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Preface

Many people around the world live in areas
where streams and rivers are potential
sources of energy for lighting,
communications and processing
industries. This can be a very valuable
natural resource, which can be exploited
by the building of small hydro-power
schemes.

Unfortunately, no two hydro plants are
ever precisely the same, and thus
designing and building them requires a
broad range of skills and experience. A
further obstacle to widespread
implementation has been the scarcity both
of designers and of local manufacturers of
equipment. This in turn has been largely
due to unfamiliarity with the technology,
and the absence of infrastructural support.

Intermediate Technology has sought to
relieve this situation over recent years by
developing comprehensive guidelines
which are presented here in this book. It is
hoped that this guidance will encourage
familiarity with the technology and will
assist manufacturers to develop their local
markets. It is hoped that it will increase
the activities of local design consultants in
developing countries. Finally it is hoped
that the financial guidance and proposed
report structures given here will help
introduce micro-hydro and other
renewable energy sources more firmly into
routine rural development planning
around the world.

Our experience of micro-hydro has been
the outcome of field work in Peru, Nepal
and Sri Lanka. This work has taught us
the potential for micro-hydro as a relatively
low-cost locally managed source of
productive energy. To date, our experience
has been shared largely through a series of
international training courses in Asia and
Latin America, which have been attended
by engineers from many developing
countries around the world.

This book is intended to give quick and
reliable methods of planning a scheme,
assessing viability, and sizing and
selecting components. The main
requirement has been for easy-to-use
design procedures, rather than for refined
and complex ones. So, while it is not
possible to cover every conceivable design
problem, these procedures will be
adequate for most situations and will
provide a valuable reference to support
practical training and experience. Users
will quickly build up personal experience
and develop improved procedures to suit
local circumstances.

Please send any corrections, refinements
or case study information to IT. Your
comments and your recommendations for
alternative or improved design and
planning methods will be of great value.

Adam Harvey
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International Training Courses

IT offers training courses in the design of
micro-hydro power schemes. Readers of
this book are welcome to contact us with
respect to these courses. They offer
opportunities for gaining practical
experience, as well as design knowledge,
for obtaining advice on specific design
problems as well as for undertaking
complete design exercises. They are also
an opportunity to build up links with
colleagues in other countries and to share
experience internationally. The courses are
taught by a wide range of international
lecturers from different agencies with
different expertise.

Economists and planners, as well as
engineers, are welcomed on these courses
and special provision is made to study
relevant infrastructural topics such as

Mini-Hydro Power Group

subsidy policy, the economics of renewable
energies, and management issues.

In addition to training in design, specialist
courses are also offered, for instance, in
the use of induction generators, use of
electronic load controllers, manufacture of
induction generator controllers,
manufacture of Pelton turbines and in the
operation, maintenance and management
of micro-hydro schemes.

Please write for further information to:

IT Micro-Hydro Programme

Intermediate Technology Development Group
Myson House

Railway Terrace

Rugby CV21 3HT

UK

Fax: 44-(0)788-540270

The work of IT in micro-hydro power is
undertaken in association with the
Mini-Hydro Power Group (MHPG]), which
comprises a number of European agencies
for appropriate technology, primarily the
Swiss Centre for Appropriate Technology
(SKAT), and the German agencies for

appropriate technology (FAKT and GTZ). IT
contributes to the network magazine
Hydronet and is part of the editorial board.

Our training courses draw on expertise
from within the MHPG group and also from
other institutions.
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Introduction

1.1

Micro-hydro power

This book gives information on the design of
small-scale water power schemes. These are
usually classified into three levels of size:
full-scale, mini and micro.

Full-scale hydro schemes produce enough
electricity for large towns and extensive grid
supplies. For instance the Kariba dam supplies
both Zambia and Zimbabwe with grid electricity.
A full scale hydro scheme produces more than 10
MW of power. A megawatt (MW) is a million
watts, enough power for 20,000 light bulbs. A
kilowatt (kW) is one thousand watts. One kilo-
watt is enough electricity for 5 households each
using 4 light bulbs of 50 watts each.

Mini-hydro schemes make a smaller contribu-
tion to national grid supplies, typically in the
range of 300 kW to 10 MW. Sometimes the
higher end of this range, 3-10 MW, is referred to
as ‘small hydro’ power.

Micro-hydro schemes are smaller still, and
usually do not supply electricity to the national
grid at all. They are used in remote areas where
the grid does not extend. Typically they provide
power to just one rural industry or one rural
community. They range in size from 200 watts,
just enough to provide domestic lighting to a
group of houses through a battery charging
arrangement, to 300kW, which can be used for
small factories and to supply an independent
local ‘mini-grid” which is not part of the
national grid.

Photo 1.1.1 A micro-hydro electrical scheme in Nepal. The
forebay tank in the foreground can be used for limited
storage of water. (IT/Jeremy Hartley)

. " by g %

Photo 1.1.2 Water is drawn from the waterfall crest and
returned via the tailrace of the powerhouse.
(IT/Jeremy Hartley — Sri Lanka)

x

In many cases micro-hydro power schemes do
not generate electricity. Grain mills, for instance,
are often driven directly from the turbine shaft.
The design guidance given in this book can be
used both for this kind of scheme (direct
mechanical drive), and for electricity generation
schemes. It is quite common for an installation to
drive both an electrical generator and mechanical
processing machinery.

There is an increasing need in many countries for
power supplies to rural areas, partly to support
industries, and partly to provide illumination at
night. Government authorities are faced with the
very high costs of extending electricity grids.
Often micro-hydro provides an economic alter-
native to the grid. This is because independent
micro-hydro schemes save on the cost of grid
transmission lines, and because grid extension
schemes often have very expensive equipment
and staff costs. In contrast, micro-hydro schemes
can be designed and built by local staff and
smaller organizations following less strict
regulations and using ‘off-the-shelf’ components
or locally made machinery. This kind of ap-
proach is known as the localized approach. Fig
1.1.3 shows how significant a difference this can
make to the cost of the electricity produced. It is
hoped that this book will help to promote the
localized approach. Some governments have
already adopted formal policies which encour-
age localization, and it may be that many more
will do so in the near future.
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It is useful to distinguish between ‘run-of-the-
river’ schemes (Fig 1.1.1) and ‘storage’ schemes
(Fig 1.1.2). A storage scheme makes use of a dam
to stop river flow, building up a reservoir of
water behind the dam. The water is then released
through turbines when power is needed. The
advantage of this approach is that rainfall can
accumulate during the wet season of the year and
then release power during some or all of the drier
periods of the year.

A run-of-the-river scheme does not stop the river
flow, but instead diverts part of the flow into a
channel and pipe and then through a turbine.
Micro-hydro schemes are almost always run-of-
the-river. The disadvantage of this approach is
that water is not carried over from rainy to dry
seasons of the year. The advantage is that the
scheme can be built locally at low cost, and its
simplicity gives rise to better long term reliability.
Run-of-the-river schemes are preferable from the
point of view of environmental damage since
seasonal river flow patterns downstream of the
installation are not affected and there is no need
for flooding of the valleys upstream of the
installation.

Storage schemes with dams also have the disad-
vantage of being more complex and expensive.
They can encounter severe problems, for instance,
the reservoirs will often fill with silt after some
years. When this happens it is often found that it
is too expensive to dredge the reservoir clean
again. The scheme then ends up delivering less
than the expected energy output.

Although a micro-hydro scheme never has a full-
scale dam it may sometimes be designed with a
small reservoir to accumulate water on a daily
basis. This reservoir is usually an enlarged
version of the ‘forebay tank’ (Fig 1.1.1) in schemes
using a channel. In micro-hydro schemes which
do not need a channel, the reservoir can be
accommodated by the weir which then acts both
as a weir and as a very small dam.

—N\
Channel for

diverted water

Forebay.__
tank

Turbine

Fig 1.1.1 Run-of-the-river micro-hydro scheme

A diversion weir causes minimal environmental impact to the
river and does not change the seasonal flow patterns. Some
micro-hydro schemes accumulate water in the forebay tank
on a daily basis. This can be useful if there is a high level of
power demanded for only a few hours each day.

Storage reserv

Dam with intake

Fig 1.1.2 Hydro scheme with storage A dam causes
accumulation of water by flooding the valley upstream. The
water is released later in the year, so changing the down-
stream river flow patterns. Silt accumulation in the reservoir
can cause severe problems.

Photo 1.1.3 and 1.1.4 Rice milling is the main use of micro-hydro power in Nepal. (IT/Jeremy Hartley)
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Fig 1.1.3 Micro-hydro’s economy of scale The graph above (based on data in 1985) shows the overall costs of a number of
micro-hydro schemes compared to mini and larger schemes. It clearly shows that the localized approach to micro-hydro can

lead to low cost.

1.2

The components of a scheme

Fig 1.2.1 shows the major components of a
typical scheme.

The weir acts to divert water through an opening
in the river side (the ‘intake’ opening) into an
open channel. A settling basin is used to remove
sand particles from the water. The channel
follows the contour of the hillside so as to pre-
serve the elevation of the diverted water. The
water then enters a tank known as the ‘forebay’
and passes into a closed pipe known as the
‘penstock’. This is connected at a lower elevation
to a waterwheel, known as a turbine. The turning
shaft of the wheel can be used to rotate a me-
chanical device (such as a grain mill, oil expeller,

Aqueduct

Channel
Forebay tank

Intake ana
diversion weir

~ N IS T TSemE SRR e = 7

wood lathe and so on), or to operate an electrical
generator. The machinery or appliances which
are energized by the hydro scheme are called the
‘load’. In Fig 1.2.1 the load is a saw mill.

There are of course many variations on this
design arrangement, for example, the saw mill
could be driven directly by the rotating shaft of
the turbine, without any need for electricity.
Another possibility is that the channel could be
eliminated, and a penstock run directly to the
turbine from the first settling basin. Variations
like this will depend on the characteristics of the
particular site and the requirements of the user
of the scheme.

Settling basin

Powerhouse

Fig 1.2.1 Major components of a micro-hydro scheme
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1.3

Power from water

A hydro scheme requires both water flow and a
drop in height (referred to as a ‘head’) to pro-
duce useful power. It is a power conversion
system, absorbing power in the form of head and
flow, and delivering power in the form of elec-
tricity or mechanical shaft power. No power
conversion system can deliver as much useful
power as it absorbs — some power is lost by the
system itself in the form of friction, heating,
noise etc.

Fig 1.3.1 Head is the vertical height through which the
water drops.

Power output

Step-up and down
transformers lose 4%

Transmission
loses 10%

Power output =

= e, x powerinput

Generator loses 15%

The conversion equation is:
Power input = power output + loss

or Power output = power input X conversion
efficiency

For instance, if the scheme absorbs 200 kW and
delivers 120 kW, then the loss is 80 kW. The
efficiency is 60 per cent (120 = 200 x 60%).

The equation above is usually expressed slightly
differently. The power input, or total power
absorbed by the hydro scheme, is the gross
power, P .. The power usefully delivered is the
net power, P__. The overall efficiency of the
scheme (Fig 1.3.2) is termed e

P =P xe kW

net ~ © gross o
The gross power is gross head (h,,...) multiplied

by flow (Q) and also multiplied by a factor of 10,
so the fundamental equation of hydro power is:

szhngSxQxlee0 kW

where head is in metres, and flow is in cubic
metres per second. This simple equation should
be memorized: it is at the heart of all hydro
power design work. It is important to use correct
units (see Example 1.3.1).

Full power potential
{(power input)

Penstock loses 10%

Channel
loses 5%

Turbine loses 20%

€ civilworks X € penstock X € turbine X © generator X €line X POWerinput

= 095 x 0.9 x 0.8 x 0.85 x 0.96 x 0.9 x power input

= 0.5 x power input

Fig 1.3.2 Typical system efficiencies for a scheme running at full design flow. For part-flow efficiencies see Note 5.1.1.
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The physics behind the power equation Note 1.3.1

The energy released by a falling body is its weight multiplied by the vertical distance over which it exerts its
weight. The weight of falling water is the downward force it exerts. This force is a product of its mass (m)

and the acceleration due to gravity (g). The vertical distance is the head (h gross)-

Energy released=mg hgmss Joules

The mass of the water is its density (p) x its volume (V) so that

Energy released= Vpgh Joules

gross

Since the water enters the turbine at a certain volume flow rate of Q cubic metres each sec, the energy
released can be expressed in terms of power (power is energy released per unit of time)

Gross power (P =pQgh Joules/sec or Watts

gross

Water can be considered to have a density of 1,000 kg/m®, and g is 9.8 nVs?. The power produced at the
turbine will be much less than the gross power, because of friction losses in the penstock and in the
turbine. The power output of the generator is less again, because of inefficiencies in the drive system and
generator; further, transmission of the power involves losses, with the final result that the consumer
receives only about half the gross power capacity of the site. The overall efficiency of the scheme (e ) in
fact tends to vary between 0.4 and 0.6. The power received by the consumer, P

Pet=8 P Qgh Watts

gross

gross)

net’

P.i=¢€, 1000 Q 9.8 h Watts

gross

Pe=€6 Q98 h kW

gross

The net power is often quickly estimated by taking e, as 50% and rounding off:
P . =0.5xQx10xh kW

net (estimate) gross

Using the power equation Example 1.3.1

1 You have been asked to design a micro-hydro scheme to supply 50kW to a small rural factory.
There is a waterfall nearby which is 20 metres high. How much flow is needed?

P

het = hgrosstxmxeo

To solve the problem the power equation must be changed so that Q is on the left hand side:

P
Q = net = 50 = 05 m /s

Rgross X 10 X €, 20 x 10 x 0.5

In small water power schemes flow is often measured in litres per second rather than cubic metres per
second. It is important always to change to the standard unit , which is known as the ‘SI’ (System
International) unit. All the equations in this book make use S| units as listed in Appendix 1. Always
check that you know the correct units when using an equation in this book.

2 You are told that there is a flow of 150 litres per second in a small stream, and a head of 90 feet can be
used for hydro. What is the estimated power output?

The unit given for flow in Appendix 1 is in m3/s. This is therefore the correct S unit to use. Similarly,
head is listed in units of metres. 90 feet is about 30 metres. 150 U/s is 0.15 m¥s.

Pt = 30 x 015 x 10 x 0.5 = 22.5 kW
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Designing a scheme

The recommended approach to designing a
scheme has four stages:

1 Capability and demand survey: It is essential
to establish accurately how much energy is
wanted for what purposes, when it is wanted,
and where it is wanted. Can prospective
consumers of the energy afford a new energy
source, and how much are they willing to pay
for it? This survey forms the basis of a finan-
cial study as described in Chapter 9.

It is also essential to assess the organizational
capability of the users of the scheme. Micro-
hydro is often planned for rural communities
where most people do not use complex
machines. The scheme will tend to involve
large amounts of capital and some contribu-
tions in labour from local people, who will
have high expectations of the benefits the new
technology will bring to them. To avoid
disappointment due to irregular maintenance
and cash flow difficulties, it is best to ensure a
sound management system before starting
the project. The survey will recommend
training in new skills, eg accounts, and a
management system, eg a way of collecting
tariffs and spending the funds. Most commu-
nities practise complex methods of organizing
their affairs, such as irrigation water distribu-
tion, and the management of the hydro can
build on such local skills and arrangements.
Section 1.8 provides preliminary guidelines
for a management capability and energy
demand survey.

2 Hydrology study and site survey: This
establishes the hydro power potential of the
site. It shows how the water flow varies
through the year, and where water must be
taken for the cheapest and most effective
scheme. It shows how much power will be
available, and when it will be available. The
study takes into account the various uses of
water, for instance irrigation for agriculture,
which will take precedence over hydro
power. Chapter 2 describes some possible
approaches to a hydrology study.

3 Pre-feasibility study: This is a quick cost
study of a range of design options and rural
energy sources. The designer of a hydro
scheme will usually identify three or four
different approaches to satisfying the con-
sumer demand; there may for instance be two

different designs of micro-hydro installation,
and other possibilities, such as extension of
the national grid lines, or use of a diesel
generator. The pre-feasibility study compares
these options and presents their main fea-
tures. The consumers of power will want to
know their options, and comparative costs,
and so will the prospective funders.

The pre-feasibility will also compare the
results of the energy demand survey with the
results of the hydrology study. The demand
survey tells us how the demand for power
varies, while the hydrology study tells us
how the supply of power varies. The pre-
feasibility should make it clear how well
supply and demand are matched. For exam-
ple, it answers questions like “is the power
needed for grain milling during the three dry
months when there is little water, or are the
villagers content without a milling service
during these months?” These questions are
answered by graphs and a ‘plant factor’
calculation as shown in Example 1.5.1.

The conclusions of the capability survey
should be included here. These include
recommendations for management structure,
tariff structure, contingency plans and so on,
as described in Section 1.8 following. The
time-scale required for institution-building
and management skills should be clearly
stated. For instance, one year may be re-
quired. In this year it is also very important to
monitor water flows and irrigation practices
in order to correct the conclusions of the
hydrology study against further findings.

In many cases it is useful in the pre-feasibility
report to outline more than one engineering
design option. For instance, a micro-hydro
scheme could generate electricity which is
transmitted to the centre of a village and used
by a motor-driven grain mill. Or it could mill
the grain with a direct mechanical drive from
the turbine, but the villagers would have to
walk some distance to the hydro turbine. The
two options will have different advantages
and disadvantages - these should be outlined
in the pre-feasibility study. The report can be
used as a basis for discussion.

To do the pre-feasibility study the chapters of
this book can be followed through quickly,
making guesses or estimates where possible.



4 Full feasibility study: If discussions follow-

ing the pre-feasibility report indicate that one
of the micro-hydro approaches is sensible,
then proceed to detailed engineering calcula-
tions and costings. Also include a financial
study, using the economic indicators de-
scribed in this chapter and in Chapter 9. It is
important also not to omit a full operation
and maintenance (O+M) study. The golden
rule of the feasibility study is:

“O+M first, economics and plant factor
second, engineering design last”

It is essential to follow this rule, because the
success of the scheme will depend in the end
on correct operational procedures and
effective management of the scheme when
operating.

It is important to tailor the technical design to
suit the level of operational and organiza-
tional resources (skills, finance, accessibility,
repair workshop techniques and tools) in the
region. Similarly, the technical design must be
tailored to local economic conditions, such as
the financial resources of the users, how
much they can afford to pay for the hydro
installation and how much time they can
devote to managing it in future years given
their other priorities.

DESIGNING A SCHEME 1.4

Because of the golden rule, it is essential to
make use of Chapter 10 on operation and
maintenance in preparing a feasibility study,
and also to make use of Chapters 1 and 9 on
economic evaluation.

The feasibility will also set out in detail the
tariff structure for the scheme, and how it will
be implemented. This might include provi-
sions for welfare, provisions for accumulation
of funds for development of new end-uses of
the hydro power, contingency plans in case of
technical or managerial difficulties, or in case
of problems with tariff collection, terms of
reference for supervisory committees and so
on. If the hydro is used both as a public
service (domestic electricity) and a power
source for a business, the allocation of prior-
ity rights over use of the power and the
relative obligations of the different parties
must be defined carefully in the torm of
contracts. In the same way relative obliga-
tions and priority rights must be set out for
the different uses of the water supply, irriga-
tion and hydro power, which will help
resolve difficulties caused by unexpected
changes in the water supply in future years,
or changes in demand for either water or
power.

Photo 1.4.1 Domestic lighting is now one of the major uses
of micro-hydro power. (Sri Lanka)

Photo 1.4.2 An oil extractor driven by hydro in Nepal.
(IT/Jeremy Hartley)
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1.5

Plant factor

The best way to explain the plant factor concept
is to take a simple example.

Let’s say an engineer installs a hydro scheme to
supply electrical lighting for a village. The
scheme costs $10,000 to install. The total number
of houses in the village is 50, but to begin with
the village has only 25 houses wired for lighting,
each consuming 200 watts of electricity. The
other 25 villagers decide to wait for five years
before they connect their houses. The installation
is sized to provide 50 houses with 200 watts, so
even on the first day it has a power capacity of
50 x 200 = 10kW. During the first five years only
25 x 200 = 5kW is actually used. Consider the
ratio of power used to power capacity:

. ower used
Power ratio = __powerused

power installed
In this case, the power ratio in the first five years
= 5kW/10kW = 0.5. In the second five years, it is
10kW/10kW = 1.

If the power ratio is expressed instead as an
energy ratio, by multiplication by the time for
which power is available or used, we arrive at
the plant factor (also called ‘capacity factor’).

Plant factor
power used x time power used

power installed x period considered

energy used

energy available

In the first five years, the first 25 households are
using 5kW for lighting. They require lighting in
the evening hours only, 6pm to 12pm, that is, for
6 hours out of 24 hours. In this case the time
power is used is 6 hours and the period consid-
ered is 24 hours. The plant factor is:

5 kW x 6 hours
10 kW x 24 hours

= 0.125

In the second five years, the next 25 households

are connected and the total power consumed in
the evening hours is 10kW. The new plant factor
is:

10 kW x 6 hours
10 kW x 24 hours

= 0.25

These numbers, 0.125 or 0.25 plant factor, are a
quick assessment of whether or not the hydro
scheme is likely to be successful.

Suppose that the initial $10,000 capital cost was
received as a loan from a bank. The bank charges
interest and expects a repayment of $2000 each
year for 10 years. In the first five years, only 25
villagers are connected, and the yearly cost per
household of paying back the loan is $2000/25 or
$80 per household per year, nearly $7 per month.
On top of this there are maintenance costs to
cope with, payment of the wages of the hydro
plant operator, and so on. The village may be
troubled by this high cost; it has to decide
whether the 25 houses with lighting pay the full
cost themselves or whether the other villagers,
who are not receiving electrical lighting, must
also pay something. The scheme is presenting
the villagers with economic problems, as is
indicated by the low piant factor of 0.125. In the
second 5 year period the situation has improved
because all the households are connected, and
the shared loan repayment is half as much, just
over $3 per month. The higher plant factor of
0.25 indicates a better scheme.

In practice the design engineer would be very
reluctant to go ahead with such a scheme. A
good design will aim for a predicted plant factor
of above 0.4 even in the first years after installa-
tion and above 0.6 in later years. This is because
a low factor implies costly power, and it indi-
cates that some other sort of power (for instance
a diesel generator for evening lighting) might
well be better for the villagers.

A key design role for micro-hydro is therefore:

“Design for the highest possible plant factor ”

Photo 1.5.1 The heat storage cooker under development by
IT uses electricity generated during sleeping hours.



The importance of this rule is illustrated by
Example 1.5.1, which shows how the final cost of
the energy produced by the hydro depends very
much on the plant factor. The example also
shows how a high plant factor can be achieved:
by careful seasonal and daily matching of water
and power requirements, to water and power
availability, and also good planning and financ-
ing of maintenance tasks. A careful energy
survey will help achieve a high plant factor.

In the example it is found that the flow of 1601/s
is sufficient to meet demand, and that this flow is
available all through the year. In many proposed
hydro schemes the required flow is not available
throughout the year. For instance, suppose 2001/
s were required from the same stream discussed
in the example which has a flow pattern as

shown in the hydrograph:
Flow Power
(I/s) (kW)
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25

12.5
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Fig 1.5.1 Simple hydrograph

In this case power is only available 9 months of
the year. It would seem that the plant factor
could never be higher than 9/12 = 0.75 even if all
the power generated were consumed. In Example
1.5.1 the highest achievable plant factor is 1, and
it is found difficult to achieve an economically
viable plant factor value of 0.6. It will be much
more difficult to produce an economically viable
plant factor if the plant is not operational 3
months of the year due to flow shortage. For
instance, if a plant factor of 0.5 is achieved when
the plant is working, non-operation for 3 months
will reduce this to 9/12 x 0.5 = 0.38.

It is in fact possible to install a turbine which will
continue to operate when the water flow reduces.
This type of turbine is known as a “variable flow’
turbine, as opposed to a ‘fixed flow’ turbine. A
variable flow turbine will usually be more
expensive but often it is worthwhile because at
least some power can be generated during lean
flow periods of the year. (Examples of such
turbines are multi-jet Peltons and crosstflows
fitted with regulating vanes; these are described
in Chapter 5). In the example considered here, a
turbine with good ‘part-flow’ efficiency might

PLANT FACTOR 1.5

produce 25 kW at 200 1/s during the wet nine
months and 20 kW at 160 1/s during the dry
three months. As a result the maximum achiev-
able plant factor would be 9/12 + (3/12 x 20/25)
= 0.95. If the plant factor during the wet nine
months is 0.5, then the overall plant factor may
not reduce at all in this situation.

The hydrograph shows how flow varies through
the year, and also from it we can see how many
months of the year a certain flow is exceeded (eg
2001/s is exceeded for nine months of the year in
the example above). This same information is
often presented in an ‘exceedance curve’ or ‘flow
duration curve’ (FDC) for the stream. The
hydrograph is converted to the FDC simply by
taking all the flow records over many years and
placing them with the highest figures on the left
and the lower figures placed progressively over
to the right.

Power |
(kW)

Flow
T(I/S)

. 25

160 4-m--mommmmmmmmm oo  EREELEREE 20
i
|

0% 75% 100%

Percentage of the year flow exceeded

Fig 1.5.2 The flow duration curve (FDC) Note that the
power derived from various flows can be shown on the same
graph.

The FDC is useful because the power equivalent
of the flow can be superimposed onto it, so that
it is possible to read off the amount of time of the
year that certain power levels can be obtained.
This is a useful planning tool, allowing a choice
of size of turbine to be made, together with an
indication of required variable flow performance
of turbine and an indication of the plant factor
constraints which will result from any particular
choice of turbine size.
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Example 1.5.1 Plant factor: Matching power supply and demand

A proposed micro-hydro scheme will supply power to a village for electrical lighting and grain milling. There
is also some interest in battery charging and heat storage cooking. The gross head is 25 metres. The flow
in the river varies through the year as shown in this hydrograph:

Flow
(I/s)
Dry months

i I
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100 — \ ! 100
! . -
) '
1 1
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r
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

You estimate that the lighting demand will grow within four years to 20 kW total, for the hours 6pm — 12pm
all through the year. The prospective miller tells you that he will want to operate his mill between 8am and
4pm everyday. He expects enough business to justify buying a 12kW machine, but is ready to take your
advice if you think there is only enough power for a 6 kW machine. The battery charging will demand only
1 kW of power. You estimate that only 10 of the villagers are likely to purchase heat storage cookers, each
cooker requiring 200 watts.

The villagers are also farmers and they tell you that the river water will be needed for irrigation during the 3
dry months. A group of farmers intend to irrigate 400 hectares, each hectare needing 5 m® of water per day
(which allows for evaporation losses). You expect that the irrigation demand will double within about 4

years. Is there enough water to satisfy this demand, at the same time as the lighting and milling demands?

The villagers have already considered purchase of diesel powered mill and generator. The prospective
funder of the project knows this will cost them around $0.08 per kWh of energy. Is the hydro scheme a

better financial proposition for the village? Assume that the scheme will cost $4000 per year to pay off the
capital needed to install it.

You might answer the questions posed and assess the feasibility of this proposal by taking the following
steps:

1 Decide what priority you give each use of water.

2 Consider how the water demand variation through the year compares with water availability.
To do this prepare a demand/supply graph for a typical year.

Prepare a demand/supply graph for a typical day.
Calculate the plant factor considering only the two primary loads, lighting and milling.
Calculate the plant factor with the addition of storage cooking and battery charging loads.

Consider possible down-time and modify the plant factor accordingly.
Consider how to avoid the down-time.

N 0 bW

7 To compare with the alternative option of a diesel generator/mill, calculate unit energy cost
(see Section 1.7).

Continued opposite
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Plant factor: Matching power supply and demand

Example 1.5.1 continued
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Taking each step in turn:

P ——-——

4
[

Dry months

1 Priorities Usually irrigation has first priority, since it is basic to agriculture and the economic security of
the village. Both milling and lighting have the next highest priorities. Milling is usually more important,
since it is a valued service and it brings in revenue which underpins the financial viability of the
scheme. (The revenue also effectively reduces tariffs on lighting.) In this case you might decide battery-
charging has the next priority after domestic lighting since it allows a wider population access to
electricity. Storage cooking may be the bottom priority, since you estimate very few people will be able
to afford electrical storage cookers.

