenitar (280 kW): 5.61, 5.137
Malekhu {0.8 kW): 6.22
Namche Bazar (25 kW): 1.4, 5.161
Thaibo: 7.3
Suspa~Charikot: 7.1
Syangja (80 kW): 5.12, 5.20, 5.25, 5.48, 5.49, 5.50,

5.6, 5.121, 8.122, 5.123, 5.124, 5.134, 5.140, 5,199

Pakistan
Duber, Kohistan (100 kW): 5.6, 5.8, 5.16, 5.23
Kalam, NWFP (100 kW): 5.80, 5.103
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Mardan, NWFP: 4.28

Panama
Buenas Aires {10 kW): 5.65
Entradero de Tijeras (50 kW): 4.4
La Tronosa (50 kW): 4.4, 5.39, 5.142

Papua New Guinea
Baindoang, Morobe Prov. {6 kW): 1.8, 5.164

Bundi, Madang Prov. (70 k¥W): 5.64, 5.106

Gemaheng, Moroba Prov. (1 kW): 5.7, 5.165, 5.194,
6.11

Irelya, Enga Prov. {12 kW): 5.32, 5.47

Kagua, S.H.P.: 5.107, 5.196

Kudjib, W.H.P. (90 kW): 5.188

Rugli, W.H.P. (25 kW): 5.11, 5.99

Yaibos, Enga Prov. (90 kW): 5.14, 5.31, 5.47

Peru
Chacas, Dept. of Ancash (100 kW): 5.185
Quillabamba, Dept. of Cusco (320 xW): 5.27
Tumpa, Dept. of Ancash: 1.3
Y anahuara, Dept. of Cusco (5 kW): 5.19, 5.78, 5.162,
5.202, 6.21

Thailand
Mae Tia: 5.156
Nam Dang (100 kW): 5.18, 5.33, 5.83

United States
Boone, NC {17 kW): 5.35, 5.169
Cherokee, NC: 5.94
Lowesville, VA {6 kXW): 5.24, 5.75, 5.190, 6.9, 8.4
North Montpelier, VT (220 kW): 5.17, 5.36, 5.137
Snake River, ID (25 kWh 5.160
Warren, VT (75 kW) 5.42, 5.163

Zaire
Bishalalo, Kivu Prov.: 4.25, 5.178
Katama, Kivu Prov.: 5.79, 6.17
Nyakabongola, Kivu Prov.: 5.9, 5.85, 5.131, 6.10
Nyangeszi, Kivu Prov.: 5.174



APPENDIX A
CONVERSION FACTORS AND CONSTANTS

This sourcebook uses metric units, which are in common lents of terms commonly used in hydropower work are

use in most of the world. Because a significant volume given below. All values are given to three significant
of literature still uses the English system, the equiva~ figures.

Conversion factors

Length
1cm = 0,394 in lin = 2.54 cm m = meter
1m = 3.28 ft 1ft = (.305 m in = inch
1 km = 0,621 mi 1 mi = 1,61 km ft = feet = 12 in
mi = mile = 5280 it
Area
1cm? = 0.155 in% 1in? = 6,45 cm? ha = hectare = 104 m?®
1 m? = 10.8 ft* 14td = 0.0929 m? acre = 43,600 ft2
1 km? = 0.386 mid 1mi¢ - =259 km2
1 ha = 2.47 acre 1 acre = 0.405 ha
Volume
1 m3 = 35,3 f13 16¢3 = 0,0283 w3 t=liter = 1073 m3
1t =0,264 U.S. gal 1 U.S. gal =3.79 ¢ U.S. gal = U.S. gallon = 0,134 ft3
{£t3 = 7.48 U.S. gal)
imp gal = imperial gallon = 1.20 U.S. gal
| Force
!
; 1N = 0,225 Ib 11b = 0.454 kgf N = newton = kg-m/s?
1 kegf =2.201b 11b = 4.45 N Ib = pound
kgf = kilogram force (weight of a 1 kg mass)
=9.81 N




Presaure

1 kPa = 0.145 psi 1 psi = 6.89 kPa psi = ll:.é'i::lz = Z.31 £t {water)

1 kgf/m? = 0.00142 psi 1 psi = 703 kgf/m? atm = atmosphere
= 14,7 psi = 101 kPa = 1,03 kgf/cm?
= 10,3 m {(water) = 33.9 £t (water)

1 m (water) = 0.100 kgf/cm?

Pa = pascal = N/m?

Energy or work
1J = 0.738 ft-lb 1 ft-lb =L367J J = joule = Nem
1 keal = 3.97 BTU 1 BTU = 0,252 kcal cal = calorie = 4,19 J
1kWh = 3410 BTU kcal = kilocalorie = 103 cal
= energy required to raise 1 kg of
water 1 °C
BTU = British thermal unit = 778 ft-1b
= energy required to raise 1 1b of
water 1 °F
Power
1kw = 1.34 hp 1hp =T46 W W=watt = J/s
hp = horsepower = 550 ft-lba/s
bp (metric) = 75.0 kgf-m/s
=T736W
Constants

g = 9.81 m/s% = 32,2 ft/s  (gravitational constant)
v = 1.00 1078 m%/s or 105 f1?/s @ about 20 °C (70 °F}  (kinetic viscosity of water)

Useful equivalents

mean annual runoff: 100 mm/yr = 3.2 l/s/kmz of catchment area
1.0 ££3/5/mi2 = 11 t/s/kw?
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APPENDIX B
SIGNIFICANT FIGURES

Many individuals who deal with numbers, including
engineers, do not seem to understand how to properly
express measurements or the results of the mathemati-
cal manipulations of such measurements properly. The
advent of the hand-held calculators and personal com~
puters that spew forth solutions to eight figures or more
compound this problem.

In determining surface velocity of a stream, for exam-
ple, if the time taken for a float to cover a distance of
7.75 m were measured as 9.42 s using a hand-held stop-
watch, how many would correctly record this as 9.4 s?
And how many would realize that the float velocity
should be expreased as 0.82 m/s, not 0.824 m/s or
0.8244681 m/s, and that rather than being more precise
than 0.82 m/s, the latter two expressions are actually
incorrect and misleading because they imply an accu-
racy that is not warranted?

This problem is encountered during two activities: when
measurements are being made and when they are being
manipulated wmathematicaily.

When measurements are being made, the results cannot
be more accurate than the instruments used to make the
measurements. When recorded, the figures included are
all the precisely known digits read off the measuring
device and one digit, which becomes the right-most,
which is estimated (Fig. B.1}. The precisely known
digits plus the one estimated digit are called "signifi~
cant figures."

16
15
14
13

12

<m

14.6 cin
(3 significant
figures)

230 v 43,3 °C

(2 significant {3 significant
figures) figures)

Fig. B.1. Examples of the correct way to record measure—

ments.

This rule is generally true; however, it should not be
applied blindly. For exawple, aithough hand-held stop-
watches can often be read to the nearest hundredth of a
second, it can take up to several tenths of a second for
a person to react and stop the watch. Consequently, it
is fair to say that in the previous example, if the time
had been recorded by someone else, it might have been
9.60 s or 9.29 s, rather than 9.42 s. The tenths digits is
clearly uncertain but can be estimated; the hundredths
digit can be anything from 0 to 9, and recording it is
meaningless. This measurement therefore has only two
significant figures.

When measurements are being manipulated using multi-
plication, division, or related operations {such as raising
a measurement to a power), the number of significant
figures in the result is no larger than the number of sig-
nificant figures in the least accurate measurement.