2 Yearly graph The demand for water and the availability of water can be both shown on the
hydrograph by converting it to a yearly demand/supply graph:
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This graph is the conclusion of several calculations:
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Example 1.5.1 continued Plant Factor: Matching power supply and demand

4

5

Calculate plant factor for primary loads:

(8 hours x 12 kW milling) + (6 hours x 20 kW lighting) _ 045

20 kKW x 24 hours

Introduce secondary loads The plant factor in the 3 dry months will not be increased much by the
secondary loads and they may not be used in conditions where time is restricted. Do not calculate plant
factor on uncertain loads such as this. But for nine months of the year, if a suitable ballast is used to
maintain system efficiency, storage cooking could consume 2 kW continuously and battery charging
could consume an average of 0.5 kW, assuming that the charging unit is only used half the available
time. Calculating plant factor on a yearly basis:

Plantfactor = 0.45 4+ 22 KW x 9months = 1o 509 - 054

20 KW x 12 months

Notice that if the villagers were to purchase and use more storage cookers, and use hydro energy
otherwise wasted in the night during the wet nine months, the plant factor could increase significantly.

Allow for down-time The plant factors calculated above are ideal. In practice the hydro machinery
may be out of operation for one or two months each year due to difficulties in getting a fault diagnosed,
a repair completed, a spare part ordered, delivered and fitted. Even routine operations, such as
cleaning sediment from the channel, will cause down-time and reduce the plant factor. Note that the
demand/supply graphs can be used to plan maintenance to avoid down-time during times of peak

power use: Flow
{t1s)

Power
(kW)

Dry months

300
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After seasonal floods repair weir and overhaul hydro. Villagers not busy at this time of year. Good time for
maintenance tasks, training for operators, spare part

inventory. routine repairs.
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R e K
and U 12 kw
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el fatleaibutil Wl T ! sediment sfuicing and turbine maintenance at nighf.
8am  12acen Bpm 12midnignt  Gam

Demand/supply for a day in the dry season

An approximate estimate at down-time given very good planning at O+M will be one month per year.
Since this is 1/12 of the year, the plant factor is approximately 1/12 less than calculated:

Plant factor = O.54x-u = 0.5

12

Unit energy cost (see Section 1.6) Allow 10% of the annual capital cost for operational and
maintenance costs each year. The annual capital cost is $4000:

C O+M
Unit cost = annal *+ (O +M) _ 4000 + (0.1 x 4000) = 0.05 $/kWh

P stalied X 8760 x PF 20 x 8760 x 0.5

This provides a useful comparison with the diesel cost of 0.08 $/kWh.
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Load and plant factors

The term ‘load factor’ is sometimes mistakenly
used to mean the same thing as plant factor as
defined here. When planning a power supply
system (and when devising a tariff system) you
may find it useful to use the term load factor in
its correct sense:

Load factor

total energy used by consumers

total energy capacity connected to consumers

total energy consumed during period

{maximum possible power demand in period)

x (hours in period)

In the example given in the text, only 25 houses
out of the total of 50 are connected in the first five
years. If they all have all their lights switched on
for six hours each day, then the total energy used
each day is

25 %200 W x 6 hrs = 30 kWh
The total energy capacity connected to the

households (to the ‘load” which is electrical
lighting) is:

25 x 200 W x 24 hrs = 120 kWh
Therefore the load factor is 30/120 = 0.25 in the
first five years, if all lights are always switched

on for 6 hrs each day. (It reduces if some consum-
ers switch their lights off for some of the time.)

Photo 1.5.2 This turbine drives a lineshaft which transfers
power to a husker, an oil extractor and other devices
including this small electrical generator. Electricity is
generated only in the evening when the mills are out of use.
(Nepal)

PLANT FACTOR 1.5

Note that we found the plant factor during this
period to be half as much (0.125). This is because
the plant factor is the ratio of energy used to
machinery (or ‘plant’) installed, whereas the load
factor is the ratio of energy used to load con-
nected. (The ‘load connected’ in this sense is the
energy consumed if the maximum consumer
load was switched on during the entire period.)
The load factor considers consumer behaviour
patterns and average consumption of power by
households. There is no need to use this conven-
tional definition of load factor in micro-hydro
planning, except sometimes when planning a
tariff structure it can be a useful concept. A
similar concept, the ‘diversity factor” is also
useful when sizing generators (see Chapter 8).

Photo 1.5.3 Often battery charging is the most practical way
of diiributing micro-hydro power to rural households for
lighting and communications. (Sri Lanka)

Photo 1.5.4 Micro-hydro power can be used for food
processing industries in rural areas. (Peru)

13
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1.6

Unit energy cost

The first thing we need to know about a hydro
scheme is whether the electricity it produces is
cheaper or more expensive than electricity
produced in other ways. Buying electricity from
the grid, for instance, may cost villagers $0.04 per
kWh. This is the “unit energy cost’ of grid elec-
tricity. The kWh is a unit of energy and is simply
calculated:

Energy
= power X period for which power used

kWh

= power in kW x hours for which power used

For instance, if 25 villagers consume 200 watts
each for six hours a day, their energy consump-
tion each year will be:

kWh consumed
= 6 (hours per day) x 365 (days per year)
x 0.2 (kW per villager) x 25
= 10950 kWh per year

To find out whether the villagers are better or
worse off with hydro, the unit energy cost for
hydro can be calculated.

We can suppose that the bank receives $2000 per
year in loan repayment for the capital borrowed.
This is the annual cost (C, ) of the capital
spent on installing the hydro. The scheme may
be expected to cost $200 per year in operators’
salaries and repair costs; these are the annual
‘operation and maintenance’ (O+M) costs.

The total cost each year is then C,__ + (O+M)
=$2200 (see Section 9.6 to calculate annual cost
from total start-up capital cost).

Unit energy cost
total annual cost

energy consumed usefully per year
total annual cost

power used x period for which power used

The energy consumed usefully per year depends
on the plant factor (PF), and the installed power
capacity (P, 1.q)- There are 8760 hrs in 1 year:
Unit energy cost

Coomat + (O+M)

Pycatieq X 8760 x PF

pigt

14

If, in the above example, the predicted plant
factor in the first five years of operation is 0.125
what is the unit energy cost?
Unit energy cost

2000 + (200)

= = 0.2 %$/kWh
10 kW x 8760 x 0.125

In the second five years the load factor rises to
0.25:

Unit energy cost
- 2000 + (200) = 0.1$/kWh
10 kW x 8760 x 0.25

This calculation shows that the micro-hydro
scheme considered provides very expensive
electricity compared to the grid. A much higher
plant factor is needed to obtain comparable unit
cost. In this case a plant factor of 0.6 would
produce electricity at 0.04 $/kWh. One way to
increase the plant factor is to introduce a daytime
load, like a grain mill, or storage cookers.

The comparison in this case may be unfair since
often the cost of grid electricity is subsidized.

Comparing unit energy cost is one way of
assessing the financial viability of a hydro
scheme. Chapter 9 surveys some other methods.

Photo 1.6.1 Electrical cooking is one application of hydro
power in Nepal. These locally-made cookers use less than
200 W and can be used directly for cooking or for preheating
water overnight.

- —




1.7

COST-BENEFIT DECISIONS 1.7

Cost-benefit decisions

The costs of a micro-hydro scheme fall into two
major categories, capital costs and running costs.
A typical cost sheet is given in Example 1.7.1. The
sheet includes a calculation of unit energy cost,
because this is a way of including running costs
and obtaining a comprehensive single financial
indicator for the scheme.

The costs of a micro-hydro scheme will vary from
location to location. Example 1.7.1 cannot be
taken as representative of many schemes. The
breakdown of costs within a scheme often follows
a pattern in a particular region (Fig 1.7.1) but can
also vary widely within a region.

The cost sheet shows remarks on cost-benefit
sensitivity. Ask the question for each component,
can a big difference be made to the success of the
scheme with a small extra investment in cost or
engineering design effort? To answer, you need
some experience in a particular country and
specific locations. Often a pattern will emerge:
It is useful to include these remarks in order to
discover the pattern. This helps you to concen-
trate your attention on the components which
make the most difference to performance,
benefits and economic success.

Itis very clear, for example, that a small change
in the plant factor will make a much bigger
change to the final unit cost than that made by a
small change in the cost of electrical transmission.
As the design engineer, you may be presented
with the option of spending a few days revising
the transmission line design, or spending a few
days planning for a higher plant factor. It is quite
possible that doing the one job will not leave time
for the other. It is important to attend to design

Capital costs: Nepal

Other civil works
19%

Electro-mech.
27%

Penstock
12%

Engineering cost Distribution
14% 28%

a Region 1

eyt

tasks which give high returns. This is a cost-
benefit decision.

We saw in the previous section that plant factor
is reduced by equipment failure. Careful man-
agement of spare parts inventories and effective
training of operators will avoid equipment
failure and long down-times. The cost of O+M as
indicated by Example 1.7.1 is relatively low (only
12% of the total cost) yet the contribution to
benefit is very high. This means that this is an
area which is very sensitive to improvement, and
the design engineer should concentrate his time
more in this area than in a less sensitive area.

For the same reasons the planning process and
design studies are important. In this example
they cost only 3% of the total capital cost, but the
benefits resulting from a small extra investment,

for instance a longer and more effective energy

survey or hydrology study, can be very large.

Do not forget to allow finance for the period of
institution-forming which is often necessary
before installation of a scheme. It may be neces-
sary to train local managers to implement a tariff
system and an O+M system. There may be legal
expenses also if the scheme is to be managed by a
newly formed private company or collective.

In summary, cost-benefit analysis is an important
part of the work of the micro-hydro engineer.

* Keep cost sheet records

¢ Include cost-benefit remarks

* Concentrate your work where cost reduction
potential is greatest

* Concentrate your work where benefits are
highest (O+M, plant factor)

Capital costs: Sri Lanka

Electro-mech.
48%

Distribution
Other civil works &%
13%
Engineering cost
12%
Penstock
b Region 2 21%

Fig 1.7.1 Cost breakdowns for different regions Opportunities for cost saving in distribution shouid be investigated in

Region 2, and in electro-mechanical components in Region 1.
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Example 1.7.1 Cost sheet

Capital costs (60kW scheme) Cost$ Proportion  Contribution
of total cost to benefits

1 Planning/design 4000 3% High
Engineering, energy survey, hydrology study,
site survey, pre-feasibility report, feasibility report,
supervision fees, commissioning fees, training manuals

2 Management and finance 2000 1% High
Institution formation, funding procurement,
legal & insurance, training for management

3 Penstock 37000 27% Medium

4 Other civil works 35000 25% Medium
Weir & intake, channel, powerhouse,
site preparation/access roads, other

5 Electro mechanical 36000 26%
Turbine, generator, switchgear, other

6 Distribution of electricity 12000 9%
Transmission lines, domestic connections

7 Appliances 3000 2%

8 Contingency 10000 7%

Total capital cost 139000 100%

Running costs

1 Fixed annual (O+M) costs 2000/year 6% High
Labour for wages (O+M staff)
Management committee (O+M)
Specialist overhaul, maintenance, other

2 Variable running costs Allow 1000/year 3% High
O+M staff recruitment, initial O+M training

5-yearly O+M training refresher, spare parts,
tools, materials, specialist advice,

replacement equipment, other

3 Contingency Allow 1000/year 3%
Estimated total yearly running cost (O+M) 4000 12% High
Capital cost expressed as an annual cost (C, ..)* 28000/year 88%
Total annual cost

= Cannuar + (O+M)

= 28000 + 4000 32000 100%
Plant factor 0.4 Very high
Unit energy cost = Canuas + (O+M) 28000 + 4000 _ g $/kWh

Prstaleg X 8760 x PF 60 x 8760 x 0.4

Cost per kW installed = 132200 = 2300 $/kW

*

See Chapter 9 for an explanation of how C, .. is calculated. it is dependent on discount or interest rates. In this
case the life of the scheme is assumed to be 10 years and the discount rate which applies is assumed to be 15%.
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1.8

CAPABILITY AND DEMAND SURVEY 1.8

Capability and demand survey

We will assume in this section that a new system
for energy supply is proposed for a rural com-
munity, such as a village of between ten and one
hundred households. The guidance given here is
only preliminary thought on the topic; much
careful preparation is needed before embarking
on the study.

A survey is needed to establish whether the
scheme will be effectively managed over the next
fifteen or so years. Effective management will
depend on local capability and past experience in
such things as organization of tariff collection,
keeping of financial accounts, resolving conflict,
distributing welfare benefits, etc. The major
purpose of the survey is to assess this capability
and from its results assess what assistance is
required to raise capability to the required level.

Secondly the survey will establish what demand
there is for a new energy source; how much is
needed, where is it needed, what form is needed
(mechanical effort, heat, or electricity?), and
whether there is a genuine willingness and °
ability to pay for the proposed new supply. It
will also investigate the methods by which the
new energy supply could bring benefits to the
less advantaged people in the village, and it
should expose the disadvantages of the new
system (for instance loss of jobs).

By the time the survey is finished, a report can be
drawn up which covers the topics listed in Note
1.8.1. Some of the points in Note 1.8.1 are essen-
tial for technical planning as well as operational
planning — for instance, a map or sketch of the
village is needed to design electrical transmis-
sion lines, and the demand graphs are needed to
size the turbine and generator, as shown in
Section 1.5.

When collecting information, it may well be best
not to draw up formal questionnaires. Instead
prepare some checklists following the guidance
given in Note 1.8.2. Use these checklists at the
end of quite loose and informal discussions with
as many of the villagers as possible. This is called
‘open interviewing’ (or qualitative interviewing)
and can be more effective because it allows the
person interviewed to express things in their
own way. It is possible to guide an informal
discussion to the topics you want to hear about,
but do not expect to get back a particular answer,
or one of a range of predetermined alternatives.
Make very few notes during the conversation,
and be prepared for it to take place at a time and
place that suits the interviewee. (For instance, an
unexpected conversation in the street may be the
best way for women or children to talk uncon-
strained by household rules of seniority.) After
the conversation make a written note of all the
main points following your checklist.

Phote 1.8.1 Extensive discussions with villagers during early planning stages will provide a basis for successful management,
operation and maintenance of a micro-hydro scheme. Fully formulated subsidy agreements, tariff structures and financial
accounting systems must be introduced before construction starts. (Sri Lanka).
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It is very easy to arrive at a biased view of
energy demand, which reflects the interests of
only one group of villagers. Often the most
senior person in a household or village shop will
talk with you, but his aspirations or needs may
be different to those of his daughters, or his
grandchildren. Interviews must be conducted
with all types of people — that is why it is first
important to identify the different types (point 2
of Note 1.8.1). Very often certain people will
seem to be unavailable, or may be described as
too sick or too old. These people may turn out to
be the poorer members of the community, and

your survey will be biased if you leave them out.

The most common bias is leaving out the inter-
ests and needs of women, which is usually
because men will present themselves for inter-
view. This bias will make your survey ineffec-
tive, even worthless, because in practice women
undertake important tasks — childcare, agricul-
tural processing, cooking, farming, and so on.
They may very well have more accurate answers
to many of your questions, about the cost of fuel,
the problems associated with using different
fuels, the needs of the children in five years time
from now, and so on. Make the women your first
priority.

Note 1.8.1

Capability and demand survey

or ten years from now).

future demand rather than present demand.

to poorer members of the community.

The survey will result in a report covering the following topics:

1 A map or sketch of the village showing distances and positions of all houses and possible future
productive or commercial activities (for instance a grain mill or battery charging unit).

2 A summary of the different types of people in the village with comments on how the proposed scheme
might affect their economic security and opportunities in the future.

3 A summary of the different institutions, organizations, business leaders, or leading members of the
village who may help organize the finance, maintenance, and operation of new schemes. This should
include descriptions of their past experience in organizing finance and collective activities.

4 Afull description of the current irrigation system and its management and future plans for irrigation,
and a full report on.how the villagers expect hydro power to affect their irrigation arrangements.
Are there currently in existence methods of keeping accounts, maintaining machinery, etc?

5 An assessment of the capability of a local organization or individual to manage a complex scheme
involving finance, welfare distribution, operation of machinery, and maintenance of machinery.

6 Interview notes from people and institutions with answers to questions such as those presented in
Note 1.8.2. An assessment of different types of people’s willingness and ability to pay for the
proposed scheme (for instance through tariffs for electricity). Project this forward to future demand (five

7 The quantity of energy required, what for (household domestic use and/or productive businesses such
as a grain mill), when it is required. This should be presented in the form of daily and yearly demand
graphs as shown in Example 1.5.1. It is essential that these such graphs are also drawn up for the
future demand levels (five and ten years time). It may well be wise to design the hydro system for

8 A description of new appliances brought in to make use of the power source (eg lights, cookers,
oil-expelling equipment) and how they would be purchased, maintained and operated, and how
revenue for their use would be collected and used.

9 An assessment of the likelihood of effective and long lasting distribution of benefit from the scheme

10 Where appropriate, a recommendation as to organizational preconditions for raising the capability to
required levels (for instance, forming of a supervisory committee involving local agencies and bank
staff, and provision of training in account-keeping, management and operation and maintenance of
machinery). Such actions would be required to take place up to specitied level of success, monitored
through a smaller pilot project, before installation of the full hydro scheme.

11 A plan for a management system, explaining how revenues and tariffs would be collected and

accumulated, how spent, how operation and maintenance would be organized, and contingency
plans to accommodate possible future difficulties.
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CAPABILITY AND DEMAND SURVEY 1.8

Interview checklist - some ideas — Capability and demand study Note 1.8.2

1 Types of people Identify types of people and estimate their numbers.

A list like this is used to check that interviews have been held with

every type of villager, to avoid bias.

¢ Men with farms, men without farms

* Women with no cash income, women with cash incomes

* Children, average per household

» Elderly people

» Disadvantaged people (disabled, chronically ill, lack of cash income,
lack of work or source of food)

¢ Members of religious community

* People living in village only part of the year, and visitors

* Professionals from outside (eg school teachers, government
officers) ;

¢ People with jobs outside the village »

» How will the distribution of types of people change over the next five
or ten years?

* Are new people coming to live in the area? Or are people leaving?

» Will an electrical supply attract people, what type of people?

¢ Others

» What are the main activities of each type of person listed above, and
their roles in village life? (eg teaching, carrying fuel supplies)

2 Institutions Make up a list to check that you are investigating all the possible
institutions which may have a capability to manage a hydro scheme.
Note their activities and their membership.
¢ Private businesses
¢ Societies
¢ Local bank
¢ Government offices, extension workers
* Voluntary organizations
* Religious communities
* Local manufacture of machinery etc
¢ For each of the above, note proficiency and experience in particular

skills (eg welfare, accountability, maintenance of machinery)

3 Energy sources What types of fuel are used (wood, kerosene, dung, animals, etc)?

For each main type of fuel:

* Is the supply regular and easy, or are there shortages at times?

* What does it cost in terms of labour input (eg walking and carrying
by hand), inconvenience (time spent), cash payments

* If it were replaced by another fuel like electricity what inconvenience
would this cause (eg collecting the fuel is also a useful opportunity to
do other things, talking with neighbours, grazing animals, collecting
medicine plants, etc and using the fuel might have side-benefits eg
wood smoke helps to clear insects)

» What are the difficulties of using this fuel (health complaints,
accident risk, etc)

* What are the particular benefits of using this fuel (eg wood fires give <
high frying temperatures) "

The future Going back over these questions, will your answers be the same if you
think five or ten years into the future?

» What chance is there of a mains electricity grid connection, and how
soon?
* How much will the grid connection cost, and how will the village
organize the finance?
Continued overieaf
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Note 1.8.2 continued Interview checklist — some ideas — Capability and demand study

4 Village organizations

The future

Are there any organizations, for instance wider school

activities, wider temple activities, a village welfare society, a
childcare group, a farmers’ association, a business, a government
project?

Do villagers pay money into this or receive money from it? How are
accounts kept? Are they open to inspection?

Could one of these organizations expand its activities to manage
finance and waged labour for a village electrification scheme?
Would the scheme be used to benefit everybody or only a

few people? How would electricity taritfs be collected and how would
accounts be kept?

How long has the most suitable organization been working?

Have there been problems?

Is the organization likely to stop soon, or leave the area?

5 Households & individuals

The future

Size of household, number of occupants, ages, etc

Cash incomes, home-grown food, non-cash income

Amount of farm land, cattle, tools

Desire for new energy source (eg electricity supply)

Do you already own electrical appliances? Which ones?

If not, do you know their cost? Would finding enough money to buy
them cause problems?

Would you wait some years before buying appliances?

How much could you afford to pay per month for an electricity supply
(say for enough to power a radio/TV and two lights). How would you
spend that money otherwise? What is the maximum amount you
could pay?

Would carrying a battery for recharging be as good, if it cost less
than a connection to your house?

Would you move your house if it was the only way of getting
electricity? Is there anywhere you would be allowed to build it nearer
the generator?

Do the women think differently? Do the elderly think differentiy?

If so, why?

Is the idea of electric lights and TV good for women?

Will you get light for the kitchen?

Will these things be different in five years or ten years?

(For instance, the children will want electricity much more than we do
now; there will be more cash available to pay a higher tariff).

Will the new scheme cause divisions and conflicts in the village, if for
instance not everyone is connected to an electricity supply? Or is this
quite normal in other fields of activity, for instance irrigation
provision? What methods could be used to avoid difficulties?

Continued opposite
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CAPABILITY AND DEMAND SURVEY

Interview checklist — some ideas — Capability and demand study Note 1.8.2 continued

6 Entrepreneurs & officials Consider past activities and present ones (eg a business or collective
ownership of a water supply system, a tractor or an irrigation system):

Describe methods used to keep records of maintenance of
machinery; and to keep records of finance

Are tariffs collected? Are there methods of including less wealthy
people in the village? How are welfare benefits financed?

What problems have been encountered? How have conflicts been
resolved in the past?

How would an electricity supply be organized here?

Who would employ the operators and arrange training?

Who would keep accounts, and ensure the spare parts stock was
checked and updated? How would tariffs be collected?

Would a committee of external officials supervise activities?)
Would an electricity supply be organized to ensure benefits for
poorer villagers as well as successful farmers or professionals?
How could this be done?

Considering a business based on the hydro:

What business activity is proposed? (For instance, grain-milling,
wood turning, rubber milt)

What is the market for the product, and how secure is it?

Would a bank lend start-up finance?

How much energy (mechanical drive direct from the turbine, and/or
electricity from the generator) would be needed, and how many
hours each day, which seasons of the year?

How much would the business pay for this energy supply?

Would the business conflict with other interests? (For instance, some
villagers would lose jobs, or a business in a neighbouring village
would lose its market)

Would some of the less well-off villagers benefit, through new jobs,
or through access to services and products?

Would the business generate enough revenue for a hydro fund so
that electricity tariffs could be reduced to levels easily affordable by
the less well off?

What supervisory committee could be set up to ensure equitable
access to the benefits of the hydro?

The future Would the probosed arrangements hold good over time?

How would equitable access be monitored?

What corrective actions could be taken if conflicts occurred or the
benefits of hydro became progressively less accessible to most
villagers, or if maintenance and operation procedures did not work
well?

Going back to all the questions above, how would your answers
differ in five or ten years time?

7 Other villages .
and model schemes .

Identify similar schemes in neighbouring villages.

Take note of studies made of demand and capability elsewhere
Find out how things have gone and whether there are lessons to be
learned. Include this experience in the study.

1.8
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You probably will not be able to talk to everyone,
so you will need to use your interview results to
estimate the energy needs of the rest of the
village. Give each household on your sketch map
a number and note on the map which houses
gave interviews; include a few key points as to
the future energy demand of these households,
the level of tariff they can afford and what type of
persons (gender, age, wealth level) interviewed at
each household. Now check that you have spread
your interviews evenly in a geographical way —
you shouldn’t have most interviews near the
centre, or near the stream, or on the flat land,
since the people living further away, away from
water, or on the hillside, are also members of the
community. A geographical bias can be very
misleading.

Time is a very important factor to consider. Take
note as to whether the village is growing or
decreasing in population, and whether the new
scheme will encourage growth in demand. If you
are not sure how things will be in 5 or 10 years,
then design for current demand and leave provi-
sion for possible growth — eg the penstock might
be designed for a larger flow, while the turbine
and generator are small, but at a later date they
could be sold on to another village and replaced
with a larger system.

Irrigation is a very important factor. It affects the
supply of water, so is part of the hydrology
study. But it requires organization also and the

1.9

use of water for power will affect the organiza-
tion of irrigation. Make sure that you fully
understand the irrigation arrangements as they
exist now, how they are managed, and make
sure that the implications of water power use are
fully understood by everyone involved in the
village irrigation arrangements.

Questions which relate to organizational capabil-
ity can be asked together with questions about
energy demand. Much of the most useful infor-
mation about capability can be learned from
open interviews with villagers, so any part of the
checklist of Note 1.8.2 could be used in any
interview according to your own best judgement.

The information you collect on capability is the
most important information of all. It must be
used to assess the need for ‘institution-building’
— for instance, you may decide after doing the
survey that the new energy scheme should not
be installed for another year, or two, until certain
financial, accounting or organizational principles
are well understood and practised. A delay like
this of one or two years may well make the
difference in the long term between a successful
or a failed scheme. It has the advantage of
allowing time not only to organize, but also to do
a careful check of the hydrology study and
irrigation requirements. It is best always to
explain at the very start of discussions that no
scheme will be built for two years, then there is
no disappointment if the delay is necessary.

Feasibility reports

The following list of headings is suitable for both
a pre-feasibility and a full feasibility study. Each
section should be brief; between half a page and
2 pages (all detailed information and calculations
should be placed in the appendices, which will
be longer). Always use tables, graphs, and
sketches to save words wherever possible.

It is never wise to omit a heading simply because
insufficient work has been done on the topic in
question. For instance, under ‘Management
provisions’, heading number 12b, it may be
unclear what should be said, so it is tempting to
remove the heading altogether. It is very much
better to keep the heading in place and write
“No conclusions have been reached as yet on
provision for strengthening management capa-
bility, for instance through a pilot scheme, or
through specialist training”. The feasibility
report then becomes an open document to which
other people can contribute. In this example, the
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prospective funder may read this section and
recommend a specialist to investigate. This
would be a better outcome than if the scheme
was funded and subsequently experienced
problems stemming from management difficul-
ties. The same approach should be taken to other
headings (such as number 5 ‘Energy supply
options’). Always include these headings even if
you do not have at your immediate disposal the
time, money, or access to specialists to cover the
topic: just write whatever is the truth;
“Insufficient data” or “Not fully investigated;
approximate guess-estimates indicate that ...”.
There are certain topics which must never be left
uninvestigated: for instance, topic 10 on O+M,
Section 12a on Management structure and
Section 7 on Hydro potential must always be
fully investigated.

There is a list of suggested headings in
Note 1.9.1.



FEASIBILITY REPORTS 1.9

Feasibility reports — Headings Note 1.9.1

1a Summary

1b Key illustrations

1c Key data

Briefly present all the major conclusions reached in the report.

Include requests for grants or subsidy. State whether or not the financial
requirement is typical or exceptional and whether it belongs to a general
policy for finance of schemes in the region. Include economic comparison
with other energy options.

For instance a simple sketch map of village houses and transmissions,
diagrams of layout of turbines and driven machinery, etc.
Include simple energy supply/demand graphs (from 9 below).

Some of the key data can be presented on the diagrams/sketch maps.
Ratings of turbine, generator, par flow arrangements, system efficiencies at
part flow, table showing requirements for loans, connection charges,
subsidy, and so on.

2 Energy demand

Summarize the results of your capability and demand study, concentrating
on the daily and seasonal profile of energy demand. Include simple graphs.
(Present the full results of your study as Supporting document 1.) Also
estimate future demand trends over forthcoming 10 years and illustrate.

3 Water demand

Summatrize the requirement for water from the hydro catchment for irrigation.
include any other uses of water, such as domestic or industrial, which may
compete with hydro. Comment on possible multiple use of water. Estimate
future demand over forthcoming 10 years. The full details should be in
document 2 and some relevant data and sources in document 1.

4 Future demand trends

State whether the proposed scheme is intended to meet present or future
demand for energy, and whether it allows for future growth in water use.
Specify whether plans are for 5 years hence or 10 years hence, or as
appropriate. Clearly specify whether conclusions of all sections below are
projections into the future, and how growth in demand is accommodated.

5 Energy supply options

A brief survey and costing tables of various energy inputs including tradi-
tional fuels currently in use. Comment on future trends in supply of fuels,

eg prospects for fuel wood replanting, kerosene price fluctuations.
Comparative costing of energy sources which are alternatives to hydro (or
could be used as auxiliary sources in combination with hydro) — eg solar
photo-voltaic, solar thermal, wind, biogas, diesel; include hydro in compara-
tive tables. Follow the same criteria as for hydro for socio-economic viability
— life cycle cost, feasibility of management and maintenance, potential for
accommodating growth in demand, welfare implications, convenience and
sustainability, etc. Detailed information, source data references and calcula-
tions should be included in Supporting document 8.

6 Management capability Briefly summarize the results of the capability and demand study

(Supporting document 1) focusing this section on existing organizational
arrangements, abilities and experience. Refer ahead to Section 11 for
proposed future management arrangements.

7 Hydro potential

This section contains 2 key elements of the feasibility study: a hydrograph as
in Fig 1.5.1 and an FDC as in Fig 1.5.2. The hydrograph should show
irrigation and other non-hydro water demand. Both graphs should have axes
marked to show the conversion of flow to hydro power.

In cases where variable flow turbines are considered, an extended graph
showing varying system efficiency may be necessary, as described in
Example 5.1.1. An exceedence table as presented in Example 2.2.2 can be
used to replace the FDC. All detailed information and hydrology data,
sources, and site measurement data such as maps, should be placed in
Supporting document 3, a full hydrology study for the site in question.

Continued overleaf
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Note 1.9.1 continued

Feasibility reports — Headings

8 Hydro design

This section sub-divides into civil works components, penstock, turbine and
generator, application of power and distribution of power. For each part
present a design philosophy, eg “the channel is constructed from local
materials in order to facilitate maintenance”. State sources of materials
(names and locations of manufacturers) and include sketches which present
the dimensions and characteristics of each major component. Do not include
calculations; these are in your full design study, Supporting document 4.

9 Plant factor:
Matching of supply
and demand

Comment on whether the power is available when it is needed, the effect of
irrigation water demand. Present graphs as shown in Example 1.5.1.
Calculate plant factor and discuss future trends in plant factor.

10a O+M structure

10b O+M training

10c O+M costs

Summarize your plans for Operation and Maintenance of the installation and
demonstrate that you are protecting against possible future difficulties: eg
lack of motivation of operators. Present solutions such as bonus payments in
return for continuous running of the hydro, exchange visits with neighbouring
installations, etc. Summarize the operation schedules and arrangements for
advance ordering of spare parts; full details to be in document 5.

Describe requirements for training: eg translation of documents into local
languages, visits by equipment manufacturers, refresher courses, future
training of newly recruited operators.

All aspects of O+M should be costed (eg spare parts, wages, training and
translations) and allow a contingency sum of 50%. If experimental or newly
designed and manufactured equipment is used (eg locally made turbine)
allow a full replacement cost. If batteries are used as part of the installation
(as in domestic trickle-charge distribution) then allow for complete replace-
ment every 3 years (or as appropriate). Allow for rising prices of spare parts
and transport. Include management costs here, as calculated in 12b below.

11 Integrat2d water use

Describe how management of the hydro will be integrated with management
of irrigation and industrial and domestic users of the available water supply.
Detail the extent of involvement of farmers and other water-users in the
planning, implementation, and management of the hydro scheme.

12a Management structure

12b Management
provisions

12c Management costs

How are the O+M procedures above, and the integrated water use proce-
dures, going to be implemented? Who pays the operators and recruits new
operators? How is the fund for O+M kept up, who keeps the accounts and
visits the bank? How are conflicting interests in hydro and irrigation going to
be resolved during drought periods? These problems are simplified in cases
of private ownership but must be elaborated very carefully in cases of
collective responsibility.

Refer this topic to an experienced specialist in rural development projects
(eg water supply, agricultural assistance, other hydro schemes in the area).
State which management skills may be lacking and how training could help.
Consider the benefits of delaying start of construction for a year, while a
management committee is formed, and procedures such as accounts,
double-checking, tariff structure, O+M training, contingency planning, are
established. Ideally build these skills around a pilot project, such as a diesel
generator or a much smaller hydro installation (which may be portable and
usable elsewhere later), or a diesel engine drive to a device intended
eventually for hydro power.

However the management is arranged, it will require finance; for instance, a
pilot scheme, training costs, a wage for a full time manager, or a profit
incentive for a private owner, or bonus schemes for the operators, manag-
ers, and supervisory committee members. Include these costs in your
financial analysis under O+M.
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FEASIBILITY REPORTS

( Feasibility reports — Headings Note 1.9.1 continued

13 Schedule of operations Provide a time chart (divided by months and years) starting with planning

and design approval stages, through to commissioning. Include the first year
of operation during which monitoring and O+M training procedures will still
be required. Do not omit management provisions and pilot schemes which
may take a year or two before construction starts. O+M training will also
appear on the chart. Validation of the hydrology study by further flow
measurements (and rainfall measurements) can be shown on the chart.

14 Cost analysis

Provide a one-page cost sheet as in Example 1.7.1. Include running costs,
contingency, plant factor, and unit energy cost (or other comparative eco-
nomic indicators). More detailed breakdowns under each heading of the cost
sheet can be provided on further sheets or in document 6 (Cost data).

15 Revenue

Comment on the various ways in which the hydro scheme will generate
revenue, for instance, via sale of power to a mill-owner or other commercial
enterprise, by offering of services for fee (battery charging, milling), by tariffs
for fixed-wattage domestic electricity supplies. Specify how certain you are
of this revenue in each case, and how this will change over time. Use
Supporting document 7 (Revenues) to record data on business and market
studies for potential hydro-drive enterprises.

16 Welfare

Comment on the potential of the hydro scheme in increasing the economic
security of the village as a whole; in introducing new jobs and in bringing
benefits to the less wealthy members of the community. Also comment on
possible dangers, for instance the creation of dissent due to unequal
distribution of advantages and opportunities offered by the hydro, and
possible loss of existing jobs due to substitution of fuels. Propose methods
of ensuring welfare benefits and protecting against disbenefits (for instance,
some members of the community may receive electricity supply without
payment of connection charge, due to lack of cash income; people due to
lose jobs may be chosen for new jobs associated with the hydro installation).

17a Tariff structure

17b Financial analysis

17c Sources of finance

In village electrification schemes it is often possible to present a comprehen-
sive financial analysis in the form of a tariff proposal. The tariffs are prices
paid by householders and entrepreneurs for use of electricity. The amounts
paid are calculated from outgoings such as loan repayments, O+M costs,
and welfare funds. A request for a grant or subsidy can be made on the
basis of such a tariff calculation, which is based on a cash flow analysis
(Chapter 9). State in this section whether the tariff structure has been
discussed with the villagers and whether agreement in principle exists. Will
the tariff arrangement work in practice? — refer to experiences elsewhere.
Indicate how well matched it is to the findings of the capability and demand
study (Appendix 1). Does the tariff structure reflect the willingness and ability
of all villagers to pay for the scheme? Does it include workable provisions for
disadvantaged households and does it reflect the practical advice of most
villagers?

This section presents the financial future of the scheme, for example by a
cash flow analysis (Chapter 9) and by presenting economic indicators.
It answers the question, is the scheme economically viable or not?

This section states the recommended basis for financing of the scheme. For
example, it may set out a request for a subsidy or grant which pays for
professional inputs and 25% of the capital costs, and show how a further
25% is covered by private investment by the users of the scheme (eg a
connection charge or labour inputs) while the remaining 50% is covered by a
loan at commercial lending rates. Note whether or not the recommendation
matches existing policy on finance, and whether or not the same approach
has been adopted elsewhere with success.

Continued overleaf

1.9
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Note 1.9.1 continued Feasibility reports — Headings
18 Socio-economic Carefully draw together conclusions already made above on financial
viability viability, management capability, O+M arrangements, and comment on
factors which may threaten sustainability.
19 Monitoring Describe how the proposed structures will be monitored and what alternative
contingency plans ownership, management and O+M provisions could be made should these

structures prove not effective in forthcoming years.

20 Supporting documents 1 Capability and demand study
2 Water use and irrigation

Hydrology study

Technical design calculations

O+M arrangements

“nst data

N O AW

evenues
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:nergy supply options

Photo 1.9.1 Amongst rural industries textiles may benefit
from hydro power. (Nepal)

Photo 1.9.2 An important source of revenue for micro-hydro
plants is provision of battery charging services for domestic
lighting. (Sri Lanka)
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Hydrology and site survey

2.1

Introduction

This chapter is divided into the following
sections:

Flow prediction by area-rainfall method
Flow prediction by correlation method
Head measurement

Flow measurement

Geology study

e o o o o

The simplest hydrology study is the ‘smallest
flow” approach. This applies to any proposed
hydro project where it is possible to say that the
smallest flow in the stream (in the driest part of
the year) is always going to be sufficient to meet
the required power demand. All that is required
is some certainty that next year, or in some future
year after the scheme is installed, this ‘smallest
flow” won’t turn out to be smaller than expected.
If this happens then the turbine will produce little
or no power at all. It will end up over-sized and
therefore over-expensive.

If there is not much danger of this error then it is
only necessary to visit the stream during the
‘smallest flow” period of the year, and take flow
measurements as described in Section 2.4 below.
At the same time head measurements can be
taken, and a geology study undertaken; these last
two are always necessary for any scheme to

ensure low overall costs and reliable performance.

If there is uncertainty as to the smallest flow over
the forthcoming years, if it is known that there is
insufficient flow for some part of the year, or if it
is expected that a variable flow turbine will be
needed, a prediction study must be undertaken.
A flow prediction study will always involve a
hydrograph, and an exceedence curve or flow
duration curve (FDC). These have been intro-
duced in Chapter 1, Section 1.6.

In some cases the FDC and hydrograph will be
your own guess-estimates to begin with, in other

cases they will be based on careful data collection.

If the FDC is based on historical flow information
going back many years into the past, it offers the
best guidance available for prediction of flows

many years into the future. In general, it is
important to collect data on flow over as many
years as possible in order to make reliable
predictions.

There are a number of quite complicated ways of
predicting river and stream flow. Only two fairly
simple methods are presented here by way of an
introduction. These are the area-rainfall method
and the flow correlation method, as summarized in
Notes 2.2.1 and 2.3.1 respectively. In both cases it
is important to realize that a large part of the
hydrology study is not done by visiting the site,
but is done in town, visiting libraries and gov-
ernment offices. This study depends on getting
hold of relevant data and documents. For in-
stance, rainfall records and contour maps are
needed for the area-rainfall method, and records
of river flow are needed for the correlation
method. Data on rainfall is usually found in
irrigation departments or meteorology depart-
ments, weather centres, airport authorities and
so on. Data on flows in major rivers and gauged
streams will also be found in irrigation depart-
ments, or possibly in the offices of larger hydro
power authorities. For the flow-correlation
method this data must be complemented by your
own flow or rainfall measurements on site. For
the area-rainfall method, any field data would
only act as verification checks since they are not
the long term historical data which are needed
for a hydrology study.

—
T RRiGATION |

DEPARTAE

Fig 2.1.1 The hydrology study is best done in town
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HYDROLOGY AND SITE SURVEY

One purpose of the hydrology study is to ensure
that the turbine is the correct size for the water
flow, and has the correct variable flow character-
istics, so that expense is not wasted on over- or
under-capacity. The sizing of the channel,
penstock, etc is also determined by the hydrol-
ogy study.

The study ensures that the power supply poten-
tial of the site is known accurately, so that it can
be carefully matched over the seasons of the year
with the power demand.

Flow measurements on site have three purposes:

1 They may be made during the driest season
in aid of a ‘smallest flow’ hydrology study.

2 They may be made to verify that the data
obtained in documents in town is sensible
and relates to the same stream as recorded in
the documents.

3 They are necessary in the application of the
flow correlation method described in Section
2.3 below.

The purpose of the geology study is to identify
the best placement of installations such as
penstock, channel and powerhouse. A small
amount of effort on geology is easily repaid in

cost savings made on channel construction costs,
sound penstock and turbine foundations, and
safety from channel collapse due to slope insta-
bilities.

Head measurements are necessary to ascertain
power availability and so are complementary to
the flow prediction study.

Map snd
compass

Fig 2.1.2 Site visit Remember to bring a compass with you
as well as a map.

Photo 2.1.1 Community participation in site preparation and surveying in Peru. The long-term success of a project depends on
local initiative rather than import of equipment and expertise.
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2.2

Flow prediction by area-rainfall method

A careful examination of a map shows that a
number of possibilities exist in the design of a
hydro scheme. Consider Fig 2.2.1, which shows a
section of a map. Two possible micro-hydro
schemes have been drawn on the map, both
making use of a turbine placed at point C.
Scheme A draws water at point A, then channels
it along a contour line to point Al. The small
drop needed for the channel is ignored since this
is a preliminary study. Al represents a proposed
forebay tank feeding a penstock which drops 150
metres to the turbine at C. There is an alternative
proposal for an intake site at B. The channel
feeding water to the penstock at Bl (giving a
turbine head of 75 metres) is shorter than chan-
nel A, and covers ground which is less steep.

Would you draw water for your scheme from
point A or point B?

Since obtaining the maximum head is very
important in a hydro scheme (high head turbines

are usually cheaper than low head turbines), an
intake sited at point A could be preferable to one
sited at B. On the other hand, the penstock for
scheme A is longer and therefore more expen-
sive. The length of channel is greater, and be-
cause it traverses a steep slope it may be expen-
sive to build and maintain. The geological survey
will establish whether problems with landslips
or storm runoff will make channel A unfeasible.

It is evident that a greater flow of water can be
obtained at B, which may mean that more power
is available from scheme B. To calculate the
relative flows, first study the contours and
consider the area in which rainfall collects and
runs towards points A and B. Draw in the
perimeters of these areas, as shown in Fig 2.2.1
with dashed lines; the two areas form the rainfall
catchment area for point B, whereas the smaller
single area above A is the catchment for A.

Notice that catchment B includes catchment A.

Rio Grande

SCALE 1:63,360

el t, 10 Uy Wiy

Fig 2.2.1 Portion of a map showing prospective schemes. Scheme A has an intake site at point A, a channel leading to point
A1, and a small catchment area compared to scheme B. Notice that the contours indicate a gross head of 150 metres for
scheme A and 75 metres for scheme B. The catchment areas are shown marked out with dotted lines. The lines are drawn by
identifying watershed or ridge lines (thinking whether or not the water will flow into the chosen stream above the proposed

intake) and by joining peaks also along watershed lines.
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The area-rainfall approach to flow prediction is
summarized in Note 2.2.1. It is recommended
that you refer to this Note while reading the text,
and later use it as a guide when undertaking
similar calculations.

Finding ADF (annual average daily flow)

An estimate of average yearly flow, or discharge,
at points A and B can be made from existing
records of rainfall, such as information collected
at nearby rain gauges. A rain gauge (Fig 2.2.2)
measures the depth of water collected from
rainfall over the year.

We can compare catchments A and B by doing a
simple numerical example, supposing that three
rain gauges are situated somewhere near the
catchments of interest. Such rain gauges should
be located on the map; if not it is necessary to
mark them on the map yourself.

Any number of rain gauges can be used in the
manner described below; three gauges are taken
only as an example.

Fig 2.2.3 shows the same map section as Fig 2.2.1,
but without contours, for simplicity. Sample
records from three fictional rain gauges at
locations W,Y, and Z are given.

Because Z is nearer to the catchments, and Y and
W are further away, Z can be considered to have

more influence on the average rainfall in the
catchment. One way of weighting the average is
to draw the polygon shown, linking the gauge
locations, and then draw a perpendicular bisec-
tor through each link, so referring a part of the
catchment to each rain gauge. If we label the area
of catchment referring to Z as ‘Area Z’ and the
total catchment area ‘Area total’ then the average
rainfall for the whole catchment is given by the
expression shown in Fig 2.2.3. (This method of
estimating rainfall is known as the Thiessen
method. It is useful in many hilly areas but not
suitable for mountainous areas, where advice
should be sought from a specialist.)

arahe

Fig 2.2.2 A rain gauge Records must be carefully checked
for accuracy. Long lists of identical numbers probably mean
that the responsible person was away on holiday. If trees or
buildings shade the gauge, the readings will be inaccurate.

W gauge: w = 2000 mm/year Area Z
Y gauge:

Z gauge: z =3000 mm/year

Area Z
Area total

Area W
Area total

For example ANV

y = 2700 mm/year \

1 /
|‘ ”’ -
A \ Area Y
\ oo
z —
\_—
/ 3

I average annual rainfall at each gauge is w, y and z mm/year, then average raintali In catchment (mm/year)

AreaY

Area total

For example, Area Y is the area bounded by the catchment boundary and lines 1to 2 and 1 to 3.

Total area is the area within dashed lines.

Fig 2.2.3 Estimating average rainfall
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Fig 2.2.4 Estimating catchment area It now only remains to find a technique for
estimating areas from the map. The simplest
method is to estimate by ‘blocking’ as shown in
Fig 2.2.4. Alternatively, use squared tracing

paper, which can be made by tracing or photo-
copying graph paper onto tracing paper.

If you place the squared tracing paper onto the
. map you can trace the perimeter of the catch-
ment area, and then construct the perpendicular
bisectors as shown in Fig 2.2.4b on the tracing
paper. It is now possible to count and sum the
total catchment areas and the individual areas
referenced to each gauge. The exercise can be
done for both catchments.

a ‘Blocking’ This method consists of drawing a rectangle
(block) which seems to the eye to have the same area as
the catchment outline. Once the block is drawn, simply

its si it , . .
measure its sides and calculate its area The total volume of rain falling each year on the

catchment is now known, as shown in Example

— = N o 2.2.1. Some of this water evaporates, and some
| il i i I ] 0 . .
W M flows underground; a simple representation of
, L R . the hydrological cyclg is shown in Fig 2.2.5. It is
e T T e LAy cachmen s sufficiently accurate in most cases to calculate
T
R L ' T ERES the average yearly streamflow (called the ‘run-
Pl st ! (Y4l d .
TN R FAPaPLFs Popa U TATAES O off’) at points A and B as:
iy () Y2 AA 1 VAL |
MR S AATAAAN
R Runoff = Rainfall — Evaporation
= et T
T [N LA AT 1
1 < L . .
—; : f J: VR f Strictly, the runoff is also reduced by loss of
T S M b rainfall seeping into the ground and not recov-

ered later in the form of sub-surface flow.
In practice it is sufficiently accurate to ignore this
effect.

b Counting squares As an example, catchment A is made
up of 135 squares. The scale of the map is one inch to
one mile, and the squares are 3 mm x 3 mm. See

Example 2.2.1: the area is calculated to be 4.88 square A great deal of water evaporates if the air is dry

AnAd tha clxr io Alaase Aliw A Ala

at aedi 01 water evaporate$ it uié air 1s ary ” Example 2.2.1: the area is calculated to be 4.88 square A gre
1e sky is clear. Wind also increases evapo- kilometres, effectively 5 km? since hydrology calculations and tl
, as does the length of the day, and air can never be very precise. ratior

M

cvaporauon

i

Rainfall ; Watershed

4

st

—vupuiauun

/A T A A

\v

Sub-surface transfer flow
between catchments

WF N\
@S

1

Transpiration

Ach
_1

Cvapurauun °

ase the river flow or reduce it, if the catchment is
11O acCouin sucn ene&eﬁaéﬁgsqih -Iﬁ—g thﬁ\fpr assum

ctice this assumption should be checked.
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Volume runoff

Runoff (mm/year)
Then: Volume runoff

(Average yearly streamflow volume (m3/year))

Rainfall

|

Rainfall (mm/year) —

>
- 1 Evaporalion

S l /;/ Evap. depth
N T S
Y ////\ ~- ;“?
T / Runolff depth
Runoff

(Average yearly streamflow volume (m3year)) = Average yearly rainfall volume (mBfyear) — Volume evaporated (m3/year)
In practice, runoff and evaporation loss are often expressed in terms of depth/year, so that:

Evaporation (mm/year)

Area of catchment (m?) x 10-® x Runoff (mm/year)

Note: 10-3 is necessary to convert mm/year to metres/year

Fig 2.2.6 Runoff

Rainfall
measured data

runoff retationship based on

5000
4500
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£
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2 2000
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500 A
o
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T T

1500 2000 2500 3000

Annual average runoff (mm)

3500 4000 4500 5000

Fig 2.2.7 A rainfall-runoff graph The graph is created by entering measured values of runoff and rainfall at particular catch-
ments in the region. If the dots cluster as they do in this example, a straight line can be drawn to fit the cluster. This line can be
used to make a prediction of runoff at new sites. The graph shown here is based on data from SW Sri Lanka — do not use itin

other regions.
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temperature. These factors are taken together to
calculate evaporation by the Penman and
NRECA methods which are described in other
texts. Suth calculativnes can be side-siepped i you
are fortunate enough to be in a country where
‘rainfall-runoff’ graphs are available.

An example is Fig 2.2.7. Often the relationship
between runoff and rainfall is very similar in
different valleys in the same region of the coun-
ry, S0 YOU Can find a graph amongst govern-
ment records which applies to your catchment
area.

Area-rainfall method

Note 2.2.1

1 Area
Identify a proposed intake site and find its area
of rain catchment (Fig 2.2.1, Example 2.2.1).

2 Rainfall
Find average rainfall per year for the catchment
(Figs 2.2.3, 2.2.4, Example 2.2.1).

3 Evaporation
Convert rainfall to runoff using a rainfall-runoff
graph for your locality or the NRECA or
Penman methods which are described in other
texts. Fig 2.2.7 is an example which cannot be
used anywhere except South West Sri Lanka.

4 ADF
Average annual daily flow. Calculate volume of
water flowing past the intake site each year
(Example 2.2.1), and convert to an ADF figure
expressed in m¥/sec.

5 Validity of FDC
Obtain a flow duration curve (FDC) which is
valid for the catchment (Fig 2.2.12). Check its
validity; it should be based on daily data.

The site should have characteristics (soil type,
vegetation cover, and extent of exposed rock)
which correspond to the terrain described by
the FDC.

A visit to the site is necessary. Also a site flow
measurement is useful (Section 2.5 below),
and conversations with local people using the
stream may provide a check as to flow levels
during the driest part of the year.

6 Net flow
Consult local farmers about present and future
use of water. Also consider future industrial
uses - a brick factory for instance may need
water. Draw daily and yearly demand/supply
graphs as in Example 1.5.1, to see how the
water flow can be shared during the day and
night, and during the year. Alternatively a
preliminary study can make allowance for
irngation by simply subtracting an estimated
allowance from the ADF to arrive at a figure for
ADF_, (see Example 2.2.2).

7 Exceedence table
Use the FDC to draw up a table showing the
net flows which are exceeded for various
proportions of the year, as in Example 2.2.2.
Convert each ADF_, figure to a power output
figure. Use this table to plan the hydro in
consultation with manufacturers and the users.

8 Demand/supply graphs
In addition to the table, or instead of it, modify
the FDC or the hydrograph to show other water
uses such as irrigation, and to show power
demand. Draw a yearly and daily demand
profile. See Example 1.5.1 and Example 5.1.1,
which discuss the use of variable flow turbines.

9 Cost
Draw up a quick economic study for the intake
site proposed, with channel and penstock
costs.

10 Optimization
Repeat steps 1 to 8 for other catchment areas
and intake sites. Compare the results of steps
7 and 8 in order to choose the best intake site.
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Example 2.2.1 Calculation of catchment area, average annual rainfall and ADF

Examples of a map and tracings are given in Figs 2.2.1 and 2.2.4. Rainfall figures are given in Fig 2.2.3.
The scale of the map is 1 km to 10 mm, and you are using 1 mm squares. Refer to summary of method,
Note 2.2.1.

¢ What is the total volume of water collected in the year in catchment A?
* How do you take into account the volume of water lost each year in evaporation?

1 and 2 Area and rainfall

Total number of squares in A = Squares (total) = 135

Number of squares referred to gauge Y = Squares (Y) = 58

Number of squares referred to gauge Z = Squares (Z) = 69

Number of squares referred to gauge W = Squares (W)= 8

Double check: does (Squares (W) + Squares (Z) + Squares (Y)) add up to Squares (total)?

Rainfall in catchment A

Squares (Y) v+ Squares (W) W e Squares (Z) N

z
Squares (total) Squares (total) Squares (total)
9
= 28 x 2700 + 8 x 2000 + 2 x 3000 = 2812 mm/year = 2.81m/year
135 135 135

Scale of map: 1 inch to 1 mile (1 to 63360)
Suppose that the squares are 3 mm across representing 3 x 63.36 metres
Therefore area of one square

= (3x63.36)2 m?
Therefore total catchment area A

= Squares(total) x Area of one square = 4.88 x 10° m?

3 Evaporation

Refer to Fig 2.2.6, and enter the rainfall on catchment A expressed as a depth in mm.
Find the net runoff once evaporation and subsurface flow are accounted for (Fig 2.2.7):

Runoff from catchment A

= 1420 mm/year = 1.42 m/year

4 Find ADF

Runoff from A expressed as volume flow per year:
Total catchment area x runoff expressed as a depth

= 488 x 10° x 142 = 6.93 x 10° m*/year

Convert this figure to a volume flow per second. This nominal average flow can, in some
circumstances, be called the ADF (annual average daily flow):

6
. 1
ADE = Volume flow per year - 6.93 x 10 = 022 m®/sec
Number of seconds in year 365 x 24 x 60 x 60

Scheme B can be assessed in the same way. What is the final value of ADF for scheme B?
Check that you arrive at a value of 0.38 m3/s for scheme B.
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Fig 2.2.8 Isohyetal map; interpolation and averaging will
give a very approximate indication of rainfall.

e

Fig 2.2.9 A small pipe set into the channel wall can easily be
blocked and unblocked with a small piece of turf.

Fig 2.2.10 Collective water use planning Farmers can use
the hydro channel for irrigation.Seasonal flow rates and
maintenance schedules must be planned before designing
the hydro scheme.

Absence of rain gauges

If no rain gauge records are available, the follow-
ing methods may help:

* If you have one or two years to wait for
planning and finance clearance, immediately
install a flow measuring device such as a
notched weir into the stream, and monitor as
frequently as possible.

* Set up and monitor at least one rain gauge in
the region of interest.

* Do not use short-term records on their own,
as two years’ data can be misleading (fifteen
years’ data are required) but correlate them
with other data.

* Consult a professional hydrologist.

¢ Use the flow correlation method as described
in Section 2.3.

* Often data in the form of isohyetal maps are
available. These show lines of constant
rainfall. They should never be used as a single
indication of rainfall, but are sometimes
useful as a check on other indications. On the
whole their use should be avoided, since in
micro-hydro applications the catchments are
too small for sufficient accuracy using
isohyets.

Net flow:
Irrigation planning and seepage loss

An important use for the water flow is irrigation.
An essential aspect of hydro planning is to
include the farmers of the region in the hydro
planning process. Both agricultural and indus-
trial water use is likely to reduce the amount of
water available for hydro power (Fig 2.2.10).

It may be possible to divert the flow for irriga-
tion during the day or the night and use it for
hydro in the evening. Yearly and daily demand/
supply graphs are needed, see Example 1.5.1. Tt
may be that irrigation water is only needed
during part of the year. The next section, ﬂow
variation, discusses flow duration curves and
annual hydrographs - both of these can be
modified to take account of non-hydro water use
and so show the net flow available to hydro.

If you are uncertain, it is best simply to subtracta
portion of flow from the ADF to allow for esti-
mated irrigation and other water uses, treating
this diversion as a bulk yearly quantity, and so
calculate a figure for net flow (ADF_ ) available
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for the hydro. It is also necessary to allow for
water lost in seepage from the channel.
ADFnet = ADF - Qirrigation N Qseepage
Since Q,;,..;0n MAy vary considerably over the
time the scheme is running, it is necessary to
predict these variations, and to estimate the
maximum future value of Q, ... . It may be for
instance that the number of irrigated fields will
double over the next ten years; if this is a possi-
bility, use double the present value for Qimgamm
when calculating ADF_,

Flow variation

The river flow varies during the year. There are
two ways of expressing this: the annual
hydrograph (Fig 2.2.11), and the flow duration
curve or FDC (Fig 2.2.12). Both of these are
drawn up from data collected by Government
hydrologists over many years.