For example, because the smallest number of significant
figures of the two measurements used to determine the
velocity of the float referred to earlier is equal to two
{in that case, the number of significant figures in the
time measurement, 9.4 s}, the velocity derived cannot
have more than two significant figures. This can be
illustrated as follows. Because there is some uncer-
tainty about the exact value of the tenths digit of the
time measurement in this example, the time might be
expressed as 9.5, 9.6, or possibly 9.2. If the actual time
were 9.2, the velocity measurement could be calculated
to be 0.84 m/s rather than the 0.82 calculated earlier.
In reality, there is also some error in the measurement
of distance, which might change this value further.
Consequently, the second digit of the result is uncer-
tain, and it would be meaningless to add a third or
fourth digit when recording the result. With the two
measurements indicated, the velocity can have no more
than two significant figures, one certain and one esti-
mated, no matter how accurate the distance measure-
ment. The least accurate mezsurement determines the
accuracy of the result. In the above example, it can be
seen that it is useless to measure any variable more
accurately than the least accurate measurement used in
a calculation.

As an example of another application of this rule, in
calculating the circumference of a wheel measured as
25 cm in diameter (i.e., with two significant figures), it
is not necessary to use ¥ to any more than two figures—
3.1 will give as accurate an answer as will 3.141592653.
This is why "slide-rule accuracy” is more than adequate
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for most computations, and a calculator may contribute
only speed to the effort, not additional accuracy.

The rule for the addition and subtraction of measure-
ments should be more obvious. If, for example, the
gross head at a site were correctly measured and
recorded as 143 m and the loss from turbulence and
friction within the penstock were correctly calculated
as 2.3 m, the net head would be the difference, or 41 m,
not 40.8 m. As recorded, the units digit of the head
‘measurement is an estimate; the tenths digit is
unknown. Therefore, no matter how accurate the loss
calculation, the tenths digits in the difference must also
be completely unknown and therefore should not be
included.

Another error of addition is one frequently found in
budget estimates. Suppose, for example, that the cost
of penstock pipe for a proposed micro-hydropower
scheme is estimated at $6300 and that about 25 bags of
cement at $9.25/bag {or $231.25) will be required. The
sum of these two components would often be expressed
as $6531.25, but this is incorrect for several reasons:

o The quantity of cement required is probably an esti~
mate, with probably two significant figures--it might
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be 23 bags or possibly 26 bags—therefore, the price
should be expressed correctly as $230 (with two sig-
nificant figures, for the reasons mentioned pre-
viousiy}. It is not known more accurately.

# The pipe estimate is also expressed to two signifi-
cant figures. Although the price for the pipe even-
tually may be $6086 or possibly $6422, the current
estimate is known to only two significant figures.
The hundreds digit is unknown and is estimated;
therefore, adding the two costs cannot lead to an
sstimate more accurate than $6500, because the
tens digit for the pipe costs is completely unkrown.
In repcris and proposals, however, such a cost would
frequently and incorrectly be expressed to four or
six decimal places, even in estimates prepared by
engineers who should know better.

In using this publicaticn, it must be kept in mind that,
although the conversion factors and constants found in

APPENDIX A (p. 265) are expressed to three significant

figures, all computations in the body of the text are
expressed to two significant figures.




APPENDIX C

GUIDE TO FIELD DETERMINATION OF SOIL TYPE*

Clay

A clay is a fine-textured soil that usually forms very
hard lumps or clods when dry and is quite plastic and
usually sticky when wet. When the moiat soil is pinched
between the thumb and fingers it will form a long, flex-
ible "ribbon". Some fine clays, very high in colloids, are
friable and lack plasticity in all conditions of moisture,

Clay loam

A clay loam is a fine~textured svil which usually breaks
into clods or lumps that are hard when dry. When the
moist soil is pinched between the thumb and finger, it
will form a thin "ribbon" which will break readily, barely
sustaining its own weight, The moist soil is plastic and
will form a cast that will bear much handling. When
kneaded in the hand, it does not crumble readily but
tends to wotk into a heavy compact mass.

Silt loam

A silt loam is a s0il having a moderate amount of the
fine grades of sand and only a small amount of clay,
over half of the particles being of the size called "silt".
When dry, it may appear cloddy, but the lumps can be
readily broken, and when pulverized, it feels soft and
floury. When wet, the soil readily runs together and
puddles. Either dry or moist, it will form casts that can
be freely handled without breaking, but when moistened

and squeezed between thumb and finger, it will not
"ribbon” but will give a broken appearance.

Loam

A loam is a soil having a relatively ever, mixture of dif-
ferent grades of sand, silt, and clay. It is meilow, with
a somewhat gritty feel, yet fairly smocth and slightly
plastic, Squeezed when dry, it will for n a cast that will
bear careful handling, while the caat firmed by squeez-
ing the moist soil can be handled quite freely without
breaking.

Sandy loam

A sandy loam is a soil containing muc h sand, but which
has enough silt and clay to make it s« tnewhat coherent.
The individual sand graing can readil'» he seen and felt.
Squeezed when dry, it will form a ca it which will read-
ily fall apart, but, if squeezed when moist, a cast can be
formed that will bear careful handiig without breaking.

Sand

Sand is loose and single-grained. Tie individual grains
can readily be seen or felt. Squeezed in the hand when
dry, it will fall apart when the pre:sure is realized.
Squeezed when wmoist, it will form a cast, but will crum-
ble when touched.

* This section was extracted fron. the On-Farm Water
Management Field Manual, Vol. I'/, Irrigation Water
Management {54).
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APPENDIX D
PREPARING CONCRETE*

Concrete is composed of cement, sand, gravel, and
water. To obtain workability, strength, durability, and
impermeability, the above ingredients must be mixed
thoroughly, Good-quality concrete should weigh from
about 2300 to 2350 kgi/m>.

Cement

Cements are classified by their properties and chemical
composition. Normal setting Portland cement (Type I)
should be used for concrete structures and concrete
watercourse linings when the concrete is not subject to
sulfate attacks from the soil or water.

Sand and gravel

Sand and gravel used in quality concrete must be clean
ard free of clay, silt, and organic matter. The presence
of these foreign materials will prevent the cement from
binding the sand and gravel together and result in a
weak and porous concrete.

Sand particles for concrete-should be clean and hard and
range in size from very fine to those that will just pass
a No. 4 sieve (4.75 mm).

Gravel must be hard and durable and reasonably well
graded and range in size from 1 to 4 cn. Maximum size
shall not exceed cne-third of the thickness of nonrein-
forced concrete or three-fourths of the clear space in
reinforced concrete.

Water

Water must be clean and free from silt, oil, salt, alkali,
and acid, Generally speaking, water that is fit to drink
is suitable for mixing concrete.

Proportions

The proportion of gravel, sand, cement, and water must
be measured and controlled accurately. This requires
the use of scales or calibrated measuring containers. 3A
minimum of six bags (50 kg/bag) of cement and 1.2 m
of well-proportioned sand and grave! that has beeg
screened or tested will yieldaapproximately 1.0 m~ of
quality concrete. The 1.2 m” of sand and gravel should
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have a ratio of 65% gravel and 35% sand. This is about
a 1:2:4 (cement, sand, gravel} volume proportion.

A minimum of seven bags (50 kg/bag) of cement with
1.2 m? of fair to poor sanchand gravel {(all pit run) will
yield gpproximately 1.0 m” of quality concrete. The
1.2 m™ of sand and gravel should have a ratio of
40%-50% maximum of sand and 50%-60% minimum of
gravel. This is about a 1:2:3 (cement, sand, gravel} vol-

ume proportion.

The water/cement ratio is a critical factor in quality
concrete. Lowering the water content will result in
stronger concrete, but the amount of water must be
enough to produce a workable mix. Excessive water will
cause shrinkage cracks and a weak porous concrete.
The water/cement ratio is the ratio of the weight of
water in a mix (including the water in the sand and
gravel) to the weight of cement in the mix. The
water/cement ratio for quality concrete should be 0.45.
To maintain this ratio, limit water to 20-25 ¢/bag of
cement for dry sand and gravel and 15-20{ of water
when wet sand and gravel are used, Using a volume
proportioning, the proportion of water is about twe-
thirds the proportion of cement.