Ideally, they need to be based on records taken
every day for at least fifteen years. But an FDC or
hydrograph based on as little as one or two
years’ data can be useful if checked against
rainfall figures for a longer period (to assess
whether these were fairly typical years or not). It
is important that you do not use FDC curves
based on monthly measurements. In the example
here, the assumption is made that all data is
based on a daily or hourly measurement; this
allows the average flow to be called an ‘annual
average daily flow’ or ADF.

160 -
140 -
120 1
100 1
80 1
60

40 Available for
Hydro Power

Daily flow - Cumecs (m/sec)

20 19—

Allowance for
seasonal irrigation

IRRIGATION I IRRIGATION

The FDC shows how flow is distributed over a
period (usually a year). On the horizontal axis the
readings are assembled, largest at the left. On the
vertical axis is flow.

Obtain an FDC for a river which seems repre-
sentative of the area in which you are interested;
the river should not be too far away and the
average mix of vegetation cover and soil /rock
conditions should be similar.

A ’steep’ flow duration curve is bad for micro-
hydro. It implies a ‘flashy” catchment — one which
is subject to extreme floods and droughts. Factors
which cause a catchment to be ‘flashy’ are:

Rocky, shallow soil

Lack of vegetation cover

Steep, short streams

Uneven rainfall

(frequent storms, long dry periods)

A flat flow duration curve is good because it
means that the total annual flow will be spread
more evenly over the year, giving a useful flow
for longer periods, and less severe floods.

Characteristics of a flat FDC are:

* Deep soil

Heavy vegetation (eg jungle)

* Long, gently sloping streams

* Bogs, marshes

* Even rainfall (temperate or two monsoons)

Example 2.2.2 shows how the FDC is used to
calculate an exceedence table, indicating the
power which can be supplied for different pro-
portions of the year.

Seepage Loss

VA

O ¥ R L) T el Ll
Jan Feb Mar Apr May Jun

Aug Sep Oct Nov Dec

Fig 2.2.11 The annual hydrograph shows flow in a particular river or average flow in all rivers monitored in a region. The
irrigation or industrial demand for water can be included on the hydrograph.
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Fig 2.2.12 The FDC (Flow duration curve) represents flow variation based on sample measurements from a river. This one is
for the Way Ganga in South West Sri Lanka. The same FDC can be applied to other rivers or streams in the area if soil type and
vegetation cover do not differ between the catchments. Do not use this graph except in some parts of SW Sri Lanka.

Photo 2.2.1 Planning water use for irrigation in Peru. This is an important part of the planning process for micro-hydro power.

e e
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Fig 2.2.13 Annual and daily demand profiles in a Sri Lankan tea factory

Matching power demand and supply

The power users will usually have requirements
which vary during the year. This is the case in a
Sri Lankan tea factory, where an annual demand
profile might be as illustrated in Fig 2.2.13. A
typical daily variation in load is also shown. It
may be that the hydro scheme is proposed as a
secondary source of power which partially
replaces an existing source such as an electricity
grid or diesel generator. In this case the sizing of
the turbine (and selectionof Q_ . ) will depend
on comparing the cost of each different hydro
option with the savings made in existing power
costs by each hydro option.

If there is no existing source of power then there
are four approaches which must be compared
and which are often used in combination with
each other:

1 Choose the turbine and generator which will
provide for the highest power demand. If this
requires more than the smallest flow, then
choose a variable flow type of turbine. See
Example 5.1.1 to make sure part-flow per-
formance will be adequate to provide for the
lowest power demand. In Example 2.2.2 this
approach could mean selection of a 165 kW
turbine and generator. The FDC shows that
this could run for 3 months of the year, but it
is first necessary to superimpose the yearly
demand profile on the hydrograph, before it
is possible to say that supply will match
demand through the year. Consider option 3
below at the same time.
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2 Choose a turbine/generator size which
matches only part of the demand, and pur-
chase an auxiliary power source such as a
diesel generator to provide for peak power
demand. The saving in cost of hydro equip-
ment may easily pay for the auxiliary equip-
ment and the overall economics of this option
may well be better than 1 because of the
improved plant factor of the hydro.

3 Consider methods of storing hydro energy
which is surplus at low demand periods, and
then using it to meet peak demand.

4 Consider changing the yearly and daily
demand pattern to suit the power supply
pattern.

Photo 2.2.2 A tea factory in Sri Lanka with a micro-hydro
electricity supply.
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2.2

Exceedence tables Example 2.2.2

Example 2.2.1 continues as follows. The calculation steps are summarized in Note 2.2.1.

5 Validity of FDC

We can suppose that the FDC in Fig 2.2.12 has been drawn up from measurements on rivers flowing
out of a large catchment area, and that catchments A and B lie in this area, and have deep soil, good
cover, and no exposed rocks. The conditions are representative of the basin described by the FDC. It is
also confirmed that the FDC is based on daily data. So we decide that it is valid for our application.

6 Net flow

Discussions with local farmers reveal that a flow of 15 I/s will be required for irrigation. This is not all
year round but as it is needed in the driest month. It can be treated in a preliminary study as a year-
round figure. Discussions also reveal that no industrial users are likely but more land may be irrigated
near the channel in future years, and there may be informal abstractions of channel water. You esti-
mate therefore that irrigation will require 30 I/s. Calculations as in Section 3.6 reveal that seepage loss
will be 10 I/s. The ADF calculated in Example 2.2.1 was 0.22 m%/s

ADF = ADF-Q

net

-Q = 0.22-0.03-0.01 = 0.18 mds

irrigation seepage

Note that there may be other ways of sharing water between hydro and irrigation which will preserve a
higher value of ADF _ ~ see Example 1.5.1 where irrigation is undertaken at night while the hydro is
not running.

7 Exceedence table

Consult the FDC (Fig 2.2.12). Identify where 100% of ADF (which is 0.22 m3/s) falls on the FDC.
We find that for 33% of the year, or four months, there will be more runoff at point A than 0.22 m%s.
Using the FDC, list the flows obtained for 140%, 120%, 100%, 80%, 60%, 40%, 30%, 20%, of ADF.
Make up a list of ADF,, values for each row on a table as shown below. Each flow rate of water

represents a different turbine power output. Assuming overall efficiency (e,) is 0.5, tabulate the
respective power delivery values.
Site power output = P = e x ADF__ x9.8 x hgross kW

The gross head for scheme A is found from Fig 2.2.1 to be approximately 150 metres.

Power delivered by catchment A = 0.5 x ADF,__ x 9.8 x 150 kW. (Note Example 5.1.1)

Table 2.2.1 Exceedences for Scheme A

% ADF ADF P ot Exceedence Qnumber Expressed as
(m?3s) (m%s) (kW) months per year
140 0.308 0.268 197 22% Q22 3 months
120 0.264 0.224 165 28% Q28 3 months
100 0.220 0.180 132 33% Q33 4 months
80 0.176 0.136 100 42% Q42 5 months
60 0.132 0.092 68 57% Q57 7 months
40 0.088 0.048 35 64% Q64 8 months
30 0.066 0.026 19 70% Q70 9 months
20 0.044 0.004 3 84% Q84 10 months

What size turbine and alternator will you install for scheme A? A 132 kW turbine will operate for four
months of the year (the Q33 scheme). It could also be run, at reduced power, for a further period if the
turbine is specified to take reduced flow. But a large turbine will have a heavy capital cost, and will be
out of action or underused for much of the year. A smaller turbine might be more economic as it is used
more heavily — a 68 kW turbine (the Q57 scheme) would be used at full power for 7 months in the year,
and part-power for some of the remaining months. If part-flow/part-power is considered, give careful
consideration to the part-load efficiency of both turbine and generator (see Example 5.1.1).
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Example 2.2.2 continued Exceedence tables

8 Matching delivery and demand for power
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Consider a Q57 scheme for catchment A. An annual hydrograph indicates the seasons during which
peak power is available. The 68 kW supply can now be shown on the annual demand profile. It can
also be shown on the daily profile assuming this is representative of wet season activity. Notice that
during some of the day the hydro scheme is producing less power than is needed. When the scheme is
producing more power than needed, a governor or load controller/ballast will be needed.

Cost

Suppose that an approximate design is produced for Scheme A which results in a total cost figure of
$140,000. This includes some expensive channel sections and a long penstock. It is important to cost
approximately each option, because then a comparison can be made with other intake site options (eg
Scheme B).

10 Optimization

Alternative catchments can now be considered. Repeating the above calculations for catchment B, for
instance, results in the following table:

Table 2.2.2 Exceedences for Scheme B

% ADF ADF__, P et Exceedence  Q number expressed as
(m%/s) (m%s) (kW) months/year
140 0.530 0.490 180 22% Q22 2 months
120 0.460 0.420 154 28% Q28 3 months
100 0.380 0.340 125 33% Q33 4 months
80 0.300 0.260 96 42% Q42 5 months
60 0.230 0.190 70 57% Q57 7 months
40 0.150 0.110 40 64% Q64 8 months
30 0.110 0.070 26 70% Q70 9 months
20 0.080 0.040 15 84% Q84 10 months

Now compare the cost and performance of each catchment option. Schemes A and B both provide approxi-
mately the same kW performance. The channel of Scheme A is more expensive because it is built on steeper
slopes and the penstock is more expensive because it is longer. If in this case the turbine and generator
costs are about the same, the overall cost of B is less than $140,000 while providing the same power to the
factory. Other factors such as integration into local irrigation planning also affect the choice. For instance,
scheme A may be found to be better because although it is more expensive, it has a channel higher up on
the hillside and so offers greater irrigation advantage to local farmers.
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FLOW PREDICTION BY CORRELATION METHOD 2.3

2.3

Flow prediction by correlation method

In many cases there are insufficient rainfall
records for the proposed site. Instead, it may be
possible to find flow measurement records for a
river in the region. If these exist, it is very likely
that an FDC will also be available for this gauged
river. If not, the data could be used to prepare an
FDC. The correlation method (summarized in
Note 2.3.1) will then allow you to draw up an
FDC for the stream in which you are interested
with surprising ease.

The first step is to make some on-site measure-
ments of flow at the site of interest. This is the
‘ungauged site’. Only about ten or twelve meas-
urements are needed, taken at different times
during the year, at random intervals. Quite often
it will be known in advance that the flow is more
than sufficient for the proposed hydro scheme
during the rainy part of the year, and the only
critical period needing careful flow prediction is
the dry season. In this case you could take six to
ten measurements spread out at random inter-
vals over the dry period only.

Having obtained two sets of readings, one for
each river or stream, find the flow at the gauged
site on ecach of the days that you obtained a flow
reading from your proposed hydro site. You
now have a list of corresponding flows. Example
2.3.1 illustrates this.

On a graph of streamflow at the ungauged site

vs streamflow at the gauged site, plot the pairs of

data points. Then, looking at the points, does
there seem to be a correlation between most of
these points? Can a straight line or smooth curve
be drawn through this maze of points so that
most points are relatively near this curve?

Often in the dry season there is little variation in
flow readings between the catchments, whereas
wet season flows can be affected by sudden
rainfalls and significant day-to-day variations
which are different for each catchment. Conse-
quently, in fitting a curve, one would expect the
curve sometimes to have a closer fit with data
points associated with low flows than with those
associated with high flows. The closer the fit, the
more accurate the results of this method.

From the FDC of the gauged site, select the flow
at several exceedence values, find the corre-
sponding flow in the ungauged site from the
previous curve, and plot an FDC for the
ungauged site.

Photo 2.3.1 One suitable method of flow measurement for
correlation is the salt dilution method. This requires a
conductivity meter and a weighed quantity of salt.

The flow correlation method

Note 2.3.1

will be sufficient).

correlation?

1 Identify a proposed intake site, and consult government offices for hydrological records of gauged flows
of rivers in the same region. Obtain these records and an FDC for the gauged river.

2 Take a series of measurements at the ungauged site. About 10 or 12 measurements are enough in a
year. (If the dry season only is of critical interest, as few as 6 measurements taken at random intervals

3 Find the corresponding flow on the gauged river for each of the flows recorded at your site of interest.
Plot a graph of streamflow at the gauged site versus streamflow at the ungauged site.

4 Draw a correlation line through these points — do the points cluster sufficiently to indicate a reasonable

5 If so, use the FDC to select flows at certain exceedence values, convert these to corresponding flows
for the ungauged site and plot an FDC for the ungauged site.
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Example 2.3.1

The flow correlation method

Fig 2.3.1 shows a map of north western Thailand
showing two catchment areas.

A micro-hydro station is proposed at point B,
which is fed by a catchment area of 51 km?,

This area is part of the larger catchment of

2600 km? feeding site E.

There is a government river flow gauging station
at site E.

Prepare a flow duration curve (FDC) for the stream
at site B.

1 Obtain government flow records for site E
and also an FDC (Fig 2.3.2).
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2 Take about ten measurements of the flow at
site B at random dates as shown in Table 2.3.1
(lefthand column). List the corresponding flows
at E for those dates.

Date Flow
Qg Qg

5 Feb 87 0.48 9.55
22 Mar 87 0.34 4.80
3 May 87 0.27 4.40
5Jul 87 0.27 3.40
25 Jul 87 1.23 15.30
6 Sep 87 1.09 20.70
14 Sep 87 2.28 26.90
25 Sep 87 1.16 28.90
13 Oct 87 1.42 26.60
28 Oct 87 1.30 22.10

3 Plot the corresponding flows on a graph of flow
at E vs flow at B. If possible, draw a straight
line through the scatter of points (Fig 2.3.3).
The closer the fit of the line to the clustering of
points, the more accurate the method will be
for your purposes.

Catchment E
2600 km?

Catchment B
51 km?

Chiang Mai

Fig 2.3.1 Catchments B and E
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Fig 2.3.3 Correlation of flows at sites B and E

4 Use the FDC of the gauged site to select a flow
at a specific exceedence value (eg 40% as
shown in Fig 2.3.2). Find the corresponding
flow at the ungauged site from Fig 2.3.3 and
plot the value on a new FDC graph for site B.
Repeat this procedure for other exceedence
values and draw a curve through the points as
shown in Fig 2.3.4.
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Actual FDC
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Fig 2.3.4 FDC at site B

100%

The FDC obtained by correlation is compared to
the actual FDC for site B, in order to show that this
method can give results to acceptable accuracy.
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HEAD MEASUREMENTS 2.4

Head measurements

In Section 2.2 it was suggested that a map could
be used to estimate the heads at various sites.
This represents a quick first look at various
possibilities in the region, but does not represent
a careful measurement of head. Because head is
the most important factor in hydro design and
costing, it must be measured accurately at the
sites being considered. An accuracy of £ 3% is
required.

One measurement of head is no use; it is in fact
very dangerous, because it will almost certainly
lead to expensive mistakes. At least three sepa-
rate measurements should be taken at each site.
Always plan for enough time to allow on-site
comparison of survey results. Never leave the
site before analysing results as usually mistakes
are easy to rectify at site, but impossible to rectify
once you have returned home.

If the three measurements do not agree closely
with each other, you will need to take further
measurements until you are satisfied you have
enough agreement. Of the three, at least two
should involve quite different methods of
measurement.

There are a number of methods of head measure-
ment; some are listed in Table 2.4.1. The table
indicates the accuracy of each method but this
really depends on the skill with which the
method is used.

Some methods are more suitable on low head
sites, but are inaccurate on high heads; some are
only suitable on high head sites. Always choose
the most accurate method given the equipment
available.

Fig 2.4.1 The concept of ‘head’

The methods described here are:

* Water-filled tube (with rods or person)
Water-filled tube and pressure gauge
Spirit level and plank (or string)
Altimeter

Sighting meters

Sighting with spirit level

Builder’s levels

Map

Water-filled tube

Fig 2.4.2 shows this method. The method is
useful for low head sites, since it is cheap and
reasonably accurate. A person can actas a
reference height if necessary. Two or three
separate attempts must be made, so that you can
make sure that your final results are correct and
reliable. In addition the results should be cross-
checked against measurements made by another
method, for instance the water-filled tube and
pressure gauge method.

The accuracy of this method can be quite surpris-
ing even when a person is used as a reference
height. Villagers in a Colombian village meas-
ured a head as “forty-eight and a half Loises’
(Lois was the man who conducted the survey),
which worked out at 81.6 metres. Later surveys,
made at great expense, gave 82.2 metres, less
than 1% difference.

Equipment

Nylon hose

Either transparent or with transparent ends. A
hose diameter of between 4 and 10 mm is con-
venient. Fill with water before ascending.

Height markers

You can use a person as a reference height,
as shown in Fig 2.4.2 a.

If graded rods are used (Fig 2.4.2 b) decimetre
or centimetre markings are sufficient. A steel
tape measure could be taped to a wooden rod.

Only one graded rod is necessary.

Prepared record sheet
As shown in Fig2.4.2 ¢

43




HYDROLOGY AND SITE SURVEY

Table 2.4.1 Comparison of techniques
Method Comments Advantages Accuracy Precautions
and limitations
Water-filled tube = Weight: Light Long-winded for Approx 5% Repeat
and rods Expense: Low high heads measurements

(or person)

Water-filled tube
and pressure

Calibration chart
must be drawn up

Fast, quite foolproof,
can measure

Good (<5%) if
gauge calibrated

Recalibrate the
gauge. Repeat

gauge Weight: Light penstock length at measurements
Expense: Low same time

Spirit level and Weight: Light Unsuitable for long  Approx 5% on Repeat

plank (or string)  Expense: Low gentle slopes steep slopes measurements
Slow to use. Best 10-20% accuracy
done with two on gentle slopes
people (1:10)

Altimeter Weight: Can be Useful on medium Gross errors (30%) Experience and

heavy, some are
light.
Expense: High

and high heads
(>40 m)

Can be fast, but
more reliable if

continuous monitoring

undertaken

possible.
Used with skill,
2% at high heads

skill needed.
Must be
calibrated and
temperature
corrected

Sighting meters
(clinometers or
Abney levels)

Weight: Light
Expense: Moderate

Fast in clear ground;
two people required

Good 5%

Experience, skill,
and calibration
needed

Sighting with a
spirit level

Weight: Reasonable
Expense: Low

Useful on all sites
especially where
other methods are
too slow

2-5% on steep
slopes

10-20% on gentle
slopes (10°)

Builders’ levels

(Dumpy)
theodolite

Weight: Heavy
Expense: Can be
hired, since in
common use

Not good on
wooded sites
Fast

Very good

Liable to error
Calculations can
introduce errors

Map

Map-reading skills
needed

Weight: Light
Expense: Low

High heads only
Wrong site may be
identified

Depends on quality
and scale of map

Map may be
incorrect
Check correct
site identified
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Photo 2.4.1

Head measurement
with builder's level.
(Sri Lanka)
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Fig 2.4.2 Water-filled tube

a Using person height b Using graded rods

i Person Y matches water level in the tube to his eyes. i Person Y measures height A1 at expected forebay

[Ty VXV IV R}

Person X keeps the water level at the other end of tube to
the expected forebay surface level.

ii Person Y stays in the same place and measures B1, just
as person X has moved downhill and measured A2.

A2

_%IJ
—

Head = Sum of heights of person Y to eye level

ili Finally all heights are summed
Head = H1 + H2 + H3 + H4 + H5

Bubbles in the vertical section of the tube do matter with this
method, as in the Pressure Gauge method.
Simply let them rise. Bubbles in the coil do not matter.

If the vertical height of the bubbles can be seen easily, then
the correction can be made while taking the reading, as
indicated in the diagram above.
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Fig 2.4.2¢ Example of charting measurements and
summing for gross head

Procedure

1 Assuming you start at the top (see Fig 2.4.2 b),
hold the tube while your assistant walks
downhill until his eyes are about level with
your feet. He must keep his end of the water-
filled hose raised up to his head height. Then
he places his rod as shown (A1) and when the
water has settled to a level, writes down the
point on the rod corresponding to the level.
The level at the top end should correspond to
where you imagine the forebay tank water
level will be.

2 Your assistant will also choose a position for
B1. While he stays in the same position, you
can walk down the hill and place your rod at
Stage 2. Fill in the form as shown as you carry
on, and sum the heads H1, H2, etc. to find the
total head.

3 If the ground is not consistently sloped, but
dips and rises, follow the same principle but
subtract the appropriate measurements.

4 An alternative to the graded rod is to use a
person’s eye-to-feet distance as a reference
height (see Fig 2.4.2 a). This is effective in
many situations; if the head is over 60 metres,
accuracy needs to be only within half the
height of one person.

Fig 2.4.3 Application of water-filled tube
and pressure gauge
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Water-filled tube and pressure gauge

This is probably the best of the simple methods
available, but it does have its pitfalls. The two
sources of error, which you must take care to
avoid, are out-of-calibration gauges and bubbles
in the hose. To avoid the first error, you should
recalibrate the gauge before and after each major
site survey (see Fig 2.4.4). To avoid the second,
you should use a clear plastic tube allowing you
to see bubbles.

This method can be used on high heads as well
as low ones, but you will need different gauges
for very different magnitudes of head (see
Example 2.4.1). An added bonus of using this
method is that it doubles as a method for meas-
uring the proposed penstock length, if the slope
is clear of obstructions, because the hose can be
used as a measuring tape. (Allowance should be
made for the hose stretching over time - its
length should be measured periodically.)

The smaller diameter the hose is, the lighter it
will be when you are carrying long lengths filled
with water. Too thin a hose will be difficult to
clear of bubbles.
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Fig 2.4.4 Calibrating a pressure gauge
Take about five readings, ranging from low on the gauge
scale to full scale.



Find about 20 metres of petrol pipe hose, which
has a diameter of around 6 to 8 mm, fill it at base,
and take care not to empty it. It is worth making
a good job of connecting it to the pressure gauge
while you are still at base.

Alternatively, the plastic tube can be filled at site
by immersing it in the stream. Water should be
allowed to flow through the tube to drive all the
bubbles out.

Equipment

Clear plastic hose

Calibration chart

Follow procedure shown in Fig 2.4.4
Pressure gauge

For selection of gauge, see Example 2.4.1
Prepared record sheet

Similar to that shown in Fig 2.4.2

Procedure

First calibrate the gauge following Fig 2.4 4.

When on-site note each pressure reading on a
prepared sheet and convert the table to a head.
From Example 2.4.1 you will see that a gauge
reading in kPa or psi gives you head in metres
by the equations:

h (m) = B&P2)
9.8

h (m) = p(psi) 100
08 145

0.704 x p(psi)

HEAD MEASUREMENTS 2.4

Spirit level and plank (or string)

This method is identical in principle to the
water-filled tube and rod method. The difference
is that a horizontal sighting is established not by
water levels but by a carpenter’s spirit level
placed on a reliably straight plank of wood. Fig
2.4.5 shows the principle. On gentle slopes the
method is very slow, but on steep slopes it is
useful. Mark one end of the plank and each
reading turn the plank and level round so that
the marked end is alternately near the ground
and away from the ground. This cancels out
some of the possible errors.

The spirit level and string method involves three
people. For this you must use a ‘line level’ which
is attached or hung from a piece of string. One
person holds one end of the string at foot level
while a second person walks downhill until he
can hold the string taut at eye-level. The third
person checks the level, ensuring the string is
horizontal. Then the uphill person walks down-
hill while the downhill person stays on the same
spot. The head is the average of the heights of
the two string-holders, multiplied by the number
of measurements taken.

Mark end of plank

Fig 2.4.5 Spirit level method
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Altimeter

Conventional altimeters are difficult to use
effectively; errors of + 30% can occur in inexperi-
enced hands. New digital altimeters are also
available which are easier to use and increasingly
safe in inexperienced hands.

In general, it is best to think of the altimeter as a
device which a professional surveyor, who
knows the equipment well, might use. Whoever
uses the altimeter, the results should always be
checked by measuring head with another, quite
different method.

The principle of the altimeter is that it measures
atmospheric pressure. Atmospheric pressure
changes by 9 mm head of mercury for every 100
metre change in elevation.

a Altimeter

Forebay Powerhouse
Reading  Time Reading  Time
1000 10.15 900 10.20
1010 10.50 915 10.55
1015 12.00 930 12.30
1015 1.00 940 1.30

Apparent change in elevation (metres)

0 3 6 9 Noon 3 12

Time of day
b Plot of pressure drift

Fig 2.4.6 Use of altimeters
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Altimeters require skill to obtain accurate results
because their readings are affected by changes
during the day in temperature, atmospheric
pressure and humidity. If a single altimeter is
used, these conditions will change between a
base measurement and elevated measurement.
The changes must also be carefully measured
and used to correct the altimeter readings. Two
altimeters can be used simultaneously, but
experience shows that this tends to produce
errors rather than eliminate them. The best plan
is to take alternate measurements at the power-
house and forebay proposed sites, and record the
time at which measurement is taken. The interval
between measurements should be short. The
pressure drift on both sets of readings should
then be plotted as shown in Fig 2.4.6 and an
estimate made of head. On the whole, use of
altimeters is not recommended.

Photo 2.4.2 A pressure gauge attached to the end of a long
nylon hose is an effective low cost instrument for head
measurement.
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Pressure expressed as ‘head’

Note 2.4.1

In summary:

Force = mass x acceleration

Pressure is defined as the force exerted per unit area, and so is measured in Newtons per square metre
(N/m?) which are known as Pascals or Pa. Force is defined by Newton’s equation as mass (kg) x accelera-
tion (m/s?). The downwards force exerted by a column of water is therefore its mass x the acceleration due
to gravity (g = 9.8 m/s?) since if the water were free to move it would accelerate at this rate. The mass of
the column can be expressed as its volume x its density (m? x kg/m® = kg). Volume can be expressed as
the horizontal cross-sectional area of the column x its height.

Force ~ volume x density x acceleration

volume x density x acceleration

Pressure (p) =

V xpx
A
hxAxpxg
A

keep the units coherent: see Example 2.4.1.

head = P
pxg

area cross-sectional area

9 put since volume is height (h) x area (A):
= —-——— = pXgXx h

To express a pressure as a head it is only necessary to turn this equation around, taking great care to

Sighting meters

Hand-held sighting meters measure angle of
inclination of a slope (they are often called
clinometers or Abney levels). They can be very
accurate if used by an experienced person. They
are small and compact, and sometimes include
range-finders which save the trouble of measur-
ing linear distance. Since the method demands
that the linear distance along the slope is re-
corded, it can have the advantage of doubling as
a measure of the length of penstock pipe.

Fig 2.4.7 Use of sighting meters

Equipment

Measuring tape

The tape should, as far as possible, measure the
hypotenuse distance. A range-finder may be
integrated into the sighting meter and the
readout could be directly of head.

An assistant

The method is difficult with one person, unless a
range-finder is used.

Record chart

Procedure

Fig 2.4.7 shows the method. First place two equal-
length stakes on the slope, within visible range of
each other. The distance between the stakes can
be as long as the measuring tape or range-finder
will allow. Place the angle-sighting meter on top
of one stake, and read and record the angle made
to the top of the next stake. Measure and record
the distance between the stakes. Use the trigono-
metric function H = L x sine a to calculate head
between the stakes.
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Example 2.4.1 Pressure expressed as ‘head’

1 In the funnel-shaped flask shown, what is the pressure at (1) and at (2)? (Density of water (p) is
1000 kg/m?, and ‘g’ is 9.8 mVs?). Express your answer in Pascals, in kPa, in bar, and in psi.
Finally express your answer as a ‘head’ in metres.

Fig 2.4.8 Measuring head and converting to pressure

Answer:
at() p = pxgxh = 1000 x 9.8 x 1 = 9800 Pa = 9.8 kPa
= Oibar = 145 x 0.1 = 145psi = 1metre head
at(2) p = pxgxh = 1000 x 9.8 x 3 = 29400 Pa= 29.4 kPa
= 0.29bar = 145 x 0.29 = 42psi = 3 metres head

Notice you knew the answer in metres head immediately on looking at the diagram.

2 You have measured the head on a site as 163 metres, as shown. What is the pressure in bar and
psi at the penstock outlet, when the valve is closed?

Answer:

p = pxgxh = 1000 x 9.8 x 163 = 1597 kPa
16.0bar = 145 x 16 = 232 psi

3 You are proposing to measure the head on various sites, and you have a 20 metre length of clear
petrol pipe hose full of water. You are expecting the total heads to be between 30 and 60 metres.
The slope is quite steep; you estimate it to be 45°. You now need to buy a pressure gauge: what full-
scale deflection, in psi, will you buy?

Answer: the maximum head you will measure at any one time will be sine 45x 20, so h=14.1 m.