Mixing
Concrete should be mixed thoroughly but not evermixed.
Cement must come in contact with and surround all sur-

faces of the sand and gravel. The cement mus: fill the
spaces {voids} between the sand and gravel pariicles.

Machine-mixing is preferable and will give the best dis-
tribution of ingredients and a uniform appearance to the
concrete. To maintain quality concrete, the mixer
should not be loaded above its capacity and should be
operated at the recommended drum speed. The gravel
should be placed in the drum first, followed by sand and
then cement. The drum should be revolving when it is
charged. A small quantity of the water should be placed
in the drum before the dry materials are placed in the
drum. This will prevent the accumulation of cement
around the blades. The rast of the water may be added

* The source of most of the material on preparing
concrete is the On-Farm Water Management Field
Manual, Vol. ¥, National Standards for Practices,
Materials and Structures (17).




simultanecusly with the dry materials. There is no need
for any dry mixing before the water is added. The min-
imum time of mixing should be two minutes.

Hand-mixing concrete must be done on a clean water-
tight platform or wheelbarrow. The amount of %and and
gravel should be limited to approximately 0.1 m
concrete mixing and its placement skouild be completed
within 10 minutes. Cement and sand should first be
mixed while dry until the mixture is thoroughly blended
and uniform in color. The gravel should then be added
to the mixture of sand and cement and mixed by turning
the ingredients a minimum of three times before adding
water. The measured amount of water then is added
and the ingredients turned a minimum of five times.
Mixing should contimte until the concrete is of a uni-
form color.

Placing the concrete

Preparation before placement of concrete includes
compacting and moistening the soil and erecting the
forms. If concrete is placed against dry soil and forms,
excessive water will be extracted from the coucrete.
To maintain quality concrete, be sure the s0il and forms
are moist, Forms should be clean, tight, and adequately
braced; sawdust, nails, and other debris should be
removed before concrete is placed. Forms treated with

motor uil will facilitate removal from concrete that has
set.

Place the concrete immediately after mixing. Place in
a position and manner to limit flow and subsequent
segregation of the gravel and sand particles.

Thoroughly tamp and compact the concrete as it is

being placed to eliminate voids or honey combing.

Screed to the grade of the forms or templates and finish
by troweling. Do not overtrowel, because this will

result in flaking and a porous surface of the finishing
concrete.

Curing
Excessive or rapid evaporation of water from freshly

placed concrete will cause cracking, shrinkage, and low-
quality concrete.

Protect concrete from rapid drying or curing for five
days after placement. This may be accomplished by
submerging in water, applying membrane curing, or
covering with continuously moist burlap, canvas, straw,
plastic, or soil.

Po not place concrete when there is danger of frost,
unless provision has been made to protect the concrete
from freezing.

Removal of forms

Forms may be removed when the concrete attains suffi-
cient strength to support the dead loads and live loads
imposed upon it. Generally speaking, geod-quality con-
crete under ideal condm%ns will attain a strength of
approximately 35 kgf/cm®/day in the first three or four
days; thereafter, the curing process slows down consid-
erably. Table D.1 can be used as a guide for removing
forms and placing concrete structures in moderate rer-
vice.

TABLE D.1. Cwring time roequired before forms are removed and concrete structures are piaced (n moderats service

Minimum strength Minimum curing
requirements time required
Deacription of concrete structure " {hes)
Concrete not subject to appreciable bending or direct stress, not 35 kgf{cmz 24
reliant on forms for vertical support, not liable to injury by removal (500 psi)
of forms or other construction activity.
Concrete subject to appreciable bending or direct stress and partially
reliant on forms for vertical support.
Subject to dead load only. 50 kgf/cm? 36
{750 psi)
Subject to dead load and live load. 110 kgf/cm® 72
(1500 psi)
Concrete subject to high bending stress and wholly or almost wholly 140 kgf!cmz 108
reliant on Eorms for vertical support. (2000 psi)

Appendices 271




APPENDIX E
MASONRY*

Brick or stone masonry is frequently used in the con~
struction of portions of the civil works for small hydro-
power projects, for the diversion structure, intake, and
forebay, and sometimes for the powerhouse and lining of
the power canal. The principal reasons for this are the
difficulty of obtaining cement in sufficient quantity for
concrete structures in many developing countries, its
high cost, and difficulties in transporting it to remote,
rural areas. Brick or stone masonry permits use of local
materials to replace some of the volume for which con-
crete would otherwise be necessary, Because a signifi-
cant portion of the volume of quality concrete uses
locally available sand and aggregate, the savings of con-
crete may not be as great as they might initially appear,
but they are still significant.

For a typical wall of brick masonry, about 20% of the
volume is joint mortar. If the surface of the structure
is plastered, an additional 5% of the volulim of brick
masonry is plaster mortgr. Although 1 m” of quality
congrete requires 0.2 m” of cement {six 50 kg bags),

1 m* of plastered brick masonry r?uires about 25% or
0.25 wm? of mortar or about 0.0? m* of cement {two

50 kg bags). Consequently, if plastered brick masonry is
used, only about one-third of the amount of cement as
that required for poured concrete would be needed. If
the structure is not plastered, only about 25% of the
amount of cement required for poured concrete would
be needed. Further savings in concrete can be obtained
by using stones larger than bricks in the masonry.

Brick and stone masoury requires a4 mix of cement and
sand to join the bricks into an impervious stable mass.
Portland cement is used; the sand should he well graded,
clean, and free from harmful substances; and the water
should be free from undesirable impurities (see APPEN-

should be directly over cne another. The thickness of
the joints should be about 1.0 cm, and these should be
properly filled with mortar. To achieve this, mortar is
applied to the sides of the hricks already laid. The next
{wet) brick is laid 3-5 cm away and then pressed toward
the first brick, squeezing out the mortar indicating that
the joint has been filled. The joints on the surfaces to
be plastered or pointed (Fig. E.1) should be raked out to
a depth of 1 cm before the mortar sets. The other
joints should be filled and struck smooth before the
mortar sets. Curing is done by keeping the masonry wet
a minimum of five days by covering with wet burlap or
other saturated material or by sprinkling with water.

stone-cement masonry
1 ]

1:3 mortar 1:2 mortar

1:4 mortar )

i : i
brick-cement masonyy

Fig. E.l1. Section views of stone- and brick- masonry work
with (a) joints raked in preparation for (b} plastering or (c)
pointing.

Plastering

DIX D, p. 270).

The mortar for the joints should be prepared with a
cement/sand ratio of 1:4 by volume to obtain a workable
mix; about 23 { of water per 50 kg sack of cement
should be added with a fine spray. This assumes that
the sand is dry. Because any mortar not used after 30
minutes should be discarded, the quantity mixed each
time should be determined accordingly.

If bricks are to be used, only the best should be
selected. They should be scaked in a tank for at least
24 hours before they are used. They are then laid with
fresh, well-mixed mortar. The horizontal joints should

be parallel. The vertical joints on alternate courses
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If the surface is to be plastered, a 1:3 cement/sand ratio
should be used. A good key must be provided in the
masonry work for the plaster to hold on firmly to pre-
vent its crazing or cracking off. For this purpose, all
joints in the masonry should be raked to a depthof 1 cm
hefore the mortar has set. Before plaster is applied, the
masonry should be brushed to remove all loose dust,
thoroughly washed with water, and watered for

* A significant portion of this material is from On-Farm
Water Management Field Manual, Vol. V. National
Standards For Practices, Materials and Structures. (17).




24 hours. A 1 cm-thick layer of plaster is then laid on
the masonry. Vertical screeds or wooden strips can be
placed temporarily at regular intervals along the sur-
face. A straight-edge then worked sideways and upward
along the screeds ensures sufficient thickness of the
plaster and a flat surface. The surface is then finished
with 2 wooden float.

Pointing

Rather than plastering, pointing can be used to fill in
the joints in brick- or stone-masonry work to make it

smooth and watertight. A 1:2 cement/sand mortar is
then necessary, with only enough water to make a work-
able mix., The surface of the wmasonry work is prepared
in a manner similar to that required for plastering. The
joints are then filled in with the mortar and compacted
using 2 pointing trowel.
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APPENDIX F
WATER HAMMER

Description of phenomenon

Water hammer is a tepm which refers to the transient
pressure peaks which occur in a pipe when there is a
rapid change in the flow velocity within it. Figure F.1
illustrates how a velocity change caused by an instanta-~
neous closure of a gate at the end of a pipe creates
pressure waves traveling within the pipe.

Initially, water flows at some velocity "v_ " as shown in
{a). When the gate is closed, the water iﬁ:wing within
the pipe has a tendency to continue flowing because of
its momentum. Becnuse it is physically prevented from
so doing, it "piles up” behind the gate; the kinetic
energy of the element of water nearest the gate is con-
verted to pressure energy, which slightly compresses the
water and expands the circumference of the pipe at this
point (b}. This action is repeated by the following ele-
ments of water {c), and the wave front of increased
pressure travels the length of the pipe until the velocity
of the water "v_" is destroyed, the water is compressed,
and the pipe is expanded its entire length {d}. At this
point, the water's kinetic energy has all been converted
to strain energy of the water (under increased compres-
sion} and strain energy of the pipe (under increased ten-
sion).

Because the water in the reservoir remains under nor-
mal static pressure but the water in the pipe is now
under a higher pressure, the flow reverses and is forced
back into the reservoir again with velocity "v" (e). As
the water under compression starts flowing back, the
pressure in the pipe is reduced to normal static pres-
sure. A pressure "unloading” wave then travels down
the pipe toward the gate (f) until all the strain energy is
converted back into kinetic energy (g). However, unlike
case (a), the water is now flowing in the opposite direc-
tion and because of its momentum, the water again tries
to maintain this velocity. In so doing, it stretches the
element of water nearest the gate, reducing the pres-
sure there and contracting the pipe (h). This happens
with successive elements of water and a negative pres-
sure wave propagates back to the reservoir {i) until the
entire pipe is under compression and water under
reduced pressure (}}. This negative pressure wave would
have the same absolute magnitude as the initial positive
pressure wave if it is assumed that friction losses do not
exist. The velocity then returns to zero but the lower
pressure in the pipe compared to that in the reservoir
forces water to flow back into the pipe (k). The pres-
sure surge travels back toward the gate (e) until the
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entire cycle is complete and a second cycle commences
(b). The velocity with which the pressure front moves is
a function of the speed of sound in water modified by
the elastic characteristics of the pipe material.

In reality, the penstock pipe is usually inclined but the
effect remains the same, with the surge pressure at
each point along the pipe adding to or subtracting from
the static pressure at that point. Also, the damping
effect of friction within the pipe causes the kinetic
energy of the flow to dissipate gradually and the ampli-
tude of the pressure oscillations to decrease with time.

Critical time

Although some valves close almost instantaneously, clo-
sure usually takes at least several seconds. Still, if the
valve is closed before the initial pressure surge returns
to the gate end of the pipeline {g), the pressure peak
will remain unchanged--all the kinetic energy contained
in the water near the gate will eventually be converted
to strain energy and result in the same peak pressure as
if the gate were closed instantaneously. However, if
the gate has been closed only partially by the time the
initial pressure surge returns to the gate (g}, not all the
kinetic energy will have been converted to strain energy
and the pressure peak will be lower. If the gate then
continues closing, the positive pressure surge which it
would then create will be reduced somewhat by the
negative pressure (h) surge which originated when the
gate originally began closing. Consequently, if the gate
opens or closes in more time than that required for the
pressure surge to travel to the reservoir and back to the
gate, peak surge pressures are reduced, This time is
called the critical time "T_" and is equal to:

2
Te= 53—

(5.18)
The wave velocity, or speed of sound, in water is
approximately 1420 m/s. However, the wave velocity in
a pipe—the speed with which the pressure surge travels
along the pipe-~is a function of both the elastic charac-
teristics of water and the pipe material. An expression
for the wave velocity is:

a= 1420 (5.19)

1000K D
1+ 5t




(h)

v =0

)

{positive surge)

o (static pressure, function of depth only)
| |p < po (negative surge)

Fig. F.1. Movement along a pipe of a pressure surge
caused by a sudden gate closure (shown exaggerated).

Appendices 275




REFERENCES

The commonly used acronyms included within some of
the following references are described under ACRO-
NYMS AND ADDRESSES (p, 282). Other publications

1. -——, Atlas of World Water Balance, prepared by
the USSR National Committee for the Interna-
tional Hydrological Decade, The UNESCO Press,
Paris, 1977,

2, ww——, Brief Information on The Forthcoming
SKAT Publication, Design Manual for a Simple
Mechanical Governor, SKAT, 1982,

y “Clamp and Coupling Products, Expansion
Joints," Rockwell International Corp. (400 North
Lexington Ave., Pittsburg, PA 15208), 1985,

» Crossflow Turbine, Type: BYS5/T3, SKAT.

5.

» Design Standards No. 3, Canals and Related

Structures, U.5. Dept. of the Intetior, Bureau of
Reclamation, Denver, 1967 (available from
Burec; $15.25 plus $1.20 foreign handling).

» Development of Kam Pong, Mae Ton
Luang, Huai Pui, and Bo Kaeo Micro-Hydropower
Projects, USAID/Bangkok (Department of State,
Washington, DC 20523), Bangkok, 1984.

7. ~——, "The Effects of Ultraviclet Aging on PVC
Fipe,” Uni-Bell Plastic Pipe Association {2455
Villa Creek Dr., Suite 150, Dallas, TX 75234},
1981.

8, --—-, Energy Primer, Portola Institute (558 Santa
Cruz Ave., Menlo Park, CA 94025), 1974.

9.

» Engineering Field Manual for Conservation
Practices, U.S. Dept. of Agriculture, Soil Con~
servation Service, Washington, DC, June 1979
{available from NTIS; accession number
PB244668/AS).

10. -——-, Handbook of PVC Pipe, Design and Con-
struction, The Uni~Bell Plastic Pipe Association
(2655 Villa Creek Dr., Suite 150, Dallas, TX
75234); 1980 ($25.00).

11. s Hydrautic Turbines, Catalog 307, Chris-

tiana Machine Co. (now available from MacLeod
& Co., P.O. Box 286, Glenmoore, PA 19343),

not referred to in the Sourcebook but of possible
interest to readers are included in OTHER
REFERENCES {p. 281).

12,

13.

14.

15‘

16‘

17.

18.

19.

20.

21.

————; Manual for Rural Water Supply, SKAT,
1980 ($Fr. 34), (This publication is also available
in French for SFr. 39 and Spanish for SFr. 3{.}

,» Manual Para la Pianificacion y el Dimen-
sionamiento de Obras Hidraulicas de una Mini-

central Hidroelectrica, prepared by Projekt-

Planung-Lauterjung for GTZ.

» Mini & Micro Hydel Plants, Appropriate
Technology Development Organization (1-B 47th
Street, F-7/1, P.O. Box 1306, Islamabad, Fakis-
tan).

» 1980 Hydrology Data, Vol. L, National
Energy Administration, Bangkok, Thailand.

+ On-Farm Water Management Field Manual,
Vol. I, Watercourse Improvement, Water Man-

agement Wing, Ministry of Food, Agriculture and
Cooperatives, Government of Pakistan, Islama-
bad, December, 1980,

y On-Farm Water Management Field Manual,
Vol. V, National Standards for Practices, Mate-~

rials and Structures, Water Management Wing,

Ministry of Food, Agriculture and Cooperatives,
Government of Pakistan, Islamabad, December,
1980.