This is a pressure of 138 kPa, or 1.4 bar, or 20 psi. In order for the gauge you buy to be accurate for
your purposes, the full-scale deflection should be more than this, ideally between 1.5 and 2.5 times
larger than the expected measurement. So you will need a gauge with a FSD of around 30 to 50 psi, or
between 210 and 350 kPa. If you have a choice, you may choose the lower FSD (30 psi) so that the
gauge is also useful to measure smaller heads.

50




Daily fiow - Cumecs (m:’/sec)

Dumpy (builders’) levels and theodolites

The Dumpy level is capable of 1 mm accuracy
but is expensive, heavy and slow. Skilled opera-
tors are needed and mistakes are often made in
the long strings of calculations required. This is a
common survey method however, so availability
is good. Distance can be measured simultane-
ously. Not suitable for steep, wooded sites.

The theodolite is expensive and heavy, but
capable of fast and accurate work where the
ground is fairly clear. It is very slow on wooded
sites and there is plenty of opportunity for
operator error and for machine error with this
method, but again availability is often good.

2.5

SITE MEASUREMENT OF FLOW 2.5

Both devices require calibration and periodic
re-calibration.

Beware of borrowed instruments —
always calibrate before use.

Fig 2.4.9 Use of levels

Site measurement of flow

The purpose of the hydrology study is to predict
flow, as it varies through the year. The results of
the hydrology study will always be the proper
record of flow at the site. The hydrology study
should be based on many years of daily records;
a flow measurement is a single record and is
therefore of less use. However, it acts as a check
that the hydrological analysis is not misleading
as a result of mistakes or changes to the catch-
ment or abstraction from the river.

There are other reasons for taking site measure-
ments during the design phase. These are:

* Flow measurements, taken daily over a
complete year, are part of a hydrology study,
and are useful to cross-check other data used

in the study. Weekly and monthly readings of

flow are also useful, but less so.

160
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a Measured flows do not agree with predictions

Fig 2.5.1 Comparing measurements with hydrograph

¢ When using the flow correlation method
(Section 2.3).

* A few measurements taken over a few days
are likely to be misleading, whether or not
they correlate with the hydrograph you are
using (see Fig 2.5.1). Nevertheless, if all the
measurements taken fit into the ‘envelope’
formed by the hydrograph during high flow
then there is some indication of the accuracy
of the hydrograph. During low flow periods
the envelope is much narrower and measure-
ments outside it are an indication that the
hydrograph may be wrong. It is useful to
gather information locally on the river flow
variation (exceedence) and also compare this
with your measurements and hydrograph.
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b Measured flows show correlation with predictions
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* You may not have found any map for the area
or the map you used to identify the stream
may be inadequate. You are forced in this
situation to carry out some mapping yourself
and measure flows in order to develop an
impression of the catchments upstream.

* Another possibility is that a flow measure-
ment will indicate that you have identified the
wrong stream.

The flow measuring techniques described here
are:

* the salt gulp method;
¢ the bucket method;

e the float method;

* propeller devices

» stage/control methods, including weir
methods.

It is necessary to study the distinctive features of
each of these in order to find a suitable method
for any particular site.

The salt gulp method

The “salt gulp’ or salt dilution method of flow
measurement is described first because it has
proved easy to accomplish, accurate (< £7%), and
reliable in a wide range of stream types.

Using this method stream flow can be measured
in less than 10 minutes and very little equipment
is needed. The main device is a conductivity
meter. The calculations following take a little
longer if done manually, as described here;

Distance 20 to 70 metres

alternatively they can be done automatically if
you purchase an integrating meter.The disad-
vantage of this method is the cost of the meter
which is in the order of US $50 - $400.

The probe should be immersed, close to the bed
of the stream (not near the surface) or ideally at
mid-depth. If the probe is in a fast-flowing
section, bubbles can occur inside the probe shield
and upset the measurement. To avoid this, place
the probe in a slower flowing section, for in-
stance behind a rock in the stream.

A bucket of heavily salted water should be
thrown into the stream. The ‘cloud’ of salty
water in the stream starts to spread itself out
while travelling downstream. At a certain point
downstream it will have filled the width of the
stream. The cloud will have a leading part which
is weak in salt, a middle part which is strong in
salt, and a lagging part which is weak. Salt
conducts electricity, so the saltiness of the water
can be measured with an electrical conductivity
meter. If the stream is flowing slowly, and has a
small volume of water passing the meter each
second, it will take a long time for the cloud to
pass. Since not much water is present, it will not
dilute the salt very much, so the electrical con-
ductivity (which is greater the saltier the water)
will be high. It is apparent, then, that low flows
are indicated by high conductivity measured in
the cloud, and long cloud passing times.

Conversely, high flows are indicated by weak
dilutions (low salinity or conductivity) and short
passing times. Flow will therefore be inversely
proportional to both cloud passing time and
degree of conductivity. This is all you need to
know to intuitively understand the method.

L.

]

Fig 2.5.2 Salt dilution gauging The intervening distance should be 20 metres (if the stream is turbulent and will quickly mix in

the salt) or 70 metres (if otherwise).
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Fig 2.5.3 Plotting your measurements

Equipment

Thermometer

Range 0°-40°C

Conductivity meter

Range 0 - 1000 mS (Siemens (S) are identical to
ohm™!). Many conductivity meters are tempera-

ture corrected in which case a separate thermom-
eter is unnecessary.

Integrator (optional)

An integrator will spare you the trouble of taking
five second readings and plotting them out, but
it can introduce errors.

Pure table salt

A useful guide to quantity is 100 grams for each
0.1 m®/s of expected streamflow.

Bucket
For mixing salt and water.

Procedure

1 Decide on the amount of salt, and the dis-
tance between injecting the salt and monitor-
ing conductivity (Typically, for 0.1 m3/s, use
100 g of salt and 50 metres distance.). Dry the
salt, since the principle of this method de-
pends entirely on knowing a mass of salt
rather than a mass of a salt/ water mixture.
Record the mass of salt, in case you forget
later.

2 Take a temperature reading of the stream,
and record it.

3 Mix the salt in the bucket with stream water,
being careful not to spill any.

SITE MEASUREMENT OF FLOW 2.5

4 Choosing a length of stream with no large
stagnant pools, and no significant inflows or
outflows, place the probe in the stream at a
fairly fast flowing point, keeping it in position
with a rock. Read the base conductivity and
record it.

5 Get an assistant to go the decided distance
upstream and pour the salt in at a fast-
moving point.

6 As soon as the meter reading starts to in-
crease take conductivity readings every five
seconds. Two people may be needed for this.
The reading will rise, reach a peak, then fall
back to the base level. If the reading is jumpy,
the salt has not mixed - repeat with a longer
distance. If the peak reading is less than twice
the base reading, repeat with more salt. For
examples of good and bad curve shapes see
Fig 2.54.

Conductivity

Time

a Meter saturated. Change scale or use less salt.

Conductivity

Time
b Badly skewed curve. Use longer distance.

Conductivity

Time
¢ Uneven reading. Salt not mixed. Use longer distance.

Conductivity

Time
d Insufficient response compared to base level.
Use more salt

Conductivity

Time
e Perect

Fig 2.5.4 Examples of good and bad readings
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7

Plot the readings as a graph of conductivity
against time (Fig 2.5.3) and find the area
under the curve. This can be done by plotting
on graph paper and counting squares. Alter-
natively, the area can be calculated with the
help of a pocket computer program. A calcu-
lator containing an integrator will give the
area directly. This is the area under the curve
with the background conductivity level taken
as zero (see Fig 2.5.3). This area in units of
ohm! x 10 seconds (micro Siemens X sec-
onds) is converted to concentration by multi-
plying by a conversion factor for the tempera-
ture concerned ie at about 22°C the reciprocal
of the conversion factor is 2.04 ohm™! x 10
per mg/litre.

Note that the conductivity readings taken will
have to be corrected for the particular probe
used by multiplying by the coefficient written
on the probe. If there is no coefficient marked,
it will be 1.0.

The total streamflow, assuming that the
streamflow was constant over the test, is

Mass of salt

Conversion factor x area under curve

It is good practice to take at least two sets of
readings, and to estimate the flow by some
other method. It is sensible to work out the test
results (approximately) before leaving the site.

Photo 2.5.1 A conductivity meter combined
with a microprocessor can be used to give
direct readings of flow (per unit mass of salt
injected into the stream). (UK)

Note 2.5.1

Salt dilution — the mathematics

There is no need to understand the mathematics of the method, but here is a quick exposition for those
who are interested. In a short unit of time, dt, the average conductivity of the water while the cloud passes
is measured by the meter as p (ohm '), which can be converted to an average salt concentration by
multiplying by the conversion factor k (kg/m3hm). In the same time petriod dtthe volume of water
passing is Qdt (m%s x s). The average mass of salt passing in dt is therefore pkQat. All these masses
summed together must be equal to the mass of salt (M_,,) originally placed in the stream:

M, =X2ukQat
Since p is the only factor varying with time, this is expressed
M., =kQ fudt
or Q = Mear
kfp dt

where the integral is evaluated over the whole period that the cloud passes. The conversion factor ‘k’ of
course varies with water temperature, so must be based on a measurement of temperature during the site

visit.
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Example 2.5.1 Salt dilution
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a Plot readings on blank graph paper b Note here that the graph gives 1/k

(the reciprocal, written as k')

Fig 2.5.5 Example graph and conversion chart

Amount of salt: 100g
Temperature of water:  22°C

Area A'is in units of [conductivity x time] i. e. [ohm™ x 10 ¥x 5]

Measurements are plotted on a graph as in a, the choice of scale being your decision. Do not forget to
allow for the scales when area is calculated. If each square is 55 x 5 ohm™' x 10 ¢ and there are 145
squares:

A = 145x5x5 = 3625 {sx 10 xohm]

The units on the conversion factor graph are not standard SI but can be converted, remembering that a
litre (1) is a thousandth of a cubic metre (m?). Grams (g) are of course thousandths of a kilogram. These
units will be encountered often and this example therefore serves as guidance on their manipulation.

From b: At 22°C the reciprocal of the conversion factor k ' is 2.04 x 10 6 [ohm™'/mg | -1} The calibration
factor of the conductivity probe can be assumed to be 1.0. The conversion factor k is 1/2.04 x 106, but
there is no need to calculate this separately, simply amend the flow equation instead with k- on top
instead of k below. (This form is encountered in practice.) The equation as given below operates non-Sl
units and gives flow in litres per second rather than m? per second.

q . Mxil
A
3 -1 6
_ 100 x 10" x 2.04 mg x ohm  x 10
3625 mg x I x s x ohm™ x 10
= 56.27 I/s
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The bucket method

The bucket method is a very simple way of
measuring flow. The whole flow to be measured
is diverted into a bucket or barrel and the time it
takes for the container to fill is recorded. The
volume of the container is known and the flow
rate is obtained simply by dividing this volume
by the filling time.

The disadvantage of this method is that the
whole flow must be channelled or piped to the
container. Often a temporary dam must be built
and hence the method is only practical for small
streams. The practical limit, using an oil drum
instead of a bucket, is around 20 1/s.

Velocity-area methods

For a fluid of constant density flowing through a
known cross-sectional area, the product of cross-
sectional area and mean velocity will be con-
stant:

Areaxv

= Q = Constant (m3/s)

where v is the velocity of the water in the
middle of the stream, below the surface.
This product is equal to the volumetric flow rate

(Q)in m3/s.

The two methods mentioned here relate to
different ways of estimating the mean velocity

(V_ean) Of the stream.

The float method

The cross-sectional profile of a streambed is
charted and an average cross-section established
for a known length of the stream (Fig 2.5.7). A
series of floats, perhaps convenient pieces of
wood, are then timed over a measured length of
stream. Results are averaged and a flow velocity
is obtained. This velocity must then be reduced
by a correction factor which estimates the true
mean velocity as opposed to the surface velocity.
The factor depends on stream depth (see Note
2.5.2). By multiplying the average cross-sectional
area by the averaged and corrected flow velocity,
an estimate of volume flow rate can be made.

Float method: Correction factors for stream velocity

Using the float method total errors can be 100%, especially in shallow, rocky streams. Reduce surface

velocity by the following factors to find average velocity:

Large, slow, clear stream 0.75

Concrete channel, rectangular section, smooth
Small regular stream, smooth bed 0.65
Shallow (0.5 m) turbulent stream  0.45

Very shallow, rocky stream 0.25

0.85

For greater accuracy in lined channels, submerged floats (half-filled bottles) can be used in conjunction
with tables (see Appendix 3, Bibliography). Points to watch are as follows:

» Choose as regular a section as possible with no pools, watertfalls, outflows or in-flows.

» Allow floats to accelerate before the ‘start’.

*» Use different floats (sticks, leaves, bottles) and ignore any very slow ones.
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Photo 2.5.2 A triangular or V-notch weir permanently
installed in a forebay tank. This is very useful for a hydrology
study. (UK)

Chart the cross-sectional

area at both ends. The

average cross-sectional I
area is Amean

Use sections or
count squares to
estimate the
cross-sectional
area

Stop watch to measure
time taken (t) by float to
travel distance L

Average velocity (Vmean)

L .
Flow (Q) = Ajean X Vmean = Amean X — X correction factor
t

Fig 2.5.7 Charting the cross-sectional area of a stream
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The inaccuracies of this method are obvious.
Unless a smooth regular channel is considered,
obtaining an accurate figure for the cross-sec-
tional area of the stream will be very difficult
and tedious. The average velocity obtained will
not be the mean velocity of the stream since the
float is on top of the water, and the correction
factor can only be an approximate adjustment.

In general, choose the longest possible length of
parallel-sided stream with unchanging cross-
sectional area along this length. A rough-bot-
tomed stream with obstructions to flow, such as
large rocks, will tend to give unrealistic results.

Propeller devices

Often called current meters, these consist of a
shaft with a propeller or cups connected to the
end. The propeller is free to rotate and the speed
of rotation is of course related to the stream
velocity. A simple mechanical counter records
the number of revolutions of a propeller placed
at a desired depth. More sophisticated devices
use electrical pulses. Procedures have been
developed for calculating the discharge of a
stream by dividing the cross-section into sub-
areas and measuring the average velocity of each
sub-area (see references).

Current meters will be supplied with a formula
relating rotational speed to the speed of the
stream. A simple propeller meter can be con-
structed and calibrated. Generally these devices
are used to measure velocities from 0.2 to 5m/s
with a probable error of approximately 2%.

As with other velocity indicators, the propellor
must be submerged below the surface. Often the
manufacturer will provide a marker on the
propellor handle to indicate the depth of the
blades.
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Stage-control method, natural sections

This is similar to the weir method (next section),
except that a physical feature of the stream is
used to control the relation between stage and
discharge. The term stage refers to a measured
depth of water. A control section is established
where for a given change in discharge (flow rate)
arelatively large, measurable change in stage can
be measured. A broad control section should be
avoided because changes in flow will result in
very small changes in stage.

If debris obstructs the control section or erosion
causes its slope to change, then readings will no
longer remain valid. The gauge, typically a
graded staff, should be sited where it is easily
accessible for reading and not exposed to
damage from debris.

Note that this method is valid for comparing one
flow to another, but that a reference flow must
be known and related to the graduated staff in
order to obtain a quantitative estimation of flow
rate.

Fig 2.5.8 Stage marker; upstream of a natural control
section

Photo 2.5.3 A plastic sheet
seals a small sharp-crested
weir. (Sri Lanka)
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Stage-control method, common sharp-
crested weirs

v <0.15m/s

A weir is a structure such as a low wall across a
stream. A flow measurement weir has a notch
through which all the water in the stream flows.
Volumetric discharge can be determined from a
single reading of the difference in height be-
tween the upstream water level and the bottom
of the notch. For reliable results the crest of the
notch must be kept ‘sharp” and sediment must be
kept from accumulating behind the weir. Crests
are normally kept sharp and durable by forming
from sheet metal strip.

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 prevent the reading from
being affected by the downward curve of the
water heading through the notch. A distance 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 pre-
cisely level with the lower edge of the notch, as
shown in Fig 2.5.9. To measure head ‘I, a scale is
placed vertically on top of the stake and the level
of the stream is read directly off the scale. Q=18(L-02h)h'*ms
Numerous variations of this method can be used.  Overflow height Weir width L

Flow value Litres per second (I/s)

Fig 2.5.9 shows a rectangular weir, suitable for 05m 10m 15 20m

large flows. Small flows with wide variationare =~ 5¢m 10 20 3 40

better measured by a triangular weir (Fig 2.5.10).  10¢m 27 56 84 118
20cm 74 155 235 316

Woeirs can be timber, concrete or metal and are
always oriented at right angles to the stream Fig 2.5.9 Measuring flow from a rectangular weir
surface. Siting of the weir should be at a point
where the stream is straight and free from
eddies. Upstream, the distance between the
streambed and the crest of the weir should be at
least twice the maximum head to be measured.
There should be no obstructions to flow near the
notch and the weir must be perfectly sealed
against leakage. Plastic sheet can be used to do
this. The crest of the weir should be high enough
to allow water to flow freely leaving an air space
under the outflowing sheet of water.

Photo 2.5.4 A rectangular weir constructed from wood. it
uses a thin metal strip to form a sharp crest. (Sri Lanka)

The crest of triangular and rectangular weirs
must be level. Triangular weirs can be used with
a range of notch angles (a 90° notch angle is often
used). Equations for most sharp-crested weirs
are usually not accurate for very small heads less
than about 5 cm.
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Rectangular Triangular (90° notch)

>2h L >3h  >2h >2h >2h

Q=14h%2

0.8 0.4
> >
5 5
5 06 4— —+ 03 &
; Rectangular weir 3
E Q =g x(L-0.2h) 8
2 Read q from 2
«© .
B left hand side o
L =
£ 04 R I ~ 02 =
‘\E Triangular weir "jg
= Read Q directly from o
right hand side
02 4— / ’77777 - B Bt i O |
0 / 0
0 10 20 30 40 50 60
h (ecm)
Fig 2.5.10 Measuring flows with rectangular and triangular weirs
A triangular weir can measure a greater range of ¢ If the weir becomes submerged due to
flows than the other weirs. The notch of a weir insufficient room for the downstream free fall
must be wide enough to accommodate the of water, application of the formula will
largest expected discharge, hence some knowl- overestimate discharge.
edge of probable flow rates is necessary before a T _ d install and
v . . oy L]
weir is selected or designed. If stream velocities I erll(ipore}ry _vafglrsl are arduous to install an
above 0.15 m/s are encountered it will be neces- eakage is difficult to prevent.
sary to correct for the effect of the stream ap- * Annual or flash flooding may destroy
proach velocity. temporary weirs.

Disadvantages of weirs include: .
Another method of flow measurement that is

* If the notch is too wide or deep the formulae worth considering is the slope/area method:
tend to underestimate the discharge. this uses friction coefficients (given in Table 3.6.4
e If the approach velocity is too high discharge in Chapter 3) and relates the flow to loss of
is again underestimated. height (or head) in the river.
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GEOLOGICAL STUDY 2.6

Geological study

Your visit to the proposed site should include a
geological survey. Aim to return home with
some idea of the following:

* future surface movements; for example,
loose rock slopes that may be disturbed by
construction work or by heavy rainfall, dry

mud indicating mud flows, storm gulleys that

may take torrents and rock flows during
heavy rainfall, signs of flood behaviour at
valley base level;

e future sub-surface movements; for example,
landslip and subsidence;

* soil and rock types; information is needed in
order to design the foundations of civil
works, to decide which materials to use in
channel construction, and to assess which
building materials are available on-site.

Just as in the hydrological study, the on-site
survey must be preceded by careful use of a
map, if one is available. Try also to obtain aerial
photographs of the proposed micro-hydro area.
Use the map and photographs to sketch out the
basic geological characteristics of the area.

When you visit the site, bring your sketch along
and add to it your observations.

An example sketch is shown in Fig 2.6.1. Re-
member to survey slopes high above the pro-
posed hydro installation, as activities such as
rockfalls far above are likely to have knock-on
effects causing geological activity near the
installations. In a similar way, extend your
survey to the land below the likely sites of civil
works, as ground movements below have
repercussions above.

Site of clay deposit

Forebay falnk
Penstock
!
"Powerhouse
\ ®
\\ s
A
\ |

|
Rock fall

/'.
Original planned s!
for Powerho"'se

poor foundaf

Ne — — = —

torm gulley

jons

according to vi//agers)

SS) s S N

i
| !
|

river bed

R
v &
& &

E

Low level flood plain \_i{l\(\)\w

NI

S &

@(‘

I A
O

Fig 2.6.1 The geological study. The sketch should be based on maps, interviews, photographs and your own site
observations. Use squared paper when visiting the site to help you draw to scale — costing of the channel and comparing the

costs of different channel and works locations is then much easier.
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It is very possible that the construction work
required for the hydro installation may cause
disturbance which activates surface and sub-
surface movement. The installation itself over
time could promote disturbance, for instance by
water leakage from channels and tanks into the
hillside below. Care should be taken to avoid
these effects.

The main purpose of the geological survey is to
assess the best locations for proposed civil works,
and to estimate their construction costs and
future maintenance costs.

Note 2.6.2 lists a few items that are useful to
bring with you on a geological survey. An
essential source of information is local knowl-
edge. Tour the area and then speak to people
who have known the area in question for a long
time. Return for a second look to follow up what
they have been saying, and to check their estima-
tions of flood level, size of landslide, and so on,
against your own measurements and

assessments.
Retaining walis (built
using local imethods)
Plant local grasses N
to stabilise slopes v ok
Rocks build up to eventually f J
form lerraces and stop movement ,

Channel « Dry stone wall
(porosity in wall
- to provide drai
= Concrete p rainage)
( (always provide
o drainage)
Secure apron

below civil works

a Slopes are stabilized by terraces. Retaining walls must
allow drainage.

Capping of channel where
rock flow cannot be halted

Drainage below channel is
required on saturated slopes

Apron wall

b Capping of channel, and drainage under channel, can be
cost-effective techniques. The apron wall also protects the
channel from surface movements below.

Fig 2.6.2 Slope stabilization
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Fixed boulders or retaining walls

\

Future surface movements

Fig 2.6.1 shows a river from which water is
drawn at an intake site. Contours are shown, and
the proposed line for a channel conveying water
to a tank (the forebay) at the top of a delivery
pipe (the penstock). The figure could be your
sketch for a proposed location of civil works,

like scheme A in Fig 2.2.2. Remember that there
will be other possible intake sites (like scheme B
in Fig 2.2.2) which should be included for
comparison.

Loose slopes

A loose slope is usually self-evident or indicated
by debris collecting at its base. Civil works must
be protected by stabilization of the slopes above
and below the works. The best stabilization
method is planting or seeding of local grasses
and bushes.

slow rock and water flows

¢ Storm gulley A gulley may become a dangerous torrent
full of rolling rocks only once in ten years. Ask local
farmers how they protect their irrigation channels.
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2.6

Checklist for geology study

Note 2.6.1

Desk study

Sketch from map and aerial photographs

Interviews

» Road building, irrigation, civil contractors with knowledge of the area.

« Villagers for land movement history, flood levels, irrigation channel protection, stabilization methods.

Usetul tools

* Notebook, pencil, calculator, squared paper, sketches from map, reference tables (eg Table 2.6.1).

* Map. Compass. Measuring tape.

* Hammer (to test weathering of rock).

* Pickaxe/spade for inspection trenches.

* Measuring cylinder to settle out clay, loam, sand constituents of soil.
* Soil permeability measuring kit {(see Note 3.6.3).

* Head and flow measuring equipment (see Sections 2.4 and 2.5).

Site survey

Geological phenomena

Identitication

Cost implications

Loose slope, subject to movement
under heavy rainfall

Debris, dry mud
lack of vegetation

Plant grasses, terracing, retaining
walls, drainage, apron.
Capping on channel.

Storm gulleys

Debris

As above and bridges either for
gulley or for channel.

Flood plains

As described in text.
Local residents’ knowledge

Avoid location of civil works.

Landslip fault (‘Rotation’)

Semi-circular crack or step in
hitiside (Dipping of paths,
broken walls)

Avoid location. Bridging, catenary
wires etc. Sealing from leaks.
Sealing of spillway drains.

Layer faulting

Debris, layers visible

Avoid location. Gabions, pins.

Subsidence

Soluble rock

Sand below surface

White/yellow limestone, pitted,
cavernous rock.

Identification trench.
Near river bank, surface sand,
sandstone rock area

Avoid. Deep foundations or piles.

Avoid. Deep foundations, piles.

Soil types

Table 2.6.1

Cost of importing gravel for
concrete, clay/cement for sealing,
aggregate for gabions.
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It is worthwhile thinning out such vegetation
nearby and transplanting to the unstable slope.
This must always be done on slopes which have
been stripped of vegetation during construction
work, and on soils and rubbles which have been
moved (known as ‘made-up ground’).

Never build on made-up ground. Another
method of slope stabilization is terracing or use
of retaining walls, as illustrated in Fig 2.6.2. In all
cases of terrace construction water drainage
must be provided, to avoid collapse of terraces.
Gentle traverse sloping of the terraces can
provide protection of penstocks and power-
houses from slope erosion and eventual rock/
mud slides (Fig 2.6.3).

The slopes below the civil works are as impor-
tant as the slopes above. The same techniques of
grass-planting and terracing must be applied to
stabilize lower slopes. This is because movement
below can cause collapse above.

A secure retaining wall or “apron’ can be built
immediately below any civil construction (see
Fig 2.6.2) if there is reason to suspect lower slope
instability and planting/ terracing methods are

\ Forebay tank

not helpful.

Storm gulleys

Unusually heavy rainfall or snowmelt will
release torrents of water down hillside slopes.
Sudden release can be caused by overtopping of
upland lakes. Very often the water will erode
gashes or gulleys in the hillside which are easily
detectable. Loose rocks and boulders are usually
swept along with the torrent (boulders become
lighter in water and are easily moved). The
torrent is therefore capable of destroying any-
thing in its path and many wrongly placed
micro-hydro installations have been lost in this
way. This danger can be seen by looking for
collections of rock debris at the foot of dry
stream beds and eroded sections of the hillside.

Take care when surveying to identify small
gulleys, which may look too small to worry
about, but may nevertheless become forceful
torrents in a bad ten-year storm. The presence of
vegetation on such a gulley does not mean it is
harmless; vegetation can spring up within two
years but the gulley may only release a torrent
every ten years. Usually there will be loose rock
deposits along the gulley bed.

Powerhouse

___/ ;‘f\ﬂ(}

Terraces sloped slightly
%)d/rain water away from power house

X

/

and penstock supports

Trenches filled with gravel (or
__—— perforated PVC pipe) heip to
direct water away from foundations

Vo

Fig 2.6.3 The powerhouse and penstock could be destroyed within a few years by the action of heavy rains eroding the
foundations of the penstock. Careful traverse sloping of terraces can direct water away from the powerhouse and penstock

support blocks.
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Civil works should not be located in a gulley or
below one. Where a traverse by a channel is
unavoidable, precautions should be taken as
shown in Fig 2.6.2 c. Beware especially of at-
tempting to conduct water in a small gulley
underneath a channel in a culvert. It is much
more sensible to direct the water channel across
a bridge or ‘channel crossing’ (see Fig 2.6.4).

a A pipe bridge or aqueduct over a 10 year storm gulley.
The bridge is suitable only if higher than suspected rock
flow.

safer than buiiding a culvert under the channel, since a
small culvert is easily blocked in a storm.

Fig 2.6.4 Bridge and storm gulley

Flood plains

A map will often indicate a low-level flood plain

by showing an area without contours. Signs of
periodic flooding will be seen on site, and
information on floods will be obtainable from
people who have lived in the area a long time.
Typical signs of flooding are: low ground near
the river, ponds, suspected water borne debris
on the river banks or caught in bushes, wet or
dry secondary water courses, sand gravel and
dried mud deposits (the latter often showing
shrinkage cracks). Flood plains pose various
risks: the river path might change, sediments
build up, sandy ground may be unsuitable for
placing foundations. Powerhouses and intakes

GEOLOGICAL STUDY 2.6

must be built above flood plain levels, although
sometimes use of wing walls can protect intakes
from flooding (see Chapter 3).

Incorrectly sited
powerhouse

20 year flood level
5. NS U

Normal river level

Fig 2.6.5 Powerhouse. Always build the powerhouse above
the 20-year flood level. To find the level speak to local
residents and look for evidence of flood debris (sand, gravel,
dry mud, flotsam).