——--, Ossberger Turbinenfabrik, personal corres-
pondence, October 28, 1981.

--—-+, The Planning, Installation and Maintenance
of Low-Voltage Rural Electrification Systems
and Subsystems, VITA, April 1969 ($5.95).

» "Ponds--Planning, Design, Construction,”
Agriculture Handbook No. 590, Soil Conservation
Service, U.S. Department of Agriculture, June
1982,

==, "Reciprocating Wire Power Transmission
for Water Wheels," Village Technology Handbook,
VITA, 1975.

References 277



22

23.

25.

26.

2T.

28.

29.

30.

3L

3.

33

4.

35.

278

, Steel Plate Engineering Data, Welded Steel
Pipe, Vol. 3, American Iron and Steel Institute

1000 16th Street, NW, Waskington, DC 20036},
1980.

——, Water Current Turbines, A Field Worker's

Guide, ITDG, 1986 (£10.00).

—, Water Measurement Manual, U.5. Depart~
ment of Interior, Bureau of Reclamation, Denver,
1967 {available from GPOj; stock number 024~
003~00098-1).

——, Water Turbines, Gilbert Gilkes and Gordon
Ltd. (Kendal, Cumbria, England LA9 7BZ), 1974
(available at & 2,50 plus postage or from Gilkes
Inc., P.O. Box 628, Seabraok, TX 77586).

+ "Welded Steel Penstocks,” Water Resources
Technical Publication, Engineering Monograph

No. 3, U.5. Department of the Interior, Bureau of
Reclamation, 1966 (available from Burec; $0.40).

Alex Arter, Durchstrémturbine, Diplomarbeit,
Abend-Technikum Zirich, Switzerland, February
1980 {xerox copies available from SKAT).

A. Bachmann and A.M, Nakarmi, New Himalayan
Water Wheels, Sahayogi Press, Tripureshwar,
Kathmandu, Nepal, November 1983,

H.K. Barrows, Water Power Engineering, Tata
MeGraw-Hill Publishing Co. Ltd., New Delhi,
1972.

Harold Frank Birchal, Modern Surveying for Civil

Engineers, Philosophical Library, Inc., New York,
1956.

J.T. Boys, J.L. Woodward, et al., "A Low-Cost
AC Generating System, Suitable for Use With
Small Hydro Plants,” Department of Electrical
Engineering, University of Auckland, New Zea-
land (1981).

Ernest F. Brater and Horace W. King, Handbook
of Hydraulics, McGraw-Hill Book Co., New York,
1976.

Andrew Brown, "Stream Flow Measurement by
Salt Dilution Gauging," ITIS, November 1983,

Gautschi Christoph, Gloor Wilhelm, and Wong
Thin Mun, Experimentelle Unterschung einer
Durchstromturbine des Typs Banki, Diplomarbeit,
Hthere Technische Lehranstalt Brugg, Windisch,
Switzerland, 1980 {xerox copies available from
SKAT).

Broughton Cobuen, The Development of Alter—
nate Energy Sources and the Implementation of a
Micro Hydro-electric Facility in Sagarmatha
National Park, Nepal, UNESCQ (Division of Eco-
logical Scwnces, T Place de Fontenoy, 75700
Paris, France}, January 1984.

References

36.

3T

38.

39.

40,

41.

42.

43,

45.

46.

47,

48.

49,

50.

Broughton Coburn, "Namche 27 kW Micro Hydro
Proiect,” (a narrated slide tape presentation),
1984. (Further information can be obtained from
NRECA.)

Norman H. Crawford and Steven Thurin, Hydro-
logic Estimates for Smal] Hydroelectric Projects,
NRECA, Washingtou, DC, 1981.

William Creager and Joel Justin, Hydroelectric
Handbook, John Wiley & Sons, New York, 1950,

M.M. Dandekar and K.N. Sharma, Water Power
Engineering, Vikas Publishing House Pvt. Ltd.,
New Delhi, 1979.

Calvin Victer Davis (ed.), Handbook of Applied
Hydraulics, McGraw-Hill Book Co., Inc., New
York, 1942.

M.M. Desmukh, Water Power Engineering, Dhan-
pat Rai & Sons (1682 Nai Sarak, Delhi 110006,
India), 1978.

Martin Dietz, "Report About the Co-operatively
Run Water-mill in Upallo Arkhala Panchayat,"
unpublished Butwal report, August 1381.

Mohammad Durali, Design of Small Water Tur-
bines for Farma and Small Communities, TAP
Report 76-1, Technology Adaptation Program
(Massachusetts Inatitute of Technology, Cam~-
bridge, MA 02139), Spring 1976,

Andrew Eberhardt, "An Assessment of Penstock

Design,” Water Power and Dam Construction,
pp. 249-253, June/July 1975.

Elder, Boys, and Woodward, "Seli-excited induc-
tion machine as a small low-cost generator,”
IEEE Proceedings, Vol. 131, Pt. C, pp. 3341,
1984.

Etcheverry and Harding, Irrigation Practice and
Engineering, McGraw=-Hill Book Co., 2nd ed.,
Vol. I, 1933.

Jack Fritz (ed.), Small and Mini Hydropower Sys-
tems; Resource Assesment and Project Feasibil-
ity, McGraw-Hill Bock Co., New York, 1984.

J.L. Gordon, "Vortices at Intakes,” Water Power,
April 1970.

Jaime Lobo Guerrero, personal corvespondence,
Bogots, Colombia, August 24, 1977.

Jaime Lobo Guerrerc and John D, Burton,
"Hydraulic Governor for Small Pelton Turbines,”

Appropriate Technology, ITDG, Vol. 6, No. 4,
pp. 17-18.




51.

52.

53.

55.

6.

57.

58.

59.

60.

61.

&2,

63.

Jaime Lobo Guerrero and José Rafael Toro,
"Development of a Re-entry Cup Governor for
Pelton Wheels," (unpublished}, Dept. of Mechani-
cal Engineering, Universit€ de los Andes, Bogota.

John S. Gulliver, et al., "Intake Design to Avoid
Free-Surface Vortices" (submitted to Interna-
tional Water Power and Dam Construction).

J.8. Gulliver and A.J. Rindels, "Guidelines for
Hydroplant Intake Design Without Free Surface
Vortices," paper presented at Waterpower '83,
Knoxville, TN, September 1983.

Carroll A. Hackbart (ed.), On-Farm Water Man-

agement Field Manual, Vol. IV, Irrigation Water

Management, Water Management Wing, Ministry
of Food, Agriculture and Cooperatives, Govern-

ment of Pakistan, Islamahad, December, 1980.

David L. Hagen, "Advances in Controls to Govern
Mini and Micro Hydropower Systems,” Water-
power '85 Conference Proceedings, ASCE, 1985.

Hans W. Hamm, Low Cost Development of Small
Water Sites, VITA, 1967,

Julian Hinds, "Design, Construction and Use of
Metal Flumes,” Engineering News-Record, Vol.
88, No. 21, May 25, 1922,

Lee Wing Ho, Manufacture and Evaluation of a
Five-Kilowatt Axial-Flow Water Turbine, Master
of Science in Mechanical Engineering thesis
(Massachusetts Institute of Technology, Cam-
bridge, MA 02139), 1976.

R. Holland, "Energy for Rural Development,”
International Water Power and Dam Construc—
tion, Vol. 34, No. 12, December 1982, pp. 29-32.

Rik Hothersall, Micro-hydro Devel.pment for

P.N.G. (thesis}, Dept. of Mechanical Engineering,
UNITECH, 1984.