Future sub-surface movements

Landslip

A landslip zone can be represented on the
geological sketch (Fig 2.6.1) as shown. The same
effect viewed from the side is shown in Fig 2.6.6.
Slip zones can be detected by carefully surveying
for sudden steps in the hillside, or cracks. A step
is found where the fault line meets the surface.
Even steps which have become vegetated and
rounded may indicate fault lines which could be
freshly activated. Sometimes a sudden dip or rise
in a path indicates a fault, or a broken section of
wall. An oddly shaped tree trunk can be indica-
tive. Weeping of water from cracks on the slope
can indicate the lower exposed end of a fault line.

N
1 L
Proposed civil works

Step or crack indicates presence
of slip zone

Water leakage into fault line
may activate the slip

Fig 2.6.6 Landslip or ‘rotation’. Note that disturbances
caused by construction may cause the slip to start. A slip
below the civil works will prompt collapse above eventually.
Water leaking from a channel or forebay, or from a spiliway,
may enter the fauit line and activate it. Careful direction of
channel and spillway drains is therefore very important.
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It is important to study the larger area surround-
ing the site. Landslip occurrences some distance
away on similar ground indicate danger nearer
at hand. They may have occurred because of
disturbance, for instance, stripping of trees and
grasses for the purpose of cultivation. Similar
activity may occur near the hydro installation in
future years, in which case precautions should be
taken.

Semicircular step or escarpment _

indicates a landslip area‘ . /ﬁ Channel
n\/_,( ] ,
— DU e §
'/\

Fig 2.6.7 A slip zone traversed by an aqueduct.

The aqueduct or pipe must be capable of supporting the
weight of water within it and its own weight. Long traverses
are therefore impossible, and catenary or suspension wires,
or a pipe bridge are necessary.

The general rule is to avoid location of works
near landslip faults. In the rare case where it is
decided to traverse a channel across a suspected
slip zone then a pipe or an open aqueduct can be
used, but only if the traverse is short (Fig 2.6.7).
The traverse length is limited by the length of
pipe or aqueduct that can support its own
weight and the weight of water inside it. For
longer lengths a pipe bridge must be built, or
catenary wires used to support the pipe. These
last must be secured to anchors placed outside
the slip zone area. If a conventional channel is
built across a suspected zone, the essential
precaution is to provide ample culverts and
bridges (Fig 2.6.4) in order to ensure that water
descending the slopes does not build up behind
the channel walls.

Gabions

Channel XA

&

DX A I
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Retaining pins

o %
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Layer faulting

A second type of sub-surface fault pattern can
cause severe slope instability. This is ‘layer
faulting’ and consists of parallel faults sloping
downwards in the direction of the slope (Fig
2.6.8). Layer faulting is detected by the presence
of debris collecting at the foot of the slope and
the exposure of layers of sub-surface material on
the hillside. The measures described previously
to rectify surface movement (terracing, retaining
walls, introduction of vegetation cover) may be
sufficient to stabilize such a slope. Otherwise
more expensive methods must be used; for
instance, gabions are a very common method
and road building and irrigation contractors can
advise on their use to stabilize slopes above and
below proposed works. It is usually possible to
construct gabions on-site by enclosing rock
rubble within a wire mesh to form a huge coher-
ent mass. The mesh is formed from hexagonal
sections of galvanized steel wire of 2.5 mm to 3.0
mm diameter (giving a corrosion-proof life of 15-
20 years). Gabions can be a very cost-effective
method of constructing retaining walls and weirs
at the river intake site, and should be considered
seriously also for slope stabilization purposes,
and to protect the powerhouse from river bank
erosion. In extreme cases of layer faulting, pins
can be used to lock the slippage layers together.
The pins need to be long (for instance 5 metres)
and made from stainless steel, and their insertion
is a skilled and specialized task.

—a
AN,

Fig 2.6.8 Instability is sometimes caused by fault lines sloping in the direction of the hillside. As the rock weathers it loses
cohesiveness and crumbles away. Slippage along the fault lines contributes to surface movement. Attempts to stabilize such a
slope are expensive and difficult. Gabions (wire cages enclosing a mass of stones) can be used to anchor the slope, as shown.
Retaining pins are more expensive to purchase and install. Specialist advice should be sought in cases like these.
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Subsidence

A third form of sub-surface movement is subsid-
ence. This is caused by the presence of soluble
rocks such as limestone and the action of water
and chemicals underground. Limestone outcrops
(white or yellowish rock often pitted with small
holes) are the first immediate indicator of this
danger. Underground water courses and dissolv-
ing rock are indicated by the sudden appearance
of streams and their sudden disappearance into
the surface. A clear indication is the presence of
‘sink-holes’. These are small, circular (2 metres to
10 metres diameter) depressions in the surface,
cone-shaped, which may have a small hole at
their deepest point into which water trickles, or
may be dry. The sink-holes are formed when
limestone below dissolves away to the point at
which the soil above collapses.

It is important not to place civil works such as
penstock anchors in such an area to avoid
collapse of foundations. This is especially true if
newly introduced water courses, such as the spill
from a forebay tank, are not carefully diverted as
they may accelerate subsidence activity below
ground. Another example of possible risk is the
presence of unusually acidic water in rivers or
streams, the effluent perhaps of a mining opera-
tion upstream.

Sandy soils, or soils containing layers of sand
below the surface, pose dangers of sub-surface
movement. The presence of additional mass
above them, and seepage of water into them, can
promote movement and then subsidence. Care
should be taken to inspect soil types below the
surface and avoid building on sandy soils, or
drive piles deep below the weak layers.

Photo 2.6.1 Grass growth will help stabilize a hillside.
o ' ¥
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Soil and rock types

Your survey and sketch of the proposed installa-
tion area should include careful notes as to soil
and rock types. It is worthwhile to dig inspection
trenches at various points around the surveyed
area.

The purpose of the analysis is to assess:

 Suitability of soil/rock for placement of
foundations. Likelihood of movement of
foundations.

* Suitability of soils and rock for use as
construction materials.

It is well known that foundations must be laid on
firm soil or rock. Where these are not found at a
reasonable depth from the surface, or found only
partially, piles may be driven deeper under-
ground until firm material is found. All parts of a
foundation must be laid on an equally firm base,
to avoid differential settling of the building.

Table 2.6.1 lists techniques for identification of
the various soil types, and their usefulness in
construction and for foundations.

Note 2.6.1 provides a checklist which summa-
rizes this section.

Drive inspection holes to reveal
presence of caverns (piles can sometimes
o be used to provide a stable foundation)

Powerhouse

Fig 2.6.9 Subsidence. Limestone foundations can be
dissolved slowly by water and eventually coliapse. In one
case a powerhouse collapsed because mining activities up-
river released acidic waters which accelerated the process.

Photo 2.6.2 A powerhouse placed too close to the river.
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cohesion properties
when wet
and when dry

Table 2.6.1 Rock and soil characteristics
Code Identification Usefulness
Rock: Solid Survives hammer blow.  Good base for foundations.
Weathering and Bright clean. Cracks Boulders can be used as ballast in
decomposition more than 30 cm apart.  cement weirs and anchor blocks.
Weak Breaks under hammer.  Reasonable base for foundations.
Discoloured. Cracks Loose or crumbly material must be
5 cmto 30 cm apart. removed. Good for aggregate in
cement work.
Ghost Keeps form of rock but ~ Unsuitable for foundations.
crumbles easily. Drive piles through or dig for deep
Equivalent to soil. concrete work.
Soil: Gravel/ Small to medium stones. If gravel content very high, forms
Firmness and Gravelly soil Crunches under foot. good base for foundations. Gravel

itself very useful as aggregate in
concrete. Gravelly soil drains well.
Can be used to fill drainage trenches.

Sand/Sandy soil Small grains,

sugar grain sized.
Each grain separable
and visible.

Cannot be moulded by
hand when wet or dry.

Not suitable for foundations since
sand can flow and compress when
wet and dry. Important construction
material — mix with cement.

Loamy soils

Tiny grains scarcely
visible. Grates between
teeth. Moulds slightly in
the hand when moist but
cracks easily. Take care
to distinguish from clay
or sand.

Not suitable for foundations.

Avoid partial presence of loamy or
sandy soils as a foundation to
prevent differential settling.

Drive piles or dig for deep concrete
work. Can be deceptively stable
when dry but very mobile when wet.
Weakened by frost action.

Clay/Clay soils

Invisible particles.
Moulds well when
moist, can be formed
into a ribbon between
the fingers. Difficult to
break by hand when
dry. Impermeable.
Expands when wet and
shrinks and cracks
when dry.

Very useful as an impermeable
sealing material for channels.
Medium load-bearing capacity.
Suitable as foundation base for light
construction work if well-designed
concrete footings are inserted into
clay bed.

Peat/Organic

Soils

Brown or black. Can
have rotting smell.
Found in deposits in
marshy areas.

Not useful for construction. Must be
removed. Highly compressible and
unreliable. Can be used as a
combustion fuel and for cultivation
when oxygenated and limed.
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Civil works

3.1

Introduction

Various possibilities exist for the general layout

of a hydro scheme. Fig 3.1.1 shows some of these.

The discussion here focuses on schemes which
utilize a long penstock or pressure pipe; that is,
high head schemes.

A decision must be made with such schemes as
to the relative lengths of the penstock and chan-
nel sections, and how to route them. Section 3.2
discusses the water supply route.

Low head with channel

High head with no channel

Low head river barrage

e

AN >
/"'

Fig 3.1.1 General layouts for a hydro scheme

SR
e
/ f'\/“/:l

High head with channel —
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Riverflow

Flood spillway e P

Weir Regulating ga

-.‘

;',

) Channel crossing

Fig 3.1.2 The components of a micro-hydro scheme

Fig 3.1.2 shows the various components of the
water supply route. These components are:

A diversion weir ¢ A channel

An intake mouth ¢ A forebay tank
Regulating gates ¢ Channel crossings
Spillways * A penstock
Spillway drains * Penstock supports
A silt basin * Penstock anchors

A number of essential factors must be borne in
mind in the design of all these components, and
the design engineer should be able to list them.
For example:
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Flowing water in the river will carry small
particles of hard and abrasive matter (sedi-
ment); these cause considerable damage to
the turbine and rapid wear if they are not
removed in a silt basin before the water enters
the penstock. Sediment poses other problems:
for instance, it may cause blockage of the
intake if the weir and intake are not correctly
positioned. It will cause the channel to clog if
precautions are not taken.

The river is variable in its flow volume
through the year, but the hydro installation is
designed to take a constant flow. If the
channel overfills, damage will result. The
weir and intake must therefore divert the
correct flow as far as possible whether the
river is in low flow or high flow. The main
function of the weir is to ensure that the
channel flow is maintained with the river in
low flow. The main function of the intake
structure is to regulate the flow to within
reasonable limits when the river is in high

tes

Spillway drain )/ _
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Wlng walls Q
{ Silt basin

;
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e

Tailrace
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CO— Anchor
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l Penstock
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Penstock support
7 / qp
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Forebay tank
with silt basin
and spillway

flow. Further control or regulation of the
channel flow is provided by spillways.

High flow conditions are common, as in
seasonal flooding, and require particular
attention from the designer. Flood waters will
carry larger suspended particles and will
even cause large boulders to roll along the
stream bed; together these may damage the
diversion weir, the intake structure, and the
side embankment walls of the river, if careful
design principles are not applied.

Another factor demanding attention is the
effect of turbulence in the water flow; in all
parts of the water supply line, including the
channel and the weir and intake, sudden
alterations to the flow direction will create
turbulence which is erosive to structures,
induces energy loss, and stirs sediments into
the water flow.

Since the power delivered by the turbine is
strongly influenced by the head of the water
at the entry to the turbine, it is clear that (1)
the channel must not drop height unduly; (2)
the penstock must be sized so that friction
losses do not reduce the head unduly.

If the water flowing in the penstock pipe is
brought suddenly to a halt (for instance by a
sudden blockage near the turbine) then very
high pressures will result. The penstock must
be strong enough not to burst when this
happens. Further, such pressures will cause
the penstock to move, and damage will result
if it is not retained firmly with anchors.



SYSTEM LAYOUT 3.2

3.2
System layout

Long penstock

Short penstock
~

Fig 3.2.1 Channel and penstock options Notice that the channel can be shortened to avoid the risks and expense of construc-
tion across a steep slope.

Penstock pipework is considerably more expen- Fig 3.2.1 reproduces the map showing scheme A

sive than open channel work. The basic rule in as considered in Chapter 2. Three possible

laying out a system is: penstock routes are shown. The ‘short penstock’
option will in most cases be the one leading to

Keep the penstock as short as possible. the most economic scheme, but this is not
necessarily the case.

Photo 3.2.1 A straight penstock can keep costs to a
minimum,

Photo 3.2.2 A low head scheme does not require a penstock.
Here a low cost propeller turbine provides rice milling
services and evening lighting.
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Considering each option in turn:
* Short penstock

Here the penstock is short but the channel is
long. The long channel is exposed to the
greater risk of blockage, or of collapse or

deterioration as a result of poor maintenance. N

Installing the channel across a steep slope
may be difficult and expensive, or even
impossible.

The risk of a steep slope eroding may make
the short penstock layout an unacceptable
option, because the projected operation and
maintenance cost of the scheme could be very
great, and outweigh the benefit of initial
purchase cost.

* Long penstock

In this case the penstock follows the river. If
this layout is necessary because of an impos-
sible terrain on which to construct a channel,
certain precautions must be taken. The most
important one is to ensure that seasonal
flooding of the river will not damage or
deteriorate the penstock. It is always impor-
tant to calculate the most economic diameter
of penstock; in the case of a long penstock,
this is particularly important, since the cost
will be particularly high.

* Mid-length penstock

The mid-length penstock will cost more than
the short penstock, but the expense of con-
structing a channel that can safely cross the
steep slope will be saved. Even if the initial
purchase and construction costs are greater in
this case, this option may be preferable if

there are signs of instability in the steep slope.

In some cases the soil may be particularly sandy
and permeable and leak water away from the
channel. A shorter channel may be a wise option
in this case, to limit water losses by seepage.

Various other features may raise the cost of the
channel, as discussed in sections 2.6 and 3.6. One
point to consider is the cost of stream crossings
over the channel. Where floods are expected, the
cost of providing such crossings will increase the
channel cost. Some of these difficulties can be
overcome by the use of closed pipes as channel
sections, or by covering and lining channels.
Although the costs of improved channels are
high, they will usually be less than penstock
costs.

In order to make a choice of system layout, some
rapid costing is necessary. Section 3.11 describes
a method of estimating penstock cost. This cost
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Fig 3.2.4 Mid-length penstock

must be applied to each of the route options and
combined with estimates of the associated
channel costs.
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WEIR AND INTAKE 3.3

Weir and intake

A hydro scheme must extract water from the
river in a reliable and controllable way. The
water flowing in the channel must be regulated
during high river flow and low flow conditions.
Figs 3.3.3 and 3.3.6 describe how this is done by
weir and intake structures. Sometimes it is
possible to avoid the expense of building weirs,
instead using the natural features of the river. A
natural permanent pool in the river may provide
the same function as a weir.

Another consideration in siting an intake is to
protect it from damage — this is shown in Fig
3.3.1. A great many variations in intake and weir

Normal flow

a The intake shown here has been built flush into the side of
the stream to allow debris to roll or float past.

design are possible, to suit a wide range of
natural conditions. Only very few of the possible
options are discussed here, in order to introduce
a simple design approach. Once the fundamental
principles of this design approach are under-
stood, it will be possible to solve design prob-
lems presented by new conditions.

Fig 3.3.2 shows how the intake passes water into
a headrace (a fast-flow channel), which then
continues past a spillway to a silt basin. Because
the intake is sited close to the river, it is often not
easily accessible. During flood flow conditions,
for instance, it may be difficult or dangerous to

Low flow

b The intake shown here has been left high and dry
because over a period of some years the river has
changed its course. This effect may occur only during the
low flow season. A weir is necessary to ensure submer-
gence of the intake mouth.

Fig 3.3.1 Intake protection An intake is subject to damage by moving debris during floods. One method to avoid this is to site it
behind permanent boulders or outcrops of bed rock. Remember that boulders will move in flood waters and are best allowed to

roll downstream past the intake.

Headrace or
flood channel

Wing wall
° Qficod

Penstock

tOnet

Forebay

Fig 3.3.2 A sufficiently high water velocity in the headrace channel will allow sediment and debris entering the intake to be
flushed down to the silt basin. No regulation of flow or screening is provided at the intake mouth, since access can sometimes

be difficuit or dangerous. Notice the distinction between flows Q. ., Q

Section 2.2.

and Q,,. Q,,is the ADF

gross nett net OW calculated in
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attempt any control operations at the intake
mouth. The headrace allows control functions
and the silt basin to be placed where access is
safe, away from the river.

A stream will often carry sand with it, sometimes
in large quantities when heavy rains wash
topsoils into the waterways. This sand may be
deposited as sediment behind a weir and
threaten to create a blockage around the mouth
of the intake. This is unlikely to cause problems
with water intakes in many mountainous
streams, since the sand can be drawn into the
intake and swept through to the silt basin where
it is removed.

Nevertheless, it is wise to study the length of the
river carefully to find a position for the intake
which is least likely to be a point of deposition of
sediments. Guidance on this is given in the
section below under the heading ‘Avoiding
sediment concentrations’. Also see Appendix 3,
Bibliography.

It is often considered necessary by hydro engi-
neers to include a sediment sluice gate into the
weir. In schemes where the weir is used partly as
a dam to store water, then the build up of sedi-
ment will reduce the storage volume behind the
weir or dam. In these cases the sediment can be
removed either by manual labour during the dry
season or by including large sluice gates into the
welir.

It is generally recommended that micro-hydro
schemes do not incorporate storage reservoirs
upstream of the weir and that therefore the
expense of sluice gates and sluicing operations
can be saved. However it is necessary to ensure

Photo 3.3.1 A concrete diversion weir under construction.
(Sri Lanka)
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that sediments do not clog the intake mouth
itself. This is best done in the following ways:

1 Place the intake mouth some distance behind
the weir in order to allow sediment and
debris to build up downstream of the mouth.
They can be removed manually during low
flow periods. (Fig 3.3.6 b)

2 Assuming that you have first chosen an
intake mouth position which is least vulner-
able to silt accumulation, allow the intake
mouth to draw all silt and entrained debris
into the headrace channel and then allow it to
settle out in the silt basin where it can be
removed. The direct intake (Fig 3.3.6 ¢) can be
a better design than the side intake to ensure
this happens. Do not use a fine screen, instead
use a widely spaced ‘rack’.

3 If1and 2 are not sufficient to avoid clogging,
place in the weir a pipe of large cross-section
which is closed off at the downstream end by
a bolted disc and flange. The flange should be
accessible during low flow periods when the
disc is removed allowing sediment to wash
through (Fig 3.3.6 b). Alternatively, consider
redesigning a small sluice gate consisting of
vertically placed wooden rods near the intake
mouth and to one side of the weir, near to the
intake, which can easily be removed during
low flow periods. This will allow accumula-
tions to be washed downstream.

4 Consider design variations which encourage
high velocity flow near to the intake. These
may for instance consist of appropriate
changes in the crest level of the weir.

Photo 3.3.2 An intake mouth controls flood flow.
(Sri Lanka)
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A Normal flow level

\ Intake

P
\\/®I\§

Protruding bedrock

Low flow
| Intake left 'high and dry'

a Unsuitable position for intake because of surface level reduction due to seasonal variations of flow or scouring of river-bed
over time. Fig 3.3.1 shows the effect of seasonal variation in flow and scouring on river position.

Intake
| _— 'Permanent' pool of water

Low flow

S

Protruding bedrock acts as natural weir

b Intake located upstream of natural weir

Artificial weir

The weir helps to limit the effects of variations in river flow

For weir maintenance, use a stop-log gate
or a sluice pipe with flanged and bolted
close-off. A sluice is not needed if the

/ intake sucks debris through and so
remains clear
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¢ Side intake located upstream of artificial weir. Sediment and stones build up, which may eventually clog the intake. Careful
positioning of the intake behind large rocks may avoid this, or design such as the direct intake shown in Note 3.3.3 which
sucks debris into the headrace channel. The sluice pipe shown is therefore not needed for sediment removal as such, but
only for draining of the weir for maintenance, eg checking for cracks and for repair. If inciuded it should be positioned near
the intake mouth area. Sediment collecting at the weir as shown does not obstruct the function of the weir and can be left in
place; it actually helps to seal the weir.

14

Fig 3.3.3 The function of a weir Every micro-hydro scheme must make use of a natural or an artificial weir. The function of the
weir is to maintain a pemanent water level above the intake mouth during both high and low flow seasons.
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a Directintake

| —1 ””"H ’\ —
| ,/%/
b Sideintake —

Fig 3.3.4 Direct and side intakes In both cases it is possible
to design intakes with no rack. (Although if a headrace pipe is
used instead of a headrace channel, then a rack is necessary
to protect the pipe from blockage.) If a rack is used, it should
consist of vertical bars to facilitate raking from above. Only
very widely spaced bars should be used (one quarter of
channel width or pipe diameter) to avoid clogging during high
flows when raking of the racks is not possible. Debris is
removed by the silt basin.

Normal
channel flow

032

Q ——
River flow gross
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o

Channel bed

River bed o 2% s,
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In all aspects of intake and channel design, it is

always important to think about the effects of a
flood flow in the river. Keep in mind the funda-
mental principle:

“Think flood”

In flood conditions the river flows faster and the
water surface is higher. The intake mouth is
designed to pass the full channel flow (Qgross) in
normal conditions, when the turbine is runrung
at rated power capacity. Once it has been de-
signed to do this, it is then necessary to calculate
what flow will be passed into the channel during
flood conditions when the water surface level is
higher (Q,, ) Fig 3.3.5 shows the effect of flood
levels in forcing a greater flow rate through the
intake orifice into the fast-flow, or headrace,
channel.

Example 3.3.1 describes a method for estimating
the size of the largest flood likely to occur in the
lifetime of the hydro scheme. This estimate
allows suitably high intake barrier walls and
wings to be built. These walls will prevent the
flood waters from causing damage to the chan-
nel works, and will allow the operator undis-
turbed access to the sluice gates at the flood
spillway and to the silt basin during the flood
periods. Sometimes the weir can be placed
between natural rock walls in a mountain stream
which provide similar control to the stream in

River flow Increased
° channel flow
- Q!Iood —
NUSUSSUUUUN ) 5
Flood level

o
Pressure of —=|:2
flood water —| "

—

o,

—_—

Channel bed

%0

River bed e ' e

oL o0 . .o Lo0lo B
N oo s 0 .

Qe
5o
°

Fig 3.3.5 Cross-section of intake showing flood flows (Qy004) @and normal (Qgross) flows in the fast-flow channel. Notice that the
intake barrier wall must be strong enough to take the pressure of flood waters.
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Wing wall Flood channel Flood spillway

Intake barrier
River flow .- .

Submerged weir

a Notice that flood spillway is accessible during floods while the weir and intake mouth are not. The rack is not essential and
can be omitted from the design. Some designers will be forced by site conditions to replace the headrace channel with a
headrace pipe,; it is important then to include the rack to protect the pipe from blockage.

Control gate

Headrace or flood channel Spillway drain

ﬁ Side intake

: River flow |-

oI :

) 7 W
Potential silt Weir

accumulation

b Sediment build-up downstream of this side intake can be removed manually instead during low flow periods when access is

feasible. In many sites the side intake will remain clear of blockage by acting in the same way as a direct intake, that is,
sucking all sediments through to the silt basin.

Spillway

Headrace or flood channel

R SN

" River flow

_"\\‘7/ \‘ // : > E :'-70'\-4\"(3 — ‘: '
Potential silt Weir

accumulation

¢ Adirect intake will automatically stay clear of blockage by encouraging the debris to flow through the intake rather than
collect at the intake mouth.

Fig 3.3.6 Intake system Notice that both side and direct intakes are possible. Intake racks should always have wide spacings to
avoid clogging, since access to clear a clogged rack dunng floods may be impossible. Notice that the debris and sediment
collected behind the weir does not pose any difficulties. Sediment behind the weir can actually be a benefit, helping to seal the
weir from leakage. The debris entering the intake is later flushed from the silt basin.
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flood periods. The walls can be built from
gabions (wire cages filled with boulders), or
concrete, or rock and mortar to a substantial
thickness. In Example 3.3.1, the calculation
results in a recommendation for extended weir
length and for approximately 4 m high walls.
Although expensive to build, such walls will
provide valuable protection against possible
flood damage which is likely to have a cost
greater than the wall cost, and also against
expensive down-time during floods when access
difficulties become too severe to correct faults
resulting in stoppage of the turbines. In some
areas the likely worst flood size will be less than

assumed in the example, leading to smaller
barrier wall heights and shorter weir crest
length.

Example 3.3.1 illustrates a method of calculating
intake orifice size and weir height, together with
headrace dimensions and headrace bed slope.
This calculation provides an estimate of the
water surface level in the headrace during
normal flow conditions, which is useful in the
next section when the height of the flood spill-
way crest is established. To follow the method of
calculation of headrace bed slope you must first
refer ahead to Section 3.6.

Note 3.3.1

Summary of intake calculations

1 The worst flood

doing this is given in Example 3.3.1.

2 Height of flood barrier walls

crest across the river, and the height of the weir.

3 Intake dimensions

ensures that this channel flow is achieved.

4 Headrace slope and width

normal flow conditions.

5 Headrace flood flow

6 Design parameters

7 Costing

The calculation is taken in the following steps (see Example 3.3.1). If you are using a programmable
calculator, the summary of equations in Note 3.3.2 will assist.

Estimate largest expected river flow (the worst flood) likely to occur over next twenty years. A method of

Flood waters will ovetfill the channel and damage it. Careful use of natural features such as rocky embank-
ments can prevent this, but sometimes artificial walls and barriers are needed. To find how high they
should be, calculate the river level when the worst flood occurs. To do this decide the length of the weir

During normal (non-flood) conditions a certain flow of water is required in the channel. By setting various
design parameters, such as the water depth in the headrace, an intake size can be calculated which

There must be sufficient water velocity in the headrace to sweep debris and silt to the silt basin. Choose a
headrace width and calculate the slope of the headrace which ensures this velocity. Do this calculation for

Find the water depth in the headrace during the worst flood in order to calculate the height of the headrace
wall. Find also the worst expected flood flow in the headrace.

Make sure you have chosen correct discharge coefficient values (c, and ¢ ) by consulting specialist books
or a civil engineer. These values will depend on the shape and finish of your weir and intake. Use a
programmable calculator to allow you to quickly try out different values for dimensions such as the weir
crest length, weir height etc. See the summary in Note 3.3.2.

Calculate the cost of the resulting structure and run through the calculation steps again varying sizes such
as the length of the weir until the most effective design is achieved.
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The examples provide a simple theoretical
methodology for design which must be devel-
oped and modified by each engineer in the light
of experience and by reference to other texts such
as Lauterjung (see Bibliography). Nevertheless
these calculations are a useful starting point and
framework for successful design work.

Example 3.3.1 describes a method for calculating
intake barrier and wing wall heights. It continues
the design example of Chapter 2, concentrating
on the proposal for a scheme fed by catchment
A, as illustrated in Fig 2.2.1. The example also
introduces one aspect of weir design, the choice

WEIR AND INTAKE 3.3

of crest length. In some cases, the river has
natural bedrock protrusions which form suitable
foundations for the weir and result in longer
overall crest length (Fig 3.3.7). This can be an
advantage, since a longer weir crest will have the
effect of reducing flood levels and the necessary
wing wall and barrier height.

The calculations here assume that the river level
downstream of the weir is below the weir crest
level. In some cases the weir becomes sub-
merged, in which case some modification of the
weir equation given here is necessary - see a
specialist text.