R. Hothersall, "A Review of the Cross-Flow Tur-
bine," Waterpower ‘85 Conference Proceedings,
ASME (345 East 47th Street., New York, NY
10017-2398), 1985,

John Ingersoll, "Now, Energy b:; the Bucket From
Back-Yard Powerplants,” Popular Mechanics,
February 1981, pp. 122 ff.

Allen R. Inversin, A Pelton Micro-Hydro Proto—
type Design, Research Series #1, Appropriate
Technology Development Institute, UNITECH,
June 1980.

Alien R. Inversin, Technical Notes on the Bain-
doang Micro-Hydro and Water Supply Scheme,
Research Series #2, Appropriate Technology
Development Institute, UNITECH, May 1981.

65-

66.

67'

68.

69-

70.

71.

72.

73.

4.

75.

76.

1.

78.

79.

80.

Charles A. Keith, "Civil Works and Structures,”
Proceedings of the Microhydro Seminar, The Uni-
versity of Auckland, New Zealand, 23-24 Novem-
ber 1981.

C.P. Kittredge, "Centrifugal Pumps Used as
Hydraulic Turbines,” Transactions of the ASME,
Journal of Engineering for Power, Janua:y 1961.

Ed Kramer, "Smal! Hydropower: Which Approach
is Appropriate?,” Small Hydropower in Africa,
NRECA, 1983,

Edwin B. Kurtz and Thomas M. Shoemaker, The
Linesman's and Cableman's Handbook, Fifth Edi-
tion, McGraw-Hill Book Co., New York, 1976.

Jagdish Lal, Hydraulic Machines, Including Fluid-
ics, 6th edition, Metropolitan Book Co. Pvt. Ltd.
1 Netaji Subhash Marg, New Delhi, India
110002), 1977.

Harry F. Langhorne, "Hand-Made Hydro Power,”
Alternative Sources of Energy, October 1971,
pp- 7-11.

Ray K. Linsley and Joseph B. Franzini, Water-
Resources Engineering, 3rd Edition, McGraw-Hill
Book Co., New York, 1979,

D.S. Mansell, et al., "Micro-Hydro: Civil Engi-
neering Aspects,” Dept. of Civil Engineering,
UNITECH, Papua New Guinea.

Lionel S. Marks (ed.}, Mechanical Engineers’
Handbook, McGraw-Hill Book Co., New York,

Juan Mata, "Design Criteria of Typical Civil
Works for Minihydropower Plant Projects,” Small
Hydroelectric Powerplants, NRECA, 1980.

Joseph A. McCurdy, Standby Equipment for Elec-
tric Power Interruptions, The Pennsylvania State
University.

J.D. McKinney, et al., Microhydropower Hand-
book, EG&G Idaho, Inc., Idaho Falls, 1983 (avail-
able from NTIS).

Ueli Meier, The Dhading Micro-Hydropower
Plant, Working Paper WP 6/83, SKAT, 1933
(SFr. 8).

Ueli Meier, et al., Local Experience with Micro-
Hydro Technology, SKAT (SFr 32), 169 pp, 1983.
(This publication is also available in Spanish for
SFr 30.)

Ueli Meier, Markus Eisenring, and Alex Arter,
"The Segner Turbine," SKAT, March 1983 ($2.00).

B. Felix Meinikheim, "A Working Pelton Wheel,"

Alternative Sources of Energy, ASE, October
1977,

References 279




81. Reinhold Metzler, The Heat Generator, A Device
to Convert Mechanical Power Directly into Pro-
cess Heat, SKAT (1984) (SFr.22).

82. Reinhold Metzler, “Problems Encountered in
Designing and Producing Small Scale Water Tur-
bines in Nepal," ID/WG.305/26 (UNIDO), Septem-
ber 1979.

83. A.M. Michaei, Irrigation, Theory and Practice,
Vikas Publishing House Pvt. Ltd., Rew Delhi,
1973.

84, Dennis A. Minott, "Mini-Hydroelectric Genera-
tion-Local Manufacture,” First Caribbean Con-
ference on Mini-Hydropower Generation,
March 9-14, 1981, Rousseau, Dominica.

85. C.A. Mockwore and Fred Merryfield, "The Banki
Water Turbine," Bulletin Series No, 25, Oregon
State University (Engineering Experimental Sta-
tion, Corvallis, OR 97331), February 1549,

86. Peter Molinari, "The Need for an Integrated
Approach in Rural Electrification in Nepal,"
ID/WG.305/41{UNIDO), September 1979.

87. Horace PDenton Morgan and Donald David Reid
Thomas, "Maintenance of Hydro-electric
Schemes and the Development of Sideatream
Intakes," Institute of Civil Engineering: Proceed-
ing, Vol. 20, pp. 345-370, November 1561,

88. Dale L. Nafziger, "A Mill Lighting System in
Nepal," DCS report, January 13, 1982.

89. A.-M. Nakarmi and A. Bachmann, MPP1J, Multi-
Purpose Power-Unit With Horizontal Water Tur~
bine, Vol. I (Basic Information) and Vol. II (Opera-
tion and Maintenance Manual), Sahayogi Press,
Kathmandu, March 1983 and February 1954,
respectively (available from UNICEF, P.O. Box
1187, Kathmandu, Nepal}.

90. Tsuguo Nozaki, Guia para la Elaboracion de Pro-
yectos de Pequenas Centrales Hidroelactricas
Destinadas a la Electrificacion Rural de Peru,
Japan International Cooperation Agency, June
1980.

91. B. Oettli, Namche Bazar Micro Hydropower
Plant, The Supplier's Fina! Report, Baiaju Yantra
Shala (P.) Ltd., iP.O. Bex 209, Balaju, Xathmandu,
Nepal), January 1984,

92. William G. Ovens, "A Design Manuat for Water
Wheels," VITA, 1975.

93. Bennett D. Reischauer, "Design of Civil Works

for Small-Hydropower Facilities," Small Hydro-
power in Africa, NRECA, 1983.

280 References

94,

95,

96,

9.

98.

99.

100.

101.

102.

103.

104.

105.

]. 06.

Alan I. Rindels and John 8. Gulliver, An Experi-
mental Study of Critical Submergence to Avoid
Free-Surface Vortices of Vertical Intakes, Proj-
ect Report No. 224, St, Anthony Falls Hydraulic
Laboratory {University of Minnesota, St. Paul,
MN 55414), June 1983.

Bennie N. Rinehart, et al., DOE Smali-Scale
Hydropower Program, Annual Status Report
1984, EGXG Idaho, Inc. (P.O. Box 1625, ldaho
Falls, ID 83415), September 1984 {available from
NTIS, printed copy A03, microfiche A01).

Helmut Scheuer and Bob Yoder, "A Report on the
Inspection of Existing Small Turbine-run Mills in
the Kaski, Parbat, Baglung and Gulmi Districts,”
unpublished DCS-BTI report, February 1976.

Helmut Scheurer, Reinhold Metzler, and Robert

Yoder, Small Water Turbines, GATE, September
1930‘

Valentine Schnitzer, et al., Activating Tradi-
tional Indigenous Techniques: Deveiopment and

Improvement of the Nepalese Watermill 'Ghatta’,
GATE (1983).

Martin P. Schroeder and P.K.C, Tu, An assess-
mant of SWECS/Mechanical Heating Systems,

RFP-3261, UC-60, Rockwell International Corp.,
Golden, CO, July 1981 (available from NTIS;

printed copy $8.00).

James K. Searcy, Flow=-Duration Curves, Geolo-
gical Survey Water-Supply Paper 1542-4A, U.S.
Department of the Intericr, 1959 (available from
GPO).

L. Shafer and A. Agostinelli, "Centrifugal Pumps
as Hydraulic Turbines tor the Small Hydropower
Market,” Worthington Group (McGraw-Edison
Co., Taneytown, MD 21787).