Intake calculations with a programmable calculator

Note 3.3.2

Estimate worst flood
SetlL weir
Set ¢, (the weir discharge coefficient)
Find h o4 frome,, Lo Q
Find h from h yein N overtop

Set ¢, (the intake discharge coefficient)
Set d (the height of the intake mouth)
Seth oma
Find w (the intake width) from Q
Check v, is not erosive

river flood

barrier weir?

gross’ cd’ h weir’ h

Find w, and S (width and slope of headrace)

figure for Q
Adopt Q,_, as design value for spillway

Estimate cost of resulting design

It you wish to speed up the calculation by using a programmable calculator (or pocket computer, see
Appendix 2) the following summary of equations will help (see Example 3.3.1 for the full equations):

and h .. (the weir crest length and the height of the weir)

(the headrace water depth during normal flow conditions)

h (normal)’

Set v, (the normal velocity in the headrace) to a high value, 2.0 mvs or above

Find h, (flooe) DY guessing values until the Manning and Orifice Discharge equations both give the same

Find the wall height of the headrace channel from worst depth

d

Return to the start of the calculation, adjusting the set design values (eg Lueir Mweir & Vi Dy, (normay) ©tC) to
find the most cost-effective design.

I

. Weir coeffient ¢, Table 3.3.1
Profile of crest of weir c, Profile of crest of weir c,
- broad; sharp edges 1.5 —.— sharp-edged 1.9
—- broad; round edges 1.6 A rounded 2.2
_‘_ round overfall 2.1 A roof-shaped 2.3
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Bedrock provides anchoring for extra weir fength
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Fig 3.3.7 Weir and intake dimensions
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Flood containment, intake and headrace Example 3.3.1

In Example 2.2.2 a hydro scheme is proposed which delivers 68 kW for 7 months of the year. These are
the months when rainfall is high, and the possibility of severe floods must be considered. The flow through
the turbine (Q ., in Fig 3.3.2) is 92 litres/sec, while the fiow into the channel (Q ) is 132 litres/sec — the
difference is the allowance made for water losses from the channel to irrigation, informal domestic abstrac-
tions, and soil seepage or leaks. Design an intake and headrace structure. Fig 3.3.8 shows the findings of
the calculations here.

1 The worst fiood

Often when planning micro-hydro schemes the FDC is only your own estimate based on limited data from
only one or two years. This means that the largest flow shown on the curve is not necessarily the largest
flow that will occur in the next fifteen years. Even if the FDC is based on daily measurements over many
years there is always a possibility that a flash flood lasting only an hour will be a larger flow than shown.
For both these reasons it is wise to make a conservative estimate of the worst flood likely to be encoun-
tered in the future, by multiplying the largest flow on the FDC by a factor of between 20 and 50. To empha-
size this point the following example applies the factor 50 to the FDC of Fig 2.2.12. The largest flow shown
is 10 x ADF; our flood estimate is therefore 50 x 10 x ADF = 50 x 10 x 0.22 m%/sec = 110 m¥/sec.

2 Height of flood barrier walls

Fig 3.3.7 shows the weir and intake mouth. The surface level of the river is only slightly higher than the
weir crest, since water is only trickling over the top of the weir. This additional height is termed ‘h Over_mp’
and can be taken as zero during normal flow conditions.

The height of the intake barrier (h . . ) is the height to which water is likely to rise in the worst flood
conditions. This is shown in Fig 3.3.7. The length of the weir crest can be varied by constructing obliquely
across the river, as shown in Fig 3.3.7.

The wing walls and intake barrier are built to contain floods, and so must be at least as high as the worst
flood surtace level. The flood level (h ..., ) can be simply related to the river flood flow (Q ) and

) . R river flood
the weir crest length (L _. ) by the standard weir equation:

weir

15

Qrverfiood = Cw X Lyeir X (h over-top)

where c,, is the coefficient of discharge for the weir (see Table 3.3.1). Therefore:

0.667
h = [ Q river flood )

over-top L
Cw X Lweir

To investigate the effect of an extension of the weir length, find the wing wall and intake height needed for
both a straight weir of 10 metres length and an oblique one of 15 metres.

The coefficient c,, varies with the shape of the crest of the weir. Consult Table 3.3.1; for simply built
square-topped weirs with round edges a value of 1.6 is suitable.

Assuming a square-topped weir of length 10 metres:

50 x 10 x 0.22)°%
hover~top e B = 36m
16 x 10
If the weir crest length is 15 metres:
0.687
50 x 156 x 0.22
hover~top = [—] = 28m
1.6 x 15
The lower value of h over-top is preferable; the longer weir crest length controls the river better. The total

height of the structures is, given a crest length of 15 metres:

h h +h = 28+h

barrier, wing wall — over-top weir weir

continued overleaf
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Example 3.3.1 continued Flood containment, intake and headrace

The height of the weir crest above the intake base line can now be chosen. The river surface level will be
held constant behind the weir, so too high a weir may incur cost in extra wing wall length extending upriver,
and will also cost more in weir construction, materials and maintenance. The weir should not be so low that
the intake mouth cannot be sited above the river bed and below the weir crest level. A value of 1.0 metre is
chosen as a starting point in this example for h ., ; the designer can later return to this point to adopt a
revised value if appropriate, once the effect of the weir height on other dimensions becomes apparent.

h =h +h . =28+1=38m

barrier over-top weir

Fig 3.3.7 shows the intake mouth as a rectangle of depth d and width w. The figure also shows the water
flow through the intake during normal flow (Q gmss) and during flood flows (Q,,,,). During floods the
amount of water over-topping the weir is considerable, and the extra head of river water (h (ﬂood)) acts to
drive more flow through the intake, so that Q. is larger than Q ..

3 Intake dimensions, normal flow conditions

The intake behaves according to the orifice discharge equation:

Q = Ay = A-cd1}29(h - hp)

where v, is the velocity of the water passing through the intake, and c, is the coefficient of discharge of the
intake onflce A, is the cross-sectional area of the intake, h, is the head of river water upstream of the weir
while h,_ is the depth of water in the headrace channel. The equation is used to calculate velocity in the

intake and the size of the intake mouth. First a suitable value for ¢, must be chosen.

The coefficient of velocity (c,) has a value which decreases with the amount of turbulence induced by the
intake. A sharp-edged and roughly finished intake will typically have a ¢, as low as 0.6 whereas a carefully
finished aperture will have a ¢, of 0.8. In this example we adopt 0.6 for c; in practice it is necessary to
consult other books or a specialist adviser, to choose a value suitable for the shape and finish of the intake
mouth you are proposing to build.

Next choose a suitable value for the water depth in the headrace (h, (,ma)) during normal flow conditions.
If we would like to see the surface of the water in the headrace at the same level as the upper edge of the
intake orifice, then h (normal) = d, the depth of the intake mouth. Let's say we will set d to be 0.2 m, there-
fore hy (omay 1S @ls0 0.2 m.

Finally, calculate h

r (normayy 1 e first guess for h .. is 1 m, and during normal conditions h
mately zero.

over-top IS approxi-

h r (normal) = hyer + I"'over-tc:.p = 10+0 = 10m

v; cay2alh —hy) = 0.642x98x(10-02) = 24m/s

Check that this velocity is not excessive; continuously maintained velocities greater than 4 m/s will erode
the edges of the intake mouth. To reduce velocity lower the weir crest, or raise h,, or raise the position of
the intake to reduce h . Remembering that d is set to 0.2 m:

Q gross = Av; = dx WXy
Q

w = e = 0.132 = 0.28m
d x v 0.2 x 2.4

4 Headrace slope and width, normal flow

The velocity of the water in the headrace must be sufficiently high to sweep debris and sediment through
to the spillway and silt basin. Choose a suitable value for headrace velocity (v,), say 2.0 nvs. The
headrace must slope downwards sufficiently to maintain this velocity while the water depth (h (. ...)
stays at the value chosen, in this case 0.2 m. If the width of the headrace channel is w, and the cross-
sectional area is A, ,we can write:

Q gross = VR A, = Vh Mh (normal) Wh
Q 0.132
gross .
" ) - = 033m continued opposite
Vh Ph (norma) 2.0 x 0.2 P
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Flood containment, intake and headrace Example 3.3.1 continued

The slope of the headrace is found using the following equation (Manning’s equation) which is introduced
in Section 3.6:

2
h
) = [_n__(%] where R = hh
R™ wy + 2h,

‘n’ is a ‘roughness’ value for the material of the headrace; the value for concrete is 0.015.

R = 0.090 s = 2015x20 4000 m/m

0.090°%%7
This value for slope tells us that if the silt basin is placed 15 metres distant from the intake, it should be
dropped below the level of the intake by a height of 0.022 x 15 = 0.3 metres.

5 Headrace flood flow

Flood conditions will increase the flow in the headrace. The water depth (h, ("ood)) will usually increase
also, although an increase in headrace velocity during floods will offset this.

To calculate h, 004 it is necessary to take several guesses for h (flood) and each time calculate the flood
flow in the channel using the two equations below. (The first one is the discharge orifice equation and the
second is Manning'’s equation.) The correct value of hy .. is known when both equations give approxi-
mately the same result.

equation 1 Qyooq = d XWX Cd\/29 (hr(ﬂood) - hy (flood))
0.667
' 505
equation 2 Qyooq = Np(figod) X Wh X X
n Wh + 2Py (1100d)

Wh M (flood)

For instance we could try 0.4 m as a first guess for headrace water depth. Remember in Example 3.3.1 we
found the river height in flood to be 3.8 m.

equation 1 h r(flood)y = D weir (flood) hover-top (flood) = 10 + 2.8 = 38m
Q f100d = 0.20 x 0.28 x 0.6\/2 x 9.8 x (3.8 — 0.4) = 0.27 m3/s
0.5 0.667
equation 2 Qg..y = 0.4 x 0.33 x 0.022 [ 0.33 x 0.4 ] = 031m°/s
0.015 1033 + 2 x 0.4

As a second guess, try h flood) = 0.35m:
equaton 1 Qg4 = 0.28 m° /s
equation 2 Qg = 0.28 me /s

Since both equations agree we can make two conclusions:

* The wall height of the headrace upstream of the spillway must be about 0.4 m (see Fig 3.3.8) in order to
contain the flood flow of 0.35 m depth. Note that the water depth under normal flow conditions should
also be checked against wall height.

* The flow in the channel in the worst flood will be around 0.28 m¥/s, about twice the design flow.

The spillway (see Example 3.4.1) will have to remove the excess flow, whichis Q, ,—Q gross*

6 Design parameters

Repeat the above steps with revised values for L ., h ... d, hy oo v, in order to achieve a satisfac-
tory design. Cost your design and revise the dimensions to reduce overall cost.

continued overleaf
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Example 3.3.1 continued

Flood containment, intake and headrace

Oblique weir

Lweir = 15m

[PV

Fig 3.3.8 Results of calculations (The intake is not drawn to scale)

'[ Wh = 0.33m
- _T,_
t
~ Hn | 1 hweir = 1m
d=0.2m - 04m |
I POUUUSUU
b
——————|
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09"
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=3.8m :
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ol |
— Vi=2.4m/s
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~—» Qgross = 0.132mY/s
oue o
Slope(S) = 0.022m water drop
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Flow direction

Fastrocky - e

river bed o

Fig 3.3.9 Choosing the intake site

Avoiding sediment concentrations

Silt passing through the intake can be removed
by silt basins in the channel. Nevertheless, rivers
carrying a heavy silt load may overburden the
silt basins and clog the intake mouth. The intake
and weir should be positioned to avoid this.

Fig 3.3.9 shows a river in aerial view. A moun-
tainous and rocky section is shown, followed by
a gentler section and a bend. Suppose that intake
sites must be chosen somewhere along these
stretches of river.

An intake sited in the bend at point C is unsuit-
able, since silt tends to deposit on the inside of a
bend. This is due to a spiral flow effect under the
surface of the water, as shown in Fig 3.3.10.

An intake in the straight section at B draws
water from the river, so creating a bend in the
flow itself. This will also set up a spiral flow
which may also cause silt clogging of the intake
(Fig 3.3.10 a). One method of avoiding this effect
is to deflect the flow on the other side of the river
with a “deflecting groyne’, as shown in Fig 3.3.10
b. This can be added at a later stage once it is
established whether silting of the intake is a
problem. It may be sufficient to ensure that the
angle 6 is either very small, to avoid spiralling,
or alternatively more than 80°, so that the side
intake principle is used.

Site D is not recommended since it is liable to
damage from boulders rolled downstream by
flood flows, and it will collect floating debris
very rapidly. Nevertheless it could be a suitable
site from the point of view of avoiding sediment
(refer to the study by Hildebrandt listed in
Appendix 3, Bibiliography).

:

Gentle
river bed

If the bed is loose and sandy at B, a trench type
weir (Fig 3.3.12) could be designed and costed
before taking a decision. If the bed is sound, a
permanent or a temporary weir could be con-
structed. Temporary weirs are discussed below.

Sites A1 and A2 may pose difficulties with
respect to access and works on a steep embank-
ment. Even when an intake is built, operation
and maintenance could be problematic in high
flow conditions. A1 is suitable for the placement
of a weir anchored on boulders, assuming there
is no danger of their movement in a flood. A2
offers the advantage of natural protection of the
intake mouth.

Temporary weirs

Usually it is sensible to adopt traditional water
management techniques known to local people,
and possibly methods of constructing temporary
weirs are among these. The principle of the
temporary weir is to construct a simple structure
at low cost using local labour, skills, and materi-
als. It is expected to be destroyed by annual or
bi-annual flooding. Advanced planning is made
for rebuilding of the weir whenever necessary.
Fig 3.3.11 shows an example of construction
methods in placement of temporary weirs.

Skimmers

An aid to a hydro scheme is a skimmer which
protects the intake from floating debris. This is
useful during low flow seasons when the surface
of the water may drop below the intake mouth
roof. The skimmer is usually a wooden pole
which itself floats on the water surface.

85



CIVIL WORKS

A A
Outside of bend Inside of bend \ ;

a Spiral flow causes sedimentation on the inside of a bend b Deflecting groyne constructed from concrete or gabions.

The skimmer deflects floating debris from the intake area.
Fig 3.3.10 Sedimentation

Direction of river flow —————

Original stream

NERYVRE

Fig 3.3.11 Example of a temporary weir. Such weirs are usually destroyed by floods and then rebuilt. Refer to local irrigation
practice.

Fig 3.3.12 Trench intake. Fast flowing mountain streams are often laden with excessive silt loads and larger debris such as
stones, grasses and branches. The intake rack shown here allows these objects to flow over it, the water velocity itself acting to
keep the rack clean. Any debris which collects on the rack during low flow periods will be washed off in high flow periods. lf such
intakes are designed carefully, with correct mesh size, slope angle, evenness of slope, width, etc, they can operate in difficult
conditions for years on end without attention.
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SPILLWAYS 3.4

Spillways

Fig 3.4.1 shows the flood spillway in greater
detail together with flow control and channel
emptying gates. In Example 3.3.1 it was shown
that, when the river is in flood, flows in the
channel (Q_.,) can be twice the normal channel
flow (Q,)- The spillway must be large enough

to remove the excess flow (Qspillway):
Qspillway = Qﬂood—- Qgross

The spillway is a channel flow regulator. In
addition, it is combined with control gates to
provide a means of channel emptying.

Flow directlion

In certain circumstances it is essential to stop the
channel flow quickly, for instance if a break in
the channel wall has occurred downstream
causing progressive channel collapse and foun-
dation erosion.

Often emergencies will occur when the river is in
flood. The control gates must be placed at a
distance from the stream, to allow easy access
when the river is in flood. It is sensible not to
rely on one channel-emptying mechanism, but to
have two, since a gate can fail to operate when
needed, especially if not often used.

Stop logs and rack
(in case A is jammed)

Rock protrusions in spillway
drain are necessary to dissipate energy

Minor flood
level

—>  Qminor fiood

Normal channel flow
—

Qspillway

Fig 3.4.1 Flood spillway and flood control gates. Always place at a distance from flood activity. Gate B is an optional extra
gate to reduce channel flow in case of failure of other methods during damaging flood flows. ‘Stop-log’ methods can be used to

reduce costs.
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In general, gates are more easily opened than
closed, so gate B in the figure could be more
reliable than gate A. Gate B will not stop flow
but only reduce it, especially if flow obstruction
is placed just downstream (such as the stop logs
shown). Gate B only needs to be fitted in circum-
stances where reliable channel closure is consid-
ered a high priority - this includes cases where
expensive channel works downstream are prone
to damage from excess channel flows. If gate A is
used to stop channel flow, the immediate effect
will be for the full flood flow (Q,_ ;) to pass over
the spillway. The flood channel walls and width
must be sufficient to accommodate the full back
flow in this case. Since A is a variable orifice size
gate, it is also a useful mechanism for regulating
the flow as shown in Fig 3.4.2 and also to achieve
low flows for turbine part-flow testing.

In low-cost micro-hydro schemes gates such as
shown can be eliminated altogether. Instead,
gate A can be replaced with a less expensive
stop-log and rack arrangement (Fig 3.4.3). Note
that this provides flow regulation because a
different number of stop-logs can be inserted to
introduce a restriction to flow of varying size.
This arrangement can also be used as a back-up
in case gate A does not close in an emergency.

Block bridge to
create backflow

Ve
! e
<7
/

R}
——— AN
\

oG -
%9 -

Fig 3.4.2 Regulating channel flow. Both these methods
ensure that the channel flow is not more than Q . and so
protect it from excessive loading. Partial closure of the
channel with vertical stop-logs can also be used to achieve

the same effect as partial closure of a gate.
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Stop logs in place
_—Partially closing channel
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\

-

Fig 3.4.3 Stop-log and frame These can either fully close
the channel or partially close it to regulate flow. The logs can
be hinged or wired to the top rack to protect against theft.
Chains are then attached to the lower end of the logs to lower
or raise the logs. Stop logs are also often horizontal timbers
dropped between the grooved sides of a channel. In practice
logs are often stolen and it is often more cost-effective to
install a steel gate which is either manually lifted or raised on
a threaded rod.

Examples 3.3.1 and 3.4.1 present methods of
calculating the flood channel dimensions, spill-
way length (L;,,,,.), and spillway crest height
(Hypi1ay)- The spill flow must be led back to the
river in a controlled way so that it does not
damage the foundations of the channel. Accord-
ingly a concrete and masonry drain must be built
to provide a resistant platform for the spill flow.
Rapid flows can be very erosive; to dissipate
their energy rock protrusions or steps should be
built into the bed of the spill drain.

It is possible to encourage excess flow to leave
via the spillway by creating a back flow: for
instance by installing a block which bridges the
channel, or by partially closing control gate C,
downstream of the spillway (Fig 3.4.2). No silt
should be allowed to deposit in the spillway and
control gate area. Channel cleaning may be
facilitated by flushing action induced by opening
of gate A.

Further spillways may be required at intervals
throughout the length of the main channel as
shown in Fig 3.4.4. They should have durable
drains constructed to lead spilt water away from
the channel foundations. The cost of inclusion of
these spillways and drains is considerably less
than the cost of slope erosion and channel
damage caused by an overflowing channel.
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Photo 3.4.1 A block bridge and channel spillway.

N v\ RN

Freeboard

‘ Blockage
water depth

Fig 3.4.4 Spillways along the channel. |dentify channel
sections which are vulnerable to blockage. Identify areas
where unwanted spills will cause damage to the hillside or to
the channel walls. Protect these areas with emergency
spillways, with additional freeboard or with ‘capping’

(Fig 3.6.1) to prevent any debris from entering the channel.

Flood spillway dimensions Example 3.4.1

Following Example 3.3.1, the flood spillway can be sized on the basis of the headrace water depth of 0.2 m
at normal flows.

With reference to Fig 3.4.1, the height of the spill crest (h
surface level or water depth.

spillway) should be aligned to the normal flow

h spillway = hy (normal) = 02m

The spillway length (Lsplllway) is found from the standard weir equation. It must be long enough to pass the
spill flow (Q ;) with the available excess head of water behind it. The spillway length is not found from
worst flood conditions but from minor floods, when the headrace flow has only risen by 15% above its
normal value. (This is because a longer spill length is needed when there is a smaller head driving water
over the spill crest.)

Standard weir equation:

1.5
Q Cw X I-weir X (h over-top)

In this case:

Q Q Q

15
spill minorflood ~ “ gross = Cw X L spilway X (h minor flood — h spillway)

Adopt a value for the weir coefficient for spillways (c,) of 1.6:

Q Q

minor flobod — ™ gross

L spillway

15
16 (h minor flood ~ h spillway)
For a minor flood flow of 10% above normal flow:
Q minorfiood = 115 X Q groe = 115 x 0132 = 0.152m°/s

If we assume that the minor flood water travels at the same velocity as normal flows, the water depth for
this increased flow will also be increased by the same ratio:

h minor flood = 1.15 X hspmway = 115 X 0.2 = 023 m

0.152 — 0.132
16 (0.23 - 0.20)*°

The calculation is very approximate since the water surface level behind the spiliway will vary. For this
reason and to ensure operation if partially blocked, a factor of safety of 1.5 is used, giving a length of

3.6 m. It is wise to fit a backflow device such as shown in Fig 3.4.3. This will allow more careful regulation
of the channel flow than the spillway on its own. The bibliography (Appendix 3) lists references

(eg Chadwick) which give a fuller explanation of flow over side weirs.

— - —

1 L spillway = 24m
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3.5
Silt basins and forebay tanks

The water drawn from the river and fed to the
turbine will carry a suspension of small particles
of solid matter. This ‘silt load” will be composed
of hard abrasive materials such as sand and will
cause expensive damage and rapid wear to the
turbine runners. To remove this material the
water flow must be slowed in silt basins so that
the silt particles settle on the basin floor where
the deposits can be periodically flushed out to
make room for further deposition. It is necessary
to settle out the sediment both at the channel
entry and at the penstock entry, or forebay tank
(Fig 3.1.2).

Fig 3.5.1 shows a simple design for a silt basin at
the channel entry, and Fig 3.5.2 shows a design
for a forebay basin. Both basins must follow five
important principles:

1 They must have length and width dimensions
which are large enough to cause settling of
the sediments but not so large that the basins

are over-expensive and bulky. a The sluice gate is opened for periodic flushing of silt
) accumulation. Less costly alternatives to the sluice gate
2 They must allow for easy flushing out of are shown in Fig 3.5.9. Notice that the opportunity is taken
deposits, undertaken at sufficiently frequent of incorporating a regulating spillway into the silt basin.
intervals.

3 Water removed from the flushing exit must
be led carefully away from the installation.
This avoids erosion of the soil surrounding
and supporting the basin and penstock
foundations. A walled and paved surface
similar to a spillway drain will do this.

4 They must avoid flow turbulence caused by

introduction of sharp area changes or bends, E Lentry ', Lsetting ; Loxi ;
and they must avoid flow separation. = Wsetling \ = Wselling
1 1 ! |
5 Sufficient capacity must be allowed for L ' 7 !
collection of sediment. b Side view

The designs shown are not necessarily the most
suitable for your purpose. Many variations are
possible, but they must all satisfy the design
principles.

Separated flow and turbulence

Two effects must be avoided in the design of silt
basins. These are turbulence and flow separation.
Fig 3.5.3 a shows an incorrect design which
encourages both effects. Turbulence must be
avoided since it stirs up the silt bed load and
maintains silt in suspension. Fig 3.5.1 Silt basin at channel entry

¢ Plan view
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Flow separation (sometimes loosely known as
‘slipstreaming’) is the tendency for a body of
water to move quickly through the basin from
entry to exit, carrying a sediment load with it.
Fig 3.5.3 b shows the entry and exit profiles
needed to avoid this, and Fig 3.5.4 shows the
same principle with application to the depth of
the silt basin.

Silt passed

a Incorrect: high velocity in centre stream and turbulence in
comers

b Correct: low velocity throughout width, no turbulence.
Entry and exit lengths should be at least as long as the
basin is wide.

a Notice that the paved drain is directed away from
penstock supports. Note that the sluice gate can be
replaced with a flushing pipe.

¢ One method of avoiding slipstreaming is to instali flow
distribution walls

Fig 3.5.3 Separated flow and turbulence

Lenlry Lsellling
| | Silt passed
b Side view v
o L —— : w»w/
9 - = T T— e
“o ; v ' \ J“/’
% K D> D) o
— LN a'ﬂ ; - 8
; A ~
Wsettling - 7 %‘/

¢ Plan view

b Correct: low velocity throughout

Fig 3.5.2 Forebay tank consisting of silt basin and
trashrack, and spillway Fig 3.5.4 Flow separation and turbulence
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Width and length of settling areas

Fig 3.5.5 shows three side views of the basins.

The complete length of the basin is divided into
three portions, L, . L. and L_. The central
portion is the setthng area. The settling length
(Loeying) @nd width (W, ) is also shown on
Figs 3. §.1and 3.5.2. The depth of the basin is

divided into two portions, D and D

settling collection.

Fig 3.5.5 shows the paths taken by suspended
particles. While the collection tank is filling (Fig
3.5.5 a), the effective cross-sectional area of the
basin is larger, so slowing the flow. When the
tank is full (Fig 3.5.5 b and c), the particles will
travel forwards faster. The speed at which the
particles drop vertically depends on their size,
shape, density and the extent of turbulence in the
water. Assuming non-turbulent water, the
settling velocity (v, ....) of small particles is
given in Table 3.5.1. In most micro-hydro
schemes it is sufficient to remove particles bigger
than 0.3 mm in diameter, which have nominal
settling velocities of more than 0.03 m/s. Never-
theless, always consult the turbine manufacturer.

To design a silt basin, simply choose any width
(W eiing) Which will be practical to build and
which is between 5 and 15 times the width of the
channel. It is usually sufficient for D .. , tobe
equal to the channel water depth (this is ex-
plained in Note 3.5.1). The length of the basin
(Lqetaing) 18 then found from this equation:

L = Q

settling
Weeriti
settling

X Vyertical

If the length which results is inconvenient to
build, then adjust the value of Wi iing until both
width and length are convenient. Your design
should carefully avoid turbulence and
slipstreaming. The design approach given here is
simplified, but is effective so long as tapered
entrance and exit lengths are included.
Additional depth can be used in practice if the
collection tank is emptied before it fills com-
pletely with silt.

Table 3.5.1 Vertical velocities of particles

Use this table to find the relevant vertical
sinking velocity. Ask the turbine manufacturer
to specify maximum permissible particle size.

Particle size mm V. ertical M/S
0.1 0.02
0.3 0.03
0.5 0.1

1.0 0.4
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Collection tank

Suspended matter content in a river section
varies with season and with the type of terrain
upstream. The variation over the year can be
very large; for instance, the pruning of the tea
bushes in a Sri Lanka tea estate causes heavy
silting of the streams for a few weeks each year.
Seasonal floods cause high velocities and turbu-
lence, so raising silt load enormously. The silt
basins should be designed to work during
periods of high silt load or ‘turbidity’ (see Exam-
ple 3.5.2). Turbldlty is expressed as the weight of
silt carried per m? of water.

A simple method of measuring silt load is to fill a
bucket from the stream a number of times, each
time in a different place or at a different

depth, letting the water stand until silt is settled
out, and then separating and weighing solid
matter, and recording the volume of water
processed. This is a very uncertain process
unless there is some confidence that the worst
part of the year is chosen. Discussions with local
farmers, and samples taken from irrigation
channels, will be very helpful. If other hydro
schemes function nearby, it is essential that their
operators are questioned about the frequency at
which basins are emptied. Design work can then
be based on observation of existing basin design
and performance.

Tests should also be made on the silt content of
tail water from turbines, and on the water
entering the forebay tank. This is easily done by
filling a graduated flask and then waiting for the
silt content to settle out. These tests will help
monitor the effectiveness of the silt basins.

Photo 3.5.1 A partitioned silt basin. (Nepal)
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settling channel

collection

Lentry = Wsettling Lsetting Lexit = Wsettling

a The collection tank is empty just after the basin is sluiced. The silt particles begin to coliect again, the lightest ones falling at
the end of the basin.

Q ' ) Vhonzonlal D

_— ) channel
T — - .-l Vverhca! Dsettlmg

—~

¢ The speed at which the lightest particle drops is v

vertical*
Note the ratio Lsetting _  Yhorizontal
Dsettling Vvertical
The design equation for both length and width is
L Q
settling
Wseming X Vyertical

but it is also essential to use tapered entrance and exit lengths as shown. These remove turbulence which would make the
basin ineffective. They also provide additional settling length, so giving a safety margin to ensure silt removal.

Fig 3.5.5 Sizing of silt basin
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Note 3.5.1 The silt basin design equation

The depth of the settling basin and its width together determine the horizontal velocity of the water flowing
through it.