H.O. Sharp and R.K. Palmer, "Faster and
Cheaper Field Surveys," Engineering News-
Record, September 30, 1948, pp. 75-78.

Djoko Susanto, "Micro-Hydro Axial Flow Turbine
for a Battery Charging System in Remote Areas,"

Small Hydropower for Asian Rural Development,
NRECA, 1983,

Vito A. Vanoni (ed.), Sedimentation Engineering,
ASCE, New York, 1977.

P. Verhaart, "Blade Calculations for Water Tur-
bines of the Banki Type," Report WP3-
83.03.R351, Eindhoven University of Technology,
Eindhoven, Netherlands, March 1982.

C.C. Warnick, Hydropower Engineering, Pren-
tice-Hali, Inc. (Englewood Cliffs, NJ 07632),
1984.




107. C.C. Warnick, "Ungaged Streams: Estimating
Hydrologic Flow," Hydro Review (Hydro Consul-
tants, Inc., 755 Bolyston St., Suite 707, Boston,
MA 02116}, Vol. IV, No. i, Spring 1985,

108. Garry Whitby, "Heat Storage Cockers, The
Norwegian Experience and Indications for Imple-
mertation in Developing Countries," IT1S, Sep-
tember 1981.

109. H.G. Wilm and H.C. Storey, "Velocity-head Rod
Calibrated for Measuring Stream Flow," Civil
Engineering, Vol. 14, pp. 475-476, 1944.

110. John F. Wood, personal correspondence, Ennisty-
man, Ireland, May 5, 1981.

111. J.L. Woodward and J.T. Boys, "Electronic Load
Governor for Small Hydro Plants," Water Power
and Dam Construction, July 1980, pp. 37-39.

OTHER REFERENCES

-« Design of Small Dams, U.S. Dept. of the Interior,
Bureau of Reclamation, Washington, D.C, 1974 (avail-

able from Burec for $14.25, stock number 2403-00089;

or from GFO).

--—, Handbook of Steel Drainage and Highway Con-
struction Products, American Iron and Steel Institute
(1060 16th Street, NW, Waghington, DC 20036}, 1971,

-----, "PCA Suil Primer," Engineering Bulletin, PCA,
1973.

» "Small Concrete Gravity Retaining Walls," PCA,
1983,

--—-, Small Hydropower in Africa, Proceedings of a
workshop held in Mbabane, Swaziland, June 20-24, 1983,
NRECA.

-—--, Small-Scale Hydrupower in Africa, Proceedings of
a workshop held in Abidjan, Ivory Coast, March 1-5,
1982, NRECA {also available in French),

y “Soil-Cement Construction Handbook,"
Engineering Bulletin, PCA, 1979.

-——, "Soil-Cement for Facing Slopes and Lining
Channels, Resevoirs, and Lagoons,” PCA, 1984,

—— Steel Pipe Design and Installation, AWWA Manual
M11, American Water Works Association {6666 West
Quincy Avenue, Denver, CO 0235}, 1964.

J. George Butler, How to Build and Operate Your Own
Small Hydroelectric Plant, Tab Books Inc, (Blue Ridge
Summit, PA 17214}, 1982,

112. Chilton A. Wright and Clifford A. Betts, "Flash-
Board Pins," Transactions of the American
Society of Civil Engineers, Vol, 105, pp. 1412~
1444, ASCE, 1940.

113, Robert D. Yoder, Energy Storage for Domestic
Cooking in Nepal (thesis), Cornell Umversnty
Tthaca, NY 14853), 1981,

114, Robert D. Yoder and G.E. Rehkugler, "Energy
Storage for Domestic Cooking in Nepal,” {1981
Annual Meeting, North Atlantic Region, of the
American Society of Agricultural Enginears,
Brock University, St. Catherines, Ontario,
Canada), 1981.

115. Robert Yoder, personal correspondence, Argali,
Negpal.

Colin R, Elliot {ed.), Small Hydropower for Agian Rural

Development, Proceedings of a workshop held in
Bmgkok, lilﬂ.l'ld. Jl.l.‘l'le 8-12’ 1981' NRECA, 1983|

K.C. Ford (ed.), Plastics Piping Manual, Plastics Pipe
Institute (355 Lexington Ave., New York, NY 10017,
1976.

P. Greenwood and P. Robinson, Small Scale Hydropower
in Papua New Guinea, Dept. of Electrical and Commun-
ication Engineering, UNITECH, Papua New Guinea,
1982.

Drummond Hislop, Upgrading Micro Hydro in Sri Lanka,
Case Study 2, ITDG, 1986

L. Jajuug and J. Arneaud Clarke, Survey of Microhydro
Schemes in Pindiu Area, November 1981, Departmental
Report No. 1/82, Dept. of Electrical and Communica-
tion Engineering, UNITECH, 1981.

Jagdish Lal, Hydraulic and Fluid Mechanics, Metropoli-
tan Book Co. Pvt. Ltd, (1 Netaji Subhas Marg, Delhi
110006, India), 1984.

Walter D. Lawrence, "Karawa Integrated Rural Devel-
opment Project, Evaluation of OPG Project Proposal for
USAID/Kinshasa,” March 21, 1978,

Dermot McGuigan, Harnessing Water Power for Home
Energy, Garden Way Publishing Co. (Charlotte, VT
05445), 1978.

Bernard Miller, Manual for Calculation of Check Dams,
Swiss Association for Technical Assistance (P.O. Box
113, Kathmandu, Nepal}, September 1979,

References 281




ACRONYMS AND ADDRESSES

ASCE

ASE

Burec

GATE

GPO

ITDG

American Society of Civil Engineers
345 East 47th Street
New York, NY 10017-2198

Alternative Sources of Energy, Inc.
107 8. Central Avenue
Milaca, MN 56353

Bureau of Reclamation
Attnt D-922

P.0Q. Box 25007

Denver, CO 80225-0007

German Appropriate Technoiogy Exchange
Postfach 5180
D-6236 Eschborn 1, Fed. Rep. of Germany

U.5. Government Printing Office
Washington, DC 20402

Intermediate Technology Development
Group

9 King Street

London WC2E 8HN

England, U.K.

Intermediate Technology Industrial
Services

Myson House

Railway Terrace

Rughby CV21 3HT

England, U.K.

¢82 References

NRECA

NTIS

SCA

SKAT

National Rural Electric Cooperative
Association
International Programe Divizion

1800 Masasachusette Avenue, NW
Washington, DC 20036

National Technical Information Service
U.S. Departinent of Commerce

5285 Port Royal Road

Springfield, VA 22151

Portland Cement Association
5420 OM Orchard Road
Skokie, Dlinois 60077

Swiss Center for Appropriate Tech: oicey
Varnbiielstrasse 14
CH-9000 St. Gallen, Switzerland

The PNG University of Technology
Private Mail Bag
Lae, Papua New Guinea

Volunteers in Technical Asaistance
1815 N, Lynn Street
Arlington, VA 22209



INDEX

A page number in bold-face type next to a listing indi-
cates the page on which the definition of that term can
be found. An index to locations of specific micro-

Abney lavel {see Clinometer)

Access ports, 77

Afterbay, 153

Air inlet valve, 76-77 (see also Air valves)
Air-release valve, 76 (see also Air valves)

Air valves, 77, 86, 147, 150

Air vent , T4, 75, 76, 85-86 {see also Air valves)
Altimeter, 22, 24-25

Anchors, 74-75, 140-144

Battery storage, 217-219
Belt drives, 193-194
Blowoff, 77

Brushless generator, 223
Bucket methcd, 9, 10-11
Bulb turbines, 183, 184
Butterfly valves, 159

Canals [see Powr
Cavitation, 56-57, 12 192
Chain drives, 194
Chute, 112
Clinometer, 22, 23-24
Collars, 84
Concrete,
preparation of, 270-271
use for lining, 107-108
Conduits
low pressure, 71,118
Conversion tables, 265-266
Couplings, 192-194, 223
Crib dams, 83
Critical time, 133-134, 274
Crossflow turbines, 44, 178-182
setting, 56
Culvert, 71
designs, 116-118
Current meter, 14-15
Cylinder gates, 158, 163

Dams and weirs
dams, 48, 64
designs, 78-84
functions served, 64-67
weirs, 64

hydropower installations by country can be found in
OTHER PROJECT DESCRIPTIONS (p. 263).

Diameter ratio, 175
Direct coupling, 192
Direct current, 217-219, 243-244
Discharge
measurement of, 9-21
Draft tube, 56-57, 179-180
Drop intake, 94
Drop structures, 71
designs, 110-111

Tarth dams, 83~84

Efficiencies, 197 {gee also specilic turbine types)

Exparsion joints, 74
Bellcws-typs, 137
Sleeve-type, 136-137

Flashboards, 81
Flat beits, 193
Float method, 13
Flow
measurement of, 9-21
Flow-duration curve
definition, 30-31
determining encrgy and power potential, 3342
estimating for ungaged basins, 38
implication for turbine selection, 42-45
Flume, 71
designs, 112-115
Forces on supports, anchors, and thrustblocks, 138-145
conditions for stability, 146-147, 150
reducing forces, 145-146, 148-149
Forebays
description, 72-74
designs, 118-124
Frame and deck dams, 83
Francis turbines, 44, 182
setting, 56
Freeboard, 109, 112-113
Frequency, 199, 220
Friction, 157, 158

Gabions, 79

Gate valves, 158-159

Gates and valves, 68, 73, 75, 86
designs, 154-159
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Gear boxes, 194
Gearing ratio, 192, 206
Generators
electrical, 220-223
mechanical heat, 198, 241-242
Glory-hole spillway (see Shaft spillway)
Governing devices
load controller, 204-205
mechanical, 204
oil-pressura governor, 203-204
purpose, 199-200

Head
measurement of, 21-25
Headrace (see Power canal)
Heat generator (sse Generators, mechanical heat)
Heat storage cooker, 242-243
Hoists, 156~157
Hydraulic radius, 19-20, 100-104
Hydrograph, 29-30

Impulse turbine, 171
In-strcam turbines (see Water-carrent turbines)
Intakes

description, 67-68

designs, B4-%6

location along stream, 52-55
Inverted siphons, 71

designs, 115-116
Inverter, 218-291
Irrigation

integrating with, 53-55
Isolation valve, 75, 190

Jet ratin, 175
Joints

in timber, 113-114
Joukovsky's equation, 134

kVA, 220-221

Level, 22-23

Lining of canals, 104-108

Load controllers, 202-203
Load factor, 218
Low-pressure conduits, 71, 118

Manning's equation
for canal flow, 19-20
for pipe flow, 100, 102, 126
Marine thrusters, 169
Masonry, 106-107, 272-273
Mean annual flow
estimating for ungaged basins, 33-37
Minimum flow
estimating, 37~38
MPPU, 178
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Needles, 155

Qil-pressure governor, 203
Overflow spillway, 160

Overspeed, 224 (see also Runaw 2v speed)

Pelton turbines, 44, 173-177
with draft tube, 57
Penstocks
basic layouts, 49-51, &5
description, 74-77
materials, 124-125
pipe diameter, 125-133
wall thickness, 133-136
Phase imhalance, 219, 224
Pipe
diameter, 125-133
thickness, 133-136
Pipe drop, 111
Pipir.z, 83
Pitch circle diameter, 174
Power
electrical, 220-222
Power canals
basic layout, 51-52
consgtruction, 104-108
design, 96-104
drainage, 71, 108-109

freeboard and spillways, 71, i09-110

profiles, 98-99

roughness coefficient, 97-98
sizing, 99-104

velocity in, 96-98

Power conduits (see also Power canals, Low-pressure

conduits,

component of site layout, 51-52

description, 6£-72
Power equation, 48-49, 56
Power factor, 222
Powerhauses
description, 77-78
designs, 147,150-154
location of, 56-57
Pressure losses
pipe friction, 126-129
pipe turbulence, 129
Pressure relief valve, 76
Propeller turbines, 44, 182-185
setting, 57
Pumps as turbines, 44, 185-187

Rating curve, 21
Reaction turbine, 171
Reducing forces, 145-146

conditions for stability, 146-147
Right-angle drive turbine, 183,184

Roughness coefficient

for canals, 97-98

for pipes, 126-127
Runaway speed, 174, 206, 223




Runner, 171
Runoff, 34
*Bun-of-riv.t’ s-hemes, 64

Salt-dilutior -..ched, 10, 19
Schneider engine, 189
Seepage, 84, 105
Segner turbine, 189
Service factor, 193
Settling basins, 68, 72, 88
designs, 166-170
Shaft spillway, 160-161
Sharp~crested weir, 16
Side intake, 87
Significant figures
meaning, 267-268
use in text, 9, 268
Single phase, 219
Siphon (see also Inverted siphons)
intake, 8
spillway, 161-162
Skimmers (see Trashrack and skimmers)
Sliding gates
designs, 155-158
Slope-area methed, 10, 19-20
Soil
types, 269
compaction of, 104
Specific mean annual flow, 33
Specific minimum flow, 37
Specific speed, 172-173
Speed
generator, 222
Spillways, 68, 71, 73, 87-88, 109-110
designs, 159-162
Stability, conditions for, 146-147, 150
Stage-discharge method, 10, 20-21
Standardized designs, 92-93
Stilling basin, 82
Stoplogs, 73
designs, 154-155
Storage cookers (see Heat storage cooker)
Support piers, 74, 138-140
Surge pressure (see Water hammer)
Surge tank, 76
Switchgear, 223
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Dr. M. Abdullah: 10,2, 10.42, 10.44, 10.45, 10.49, 10.52,
10.53, 10.54

Broughton Coburn: 1.4, 5.161

Andreas Bachmann: 1.5, 1.6, 6.6, 6.22, 7.1, 7.2, 7.3

Peter Garman: 6.19

Tailrace, 56, 78

Thermal expansion, 74, 136-137

Thoma sigma, 184, 192

Three phase, 219

Thrustblocks, 75, 144-145

Timing belts, 194

Tirolian intake (see Drop intake)

Trashracks and skimmers, 68, 73, 88-91
Skimmers, 89, 165
Trashracks, 85, 88-89, 162-165

Tubular turbines, 183, 185

Tunnels, 69

Turbines {see -lso specific turbine type)
impulse and reaction, 171-172
miscellaneous, 157-189
operation under new conditions, 191-192
setting, 56-57, 184, 192
specifications, 189-190

Turgo turbine, 44, 177-178
with draft tube, 57

Units of measure, 265-266

Valves (see Gates and valves)
V-belts, 193
Velocity

in a canal, 96-)8

scouring, 98
Velocity-area method, 9, 11-16
Velacity-head rod, 13~14
Voltage, 199, 220
Vortices, 120-121, 163

Water-current turbines, 64, 187-18%
Water hammer, 75, 133-136, 274-275
Waterwheels, 185

Wave vel-city, 133, 274

Weir method, 9, 16-19

Weirs (see Dams and weir)

Well screen, 164

Wetted area, 109

Wetted perimeter, 100

Wicket gate, 183
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Mike Johnson: 5.46, 5.167, 6.13, 6.14, 4.15, 6.21

Dale Nafziger: 10.1, 10.11, 10.13, 10.14, 10.15, 10.17,
10.20, 10.21, 10.29, 10.34, 10.35, 10.37, 10.38

Robert Yoder: 10.3, 10.4, 10.5, 10.12, 10.23-10.28,
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