Q = W, D

vhorizontal settling ~settling
Fig 3.5.5 shows that the horizontal velocity and settling depth are part of the ‘Stoke’s Law’ ratio:

L

sefting  _ Vhorizontal
Dsettiing Vvertical
Solving these two equations simultaneously gives us the basin design equation
Q
Lsettling =

Wsenling X Vyertical

Following this principle (Stoke’s Law), the lightest silt particle will always arrive at the floor of the basin
whatever the depth of water in the basin. As the collection tank volume of the basin fills up with sediment,
the horizontal velocity increases but the depth through which the particles drop gets shorter. According to
this principle there is no advantage in making the flow path of the basin deeper than the channel.

In practice, open channel water never flows smoothly and Stoke’s Law does not strictly apply. Neverthe-
less, it is legitimate to use this approach since extra length in the silt basin is achieved by including tapered
entrance and exit lengths, at least equal to basin width; furthermore, extra depth is achieved by emptying
the collection volume before it fills completely with silt.

Example 3.5.1 Sizing of silt basin

Continuing Examples 3.3.1 and 3.4.1, find suitable silt basin sizes. Assume that the channel water depth is
0.5 metres and that the turbine manufacturer has told you that particles larger than 0.3 mm shouid be
avoided. Consider (a) silt basin at channel entry, (b) the forebay tank size.

a Silt basin at channelentry: Q __ =0.132 m%s

gross

Choose WBE"ling to be 2m. Refer to Table 3.5.1 for Viericar AdOpt proper entry and exit profiles.

L - Q _ 0182 L,
settling = = = .
Weettiing % Vyertical 2 x 0.03
*_/——x W
Wettling i

=2m | i

e L ——=
~ ]f Lentry  Lsetling Loyt

=2m =2.2m =2m

Note that Dseming is equal to the channel depth but so far we have not designed the full depth of the
basin which includes D.oiection- This is done in Example 3.5.2. Note also that in order to avoid turbu-
lence tapered entrance and exit lengths are needed. The design rule for these is to make them each
equivalent in length to one basin width. The design will therefore have the dimensions shown here, with

the value of Dcollectlon still unknown.

it the terrain is steep it may be more convenient to choose a narrower width, say 1.5 metres. This
would result in a settling length of 2.9 m.

b Forebay tank: the flow through the forebay tank is the net flow, or turbine flow, which is less than
ngss it irrigation draw off or seepage loss in the channel is significant. Nevertheless, it is safer to
design the forebay tank for conditions where flow reduction does not occur, and adopt the value of
ngss. Dimensions are therefore as above, although when we design the collection depth in Example
3.5.2 we may decide that less capacity is needed for the forebay, if silt entry into the channel is not
expected to occur.
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Collection tank capacity and basin emptying frequency Example 3.5.2

Continuing Example 3.5.1, specify the collection tank depth on the basis of a reasonable emptying
frequency. Assume that discussions and measurements indicate a river carrying loads of 0.5 to 2 kg/m®
throughout the year.

A possible emptying frequency (T hours) during most of the year, when the carrying load (S) is 0.5 kg/m8,
would be twice daily. In twelve hours the intake will suck in :

Silt load

QxTx8S = 0132 x 12 x3600 x 0.5 = 2850 kg

2600 kg/ma. Assume a packing density of 50%

o - 077 x10° mP/kg
0.5 2600

Density of sand

Volume capacity of silt

Required collection tank capacity = 0.77 x 10 x 2850 kg = 22 m’

Given basin dimensions of 2.0m (W )and 2.2m (L,

setiiing IS implies a collection tank depth (D

settling collection
Tank capacity 2.2
Deottection = = = 05m

Wseming X Lseﬂling 2.0 x 2.2

In practice, some extra volume is available due to tapering which allows a safety factor in this design
calculation.

During some months of the year the carrying load may rise to 2 kg/m?, so demanding emptying of a 2.2 m?
tank 8 times each day, or every 3 hours. An alternative would be to increase the collection depth to 1 metre,
but this may be unreasonable in practical terms. Another option is to double the basin width and length, if
this is possible. The result will be an oversized basin in terms of the point of deposition of sediment, but a
correctly sized basin in terms of feasible emptying procedures. If a large increase in width and length is not
practical, a compromise should be reached: emptying frequency could be increased to 4 times daily, and
surface area only doubled. During periods of exceptionally high turbidity above 2 kg/m?, very frequent
emptying will be needed.

In practice, frequency of emptying will depend on observations made of collection tank filling time.

The forebay tank may, in theory, require a smaller collection capacity than the entry basin since the silt load
of the channel should be low. In practice, silting of channel water from entry of debris into the channel can
easily happen, or can result from failure of the entry basin. For this reason the forebay tank shouid be sized
as large as the entry basin and should be emptied as frequently as necessary by observation.

Usually the silt basin can be emptied at a time when the turbine is not used. If the turbine is required to run
continuously, a two-part silt basin can be devised (Fig 3.5.6). This allows channel flow to continue while one
part of the silt basin is emptied. Each part can be sized to accommodate half the collection volume of silt
and each part will normally take half the full flow. Care must be taken to ensure that the occasional passage
of full flow does not disturb existing silt deposits — tapering is especially important.

__Pipe plug design also

;/,-,- ' =< acls as spillway
P N
/ Basin 1 /,// \\\ R
— o T
L Lo LI PN
7\\ Basin 2 g i /:/;

Dividers or stop logs\!,AL, /

are placed only during o .
emptying Sluice pipe buried under

bed of basins (see Fig. 3.5.8)

Fig 3.5.6 Partitioned silt basin to allow continuous flow to turbine while silt basin is emptied. Usually not necessary,
since basins can be emptied with the turbine stopped.

) of:
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Forebay tank

Fig 3.5.2 shows the forebay tank. The design of
this tank follows exactly the procedure outlined
above for silt basins in general, except that the
exit portion is replaced by a trashrack and
penstock entrance area. The dividing wall must
be about 20 cm higher than the collection depth.

While designing a forebay tank it is important to
keep the entrance to the penstock fully sub-
merged. A rule of thumb is to submerge the
penstock mouth by a distance below the water
level of more than 4 penstock diameters. This is
to prevent air being drawn into the pipe because
of a vortex which can be formed on the surface if
the penstock is closer to the surface.

a Forebay tank showing altemative position of spillway in
order to utilize a natural gulley as a drain. Sluice leakage

It is necessa ry to install an air vent at the point is carefully directed away from penstock supports. Note

that a side spillway next to the sluice gate could have

where the penstock is joined to the forebay tank. been used as in Fig 3.5.2.

The air vent will prevent damage to the penstock
if for some reason the penstock mouth is Silt flushing drain with bolted flange I
blocked. If this happens, a low pressure is e —>
created inside the pipe which can make the T G
penstock collapse inwards. An air vent will
prevent this. The other reason for installing an

Natural gulie
air vent is to help remove air from inside the 1\\ o
penstock during start-up. (In some forebay tank  ~ / Spillflow
designs these bubbles can disturb silt deposits.) [ 0
An air vent which is too small will be ineffective: \< PN ,ﬁ;///g Penstock
if in doubt on this consult the Sourcebook (listed ' ~ >’ //\f 7N,
in Appendix 3, Bibliography). '\; - !«:/) Y
RSN
LA
{ - (‘\“V/

b A pipe can be used to flush silt forwards in order to avoid
the nisks of poor drainage affecting penstock support or
slope stability. It may be a less costly option than a.

— The pipe can be blocked when not needed by water

Mk showing i of colecton ¢=211 pressure on a front cap or board placed at its mouth, or as
shown by an end cap.
—_
//Cr Fig 3.5.8 Forebay tank alternative arrangements

L . Photo 3.5.2 A forebay with cylinder gate for sluicing. (Nepal)
Trashrack spacing: in the case of a Pelton turbine the bar — A ]

space ‘s’ should not be more than half the nozzle diameter; . PR
where a spear valve is used, it should be a quarter of the
nozzle diameter. For a Francis turbine, ‘s’ should not exceed
the distance between the runner blades.

Cleaning racks: either remove the rack and knock off the
debnis (two racks used together ensure one is always in
place), or use a specially made rake. The rake teeth should
be spaced to fit between the bars and the handle should be
long enough to allow full raking of the rack. Racks are best
placed at an angle as shown (60 to 80 degrees from
horizontal) to help raking but also to allow gravity and
buoyancy to keep the rack clear.

Fig 3.5.7 Forebay tank trashrack spacing and wall height
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Emptying of silt basins and power
shut-down

Usually emptying is a fairly tedious process.
The sluice gate is opened and then sediment is
shovelled along the basin floor to direct it
through the gate. The basin floor is slightly
sloped to facilitate this.

During manual emptying the intake control gate
must be closed so that the water flow stops. Since
this means shutting down the turbine, it is
necessary to empty at periods when power from
the turbine is not needed. Usually it is possible to
clear out the basins while the turbine is shut
down for other reasons.

In some cases, for instance where very frequent
emptying is needed (see Example 3.5.2), the
power shut-down can become unacceptable. In
these cases there are two recommended options
- rapid emptying designs, and partitioning
designs.

Rapid emptying consists of arranging the sluice
gate so that when opened the outward rush of
water sucks the bulk of the silt deposit with it.
Fig 3.5.9 shows rapid emptying designs (both are
proven and effective). Notice that the pipe plug

Photo 3.5.3 A pipe plug is used to sluice the forebay silt tank with help from the flush gate at the entry. (Peru)

SILT BASINS AND FOREBAY TANKS 3.5

design is especially convenient because it pro-
vides both a spillway and a sluice passage at the
same time.

In both cases it is convenient to place a ‘flush
gate’ immediately in advance of the silt basin.
Once the basin has been flushed once, remaining
deposits can be flushed again by closing this
gate, allowing water to build up behind it, and
then opening it quickly to wash through. An
extra spillway is needed immediately before the
‘flush gate’. (The gate should operate by quick
lifting rather than by slow rotation of screw
thread.)

These methods still require shut-down of power,
even if only for a few minutes. To avoid this, it is
possible to build a diversion channel around the
silt basin which can carry flow while the basin is
emptied. If there is a silt basin further down-
stream, for instance the forebay tank, then the
passage of silt for a few minutes will not cause
problems. The disadvantage of this approach is
that the diversion channel may accidentally be
left in operation for long periods, so running the
risk of eroding the turbine. A safer option is a
partitioning basin, as shown in Fig 3.5.6.

The operation of such a basin is explained in
Example 3.5.2.
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T lift handle to
open sluice

lift gate to
create a wash
Normal water surface
while running B
ST R
SIUIgiitplpe ' > silt deposit

a A simple but effective and proven method of sluicing.

handle

Forebay tank

Spill\level

Penstock

[ |

—

b Pipe-plug design for sluicing. Note the plug also acts as a spillway.

Drain

Fig 3.5.9 Rapid-emptying silt basins

Baffled tanks

Deposits hard to remove
It is often difficult to find space to build silt ’ ’ ’
basins and the temptation is to reduce their size
by incorporation of baffles. Fig 3.5.10 shows an Nl
incorrect baffle tank design. If baffles are nar-
rowly spaced the cross-sectional area of flow will
be small and high velocities will result, so that
silt fails to settle. Sharp bends create turbulence | =
and therefore further suspension of particles, ' Silt passed through
and also can create slipstreaming effects. Baffled
tanks are also often harder to sluice clear of silt

dep031ts. Beca.us? of t,h €se dangers it is best to encourage turbulence, making it impossible for the silt to
consult a specialist with experience of baffle tank  soti6 out. The extra length of travel does not help because

designs which have been proven in practice tobe e width of each flow passage is narrow, so the velocity of
effective. water is high.

Fig 3.5.10 Incorrect baffle tank design The sharp tums
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Channels

Fig 3.6.1 shows the various types of channel
section which may be suitable for a particular
installation. The various types considered here
are:

* Simple earth excavation, no seal or lining.

e Earth excavation with a seal of either cement
slurry or clay. (‘Sealing’ is the application of a
thin layer of material with no structural
strength; it serves only to reduce friction and
leakage. Polythene sheet is also a sealant.)

» Masonry lining or concrete channels. (‘Lining’
is any method of adding structural strength to
the channel walls.)

Aqueduct (galvanized iron or wooden flume)

Fig 3.6.1 Various types of channel

* Flumes or aqueducts made from galvanized
steel sheet, wood, pipes, or pipes cut in half to
form troughs, etc.

The choice of the correct type of channel for each
part of the route is very important. Some guid-
ance on this is given below. Once the channel
type and associated lining or sealing material is
chosen for each section, it is possible to calculate
suitable dimensions, and the correct drop needed
between the entry point and exit point (see Fig
3.6.2). The channel type and the material of
channel determine the three basic factors which
govern channel dimensions and head. These are
described below.

Sealed channel. Earth can sealed with clay or cement slurry,

or at greater expense, with UV-resistant polythene sheet.
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Upstream river Hehannet

l

Channel
H
Lchannel T gross
Penstock
Channel slope: S = M 4 @
Lohannel
< N
Down stream
T

)—-————————~—-|

1 . !
H % Side slope N = T-8
2H

‘ ~N

| SR

B
Fig 3.6.2 Channel dimensions and drop

Side slope and cross-sectional profile

The action of flowing water in a channel made
from loose material like sandy soil will cause the
walls to collapse inwards, unless the sides are
sloped gently and the width of the channel is
large relative to its depth. Fig 3.6.2 defines the
side slope (‘N’) of a channel. The figures for N
given in Table 3.6.1 show that the stronger the
material, the steeper-walled and deeper the
channel can be.

The advantage of lining channels is that to carry
the same flow they are narrower, so less horizon-
tal excavation is needed on difficult slopes.

Normally trapezoidal profiles are chosen, except
in the case of wood, steel, cement or masonry /
cement channels where rectangular ones are
sometimes more easily built.

Water flow velocity ‘v’

Excessively fast flow will erode a channel, and
excessively slow flow will result in silt deposi-
tion and clogging of the channel. Table 3.6.2
gives recommended velocities for different
materials.
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Photo 3.6.1 An aqueduct (Sri Lanka)




Roughness ‘n’

As water flows in the channel, it loses energy in
the process of sliding past the walls and bed
material. The rougher the material, the more
frictional loss, and the greater the head drop or
slope (see Fig 3.6.2) needed between entry to the
channel and exit, for a given velocity.

A method for designing the channel is given in
Note 3.6.1. Example 3.6.1 shows how this
method is used in practice to size each channel
section and calculate a slope for each section. The
total channel head is the sum of all the indi-
vidual section heads. The calculation is iterative.
It starts with a guess as to a suitable flow veloc-
ity; the final result is that the channel dimensions
are known and the required slope and head loss
are known. If the head loss seems excessive then
the calculation can be repeated for a smaller
velocity, giving rise to a larger channel cross-
sectional area and larger dimensions. If the head
loss is very small, you can repeat the calculation
for a faster velocity (if it is still safe from
erosion), and make the channel more compact.

The optimum design will be governed by the
five key principles, all of which must be encom-
passed in a successful design:

e The velocity of the water must be high
enough to ensure that suspended solids
{sediments) do not settle on the bed of the
channel or the pipe.

* The velocity of the water in the channel must
be low enough to ensure that its side walls
are not eroded by the water flow. If this is
impossible, without conflict with the previous
principle, the use of improved lining of the
channel wall must be considered.

* The head loss, or loss of vertical height, due
to the channel must be minimized (this also
implies minimum flow velocity). Table 3.6.4
gives the values of roughness factor ‘n’ for
various materials. If an earth channel is
sealed, the roughness of the sealant will
determine the friction loss.

¢ The channel must be durable and reliable, not
only free from sedimentation, but also pro-
tected from destruction by storm runoff,
rockfalls crossing its path, or by landslip. It
must also cope with unusually high flows
along its length, if the intake structure does
not already adequately protect it from this.
Unusually high channel flows are regulated
by the use of spillways. Channel crossings
protect it from storm runoff.

CHANNELS 3.6

e It must have the minimum possible material
cost, construction cost and maintenance cost.
The availability of necessary skills in con-
struction and labour cost must be assessed.

The method shown in Note 3.6.1 refers to several
new terms: the freeboard allowance (F), the
wetted perimeter (P) and the hydraulic radius
R).

The ‘freeboard allowance’ is the amount the
channel is oversized to allow for higher flows
than the design flow. The channel must not spill
when it is carrying excessive water, because
damage will quickly result to its walls and the
hillside on which it is built.

A common freeboard allowance is 20%, meaning
that the channel can accommodate 1.2 times the
design flow. It is important to increase this to
30% when building small unlined channels.

Note that the ‘freeboard height’ is the height of
the channel sides above the water level. A
freeboard height of 0.15 m is a minimum value
for unlined channels.

The wetted perimeter (P) is the distance over
which the cross-section wets the channel bed and
sides during normal flow. In Fig 3.6.3, P =P, + P,
+P

"

The hydraulic radius (R = A/P) is a nominal
quantity describing the channel efficiency. If the
channel has a large cross-sectional area and
relatively small wetted perimeter, then for a
standard freeboard this implies it is efficient and
can develop the required velocity with relatively
little head loss. The most efficient profile for the
cross-section of the flow is a semi-circle. The
trapezoidal section is the best practical approxi-
mation to this.

Example 3.6.1 calculates dimensions for sections
of a channel. Notice that the water depth changes
from section to section. This is potentially dan-
gerous where the change of depth occurs in an
carth channel, as the turbulence created can be
erosive. [n such cases protect the transition area
with a lining.

Fig 3.6.3 Wetted perimeter P =P, + P, + P,
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Note 3.6.1 Summary of method; calculation of channel dimensions and head

Before starting to calculate the dimensions of any particular section of the channel, you will need to first
decide on its length (L), and the material with which it is made, lined, or sealed. (Remember ‘lined’ means
that strength is added, whereas sealing only reduces friction.)

Calculation steps:

1 Choose a suitable velocity (v). Do not exceed the maximum or minimum velocities given on Table
3.6.2.

2 From Table 3.6.1 find side slope (N). For rectangular channels N = 0. From Table 3.6.4 estimate
roughness of the wet surfaces (n). Choose a suitable freeboard allowance (F): F = 1.3 is usually
suitable.

Calculate cross-sectional area (A) from equation: A = Qx F

v

3 Calculate channel height (H), channel bed width (B), and the channel top width (T). (X is an index
which expresses the chosen side slope N in terms of a semi-circle. This reduces friction loss to a

minimum.)
X = 2(1+ M) -2 xN H . A
(X x N)
B = HxX T = B+ (2 xHxN)
Notice that for rectangular channels N =0 and X = 2, so:
H = (AJ T = B = 2xH
2

ie for a rectangular channel the width is twice the height. For stable uniform flow in a long channel,

it is best to keep the velocity below the ‘critical’ limit, v, = V(A x g/T).
Calculate v, and reset v in Step 1 following the rule v < 0.9 v,

4 From Table 3.6.3 calculate the wetted perimeter (P). Calculate the hydraulic mean radius (R) from the

equation:
R _ A
P
The slope (S) can now be found from Manning’s equation:
v 2
S = (n X RO'—%?]

You are now able to construct the channel section with the required slope and cross-sectional dimen-
sions. First take a note of the head loss (L is the length of the channel section): Head loss = L x S

5 The channel is sized for a flow of Q x F. The water depth for a flow Q will be less than H by the
freeboard height, which is H x (F - I). Check that freeboard height is not less than 0.15 m for unlined
channels. If the water depth H is less than 1 metre, use Note 3.6.2 for a possible revision of the value
‘n’. Avoid a channel width of less than 0.25 m as narrow channels can easily be blocked. If the velocity
seems low or high, adjust it accordingly.

6 Add all the head losses for each section to find the total head loss. If this is too great or too small,
repeat all steps with a different velocity. Consider using a different lining or sealant, but keep overall
cost in mind.
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Channel sizing following method of Note 3.6.1 Example 3.6.1
Channel flow (Q,..) 132 l/s
Total channeﬁ length (L) 1600 m
Length of unlined section (L ;) soil type: sandy loam 1400 m
Length of lined section (L) lining type: coarse concrete 150 m
Length of aqueduct (L,) material: wood 50 m
Unlined section Lined section  Aqueduct
Calculation step 1
Choose velocity from Table 3.6.2 v =05m/s v =12m/s v =13m/s
Calculation step 2
Side slope N from Table 3.6.1 N=2 N = 0.58 N =
Roughness coefficient from Table 3.6.4 n = 0.03 n = 0.02 n = 0.015
Freeboard allowance: F=13 F=13 F=13
Cross-sectional area:
QxF
A u A = 0.343 m? A = 0.143 m? A =0132m?
v
Calculation step 3
X = 2x @ + N2)-‘(2 % N) X = 0.472 X = 1.155 X =2
. A
Height H = |——— H=037m H=0287m H=0.257m
(X +N)
Bed widthB = H x X B=018m B =0332m B=2xH=0514m
TopwidthT = B+ (2xHxN) T=166m T=063m T=B=0514m
Wetted perimeter
P - B+[2><H (1+N2)} P-183m P=0996m P =B+2xH=1.028m
Calculation step 4
Hydraulic meanradius R = A R=0187m R=0144m R=0128m
nXxv 2
SlopeS = (—0—6—6:]‘] S=2.10X10_3 S=7.64X10-3 S=5.88X10-3
RO
Head lossHL=Lx S HL,=29m HL =1.15m HL,=0.29m

Calculation step 5

Check freeboard heights for unlined sections and check the roughness n. For the unlined section here the
freeboard height is H x (F - 1) = 0.11 which is too little; therefore increase F. Roughness n should be

changed as Note 3.6.2.

Calculation step 6

Total head loss

HL, = HL, + HL + HL, = 43 m

If the scheme you are considering has a turbine head in the order of 50 metres, this represents a channel
head loss of about 9%. If the head loss is excessive repeat steps 1-4, choosing lower velocities. Take care
not to choose velocities so low that sediment will settle in the channel. Note that a high head loss has the
advantage that high velocities reduce the channel dimensions, allowing it to be compact and free from

sedimentation. For a more compact channel, choose higher velocities.
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Photo 3.6.2 Wooden formers are very useful when

Table 3.6.1 Side slopes constructing a channel.
Material Side slope ‘N’
a Trapezoidal sections
Sandy loam 2
Loam 1.5
Clay loam 1
Clay 0.58
Concrete 0.58
b Rectangular sections 0

These figures are for ‘lining’ (strengthening)
with the material, but not for sealing. For sealed
channels, use the N value for the surrounding
soil and not the material.

L

Table 3.6.2 Flow velocities
Maximum velocity | Photo 3.6.3 A channel crossing offers better protection than
to avoid erosion [ aculvert

Material Less than Less than
0.3m deep 1.0m deep

Sandy loam 0.4 m/s 0.5 m/s

Loam 0.5 m/s 0.6 m/s

Clay loam 0.6 nvs 0.7 m/s

Clay 0.8 m/s 1.8 m/s

Masonry 1.5 m/s 2.0 m/s

Concrete 1.5 m/s 20m/s

Minimum velocity

In order to avoid silt clogging of the channel the
flow should not be too siow. If the water is
always clear, this is not a problem. Silty water
should not move at less than 0.3 m/s.

Table 3.6.3 Characteristics of cross-sections
Type of cross-section Wetted perimeter (P) Top width (T)
Rectangle B+2xH B
Trapezoid B+2><H(1+N2) B+2xHxxN
: 2
Triangle 2><H(1+N) 2 xHxN
|
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Roughness coefficient ‘n’ Table 3.6.4

See Note 3.6.2 for advice on channels of less than one metre depth.
(Approximate design values for small channels after ageing are shown in the left-hand column.)

Earth channels Clay, with stones and sand, after ageing 0.020

Gravelly or sandy loam channels, maintained with minimum vegetation ~ 0.030

Lined with coarse stones, maintained with minimum vegetation 0.040
For channels less than 1 metre deep, use the equation in Note 3.6.2. eg:
Vegetated (useful to stabilize soil); water depth 0.7 metres 0.050
water depth 0.3 metres 0.070
Heavily overgrown, water depth 0.3 metres 0.150
Rock channels Medium coarse rock muck 0.037
(0.040) Rock muck from careful blasting 0.045
Very coarse rock muck, great irregularities 0.059
Masonry channels Brickwork, bricks, also clinker, well pointed 0.015
(0.030) Normal masonry 0.017
Coarse rubble masonry, stones only coarsely hewn 0.020
Concrete channels Smooth cement finish 0.010
(0.020) Concrete when wood formwork is used, unplastered 0.015
Tamped concrete with smooth surface 0.016
Coarse concrete lining 0.018
Irregular concrete surfaces 0.020
Wooden channels Planed, well-joined boards 0.011
(0.015) Unplaned boards 0.012
Older wooden channels 0.015
Metal channels (0.020) 0.020
Natural water courses Natural river bed with solid bottom, without irregularities 0.024
Natural river bed, weedy 0.031
Natural river bed with rubble”érrild irregularities 0.033
Torrent with coarse rubble (head-sized stones), bed load at rest 0.038
Torrent with coarse rubble, bed load in motion » 0.050
Roughness effect for shallow channels Note 3.6.2

Research at Wageningen University in the Netherlands demonstrated that the roughness effect is worse for channels
under 1 metre in depth, because of the turbulence created by the side walls and bed surface. The research showed that

the following equations can be used to find the roughness coefficient. H is the depth of water.

Well maintained channels with little vegetation: n=003/YH H<1m
Channels with short vegetation: n=0.04/YH H<1m
Heavily overgrown channels: n=008/YH H<1m
In practice it is sensible to maintain short vegetation in order to protect the walls of channels:
‘n’ can therefore be found from the equation n=1004/4/H H<1m
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Seepage loss and choice of channel type

It is usually necessary to examine the soil along
the route of the proposed channel. If the soil is
very sandy it may be necessary to seal the
channel against water loss by leakage. Either a
sealant or a lining could be used for this purpose.

A soil porosity test can be made with the tech-
nique illustrated in Note 3.6.3. A cylinder of
about 300 mm diameter can be quickly formed
from any available piece of sheet metal which is
then pushed into the ground and filled with
water to a clearly marked level. Use a lid to
prevent rainwater entry or evaporation. Seepage
into the soil reduces the level as time goes by.
Each day or each hour, refill the cylinder from a
graduated flask so that the exact quantity added
can be recorded. Several of these cylinders can be
used along the route. The records taken then
provide an estimate of soil porosity. Note 3.6.3
shows how the porosity indicates the soil type.

This test will also provide a direct measure of the
water lost should you decide to use this soil for a
simple excavated channel without lining or
sealing. It is important that the infiltration rate
observed in the cylinder is observed to be steady,
while measurements are taken, since transient
effects will take place while refilling. Very gentle
refilling will overcome such effects.

To calculate the seepage flow (Q,,,.) read the
relevant factor (s) from the table. Find the wetted
perimeter value (P) from the channel sizing

calculation (Note 3.6.1), and channel length (L).

Unlined channels or channel sections are consid-
erably cheaper to construct since they do not
require so much labour or difficulty of transport-
ing materials to the site. A typical excavation rate
is 4 m*/day/person but this depends on soil
type. A proper survey of the route is necessary to
detect where a lined channel is needed; this will
be for instance where :

* the ground is excessively porous;
* rocky ground prevents excavation;
* the ground is steep and the soil unstable;

A full survey of the channel route is desirable
but may be costly. It is very useful to inspect
other channels in the area and consult local
farmers with experience of irrigation channels.

If the route passes through sandy soil where the
seepage will be excessive, a length of pipe or a
lined section of channel can be used. If the soil is
waterlogged, the area can be drained, using
contour drains and lined main drains, or a pipe
passed through the area. Rocks which obstruct
the route can be removed, or the route diverted
around them. Blasting or heating by fire is
possible to shatter the rocks, but this can give
rise to unexpected delays.

One important reason for using lined sections of
a channel is where there is a risk of the channel
wall being broken. Sometimes this can happen as
a result of a small diversion being made when
the channel flow is low by someone wishing to
use the water. The danger is that extensive
damage to the channel wall will occur by erosion
when the channel flow increases. This kind of
danger exists especially where you have built up
the ground to maintain channel slope across

- 3
Queepage = $ % P x L m?/s undulating ground; in this case a lined section of
channel is advisable.
Note 3.6.3 Measuring seepage loss

Soil type

Basic infiltration rate  Seepage losses (s)

(mm/hour) (m3/s per m? |
of wetted surface) ‘
Sand 30+ 8.3 x 10°® and above
2 Sand loam 20-30 6.6-8.3x10°6
NS
7 silt loam 10-20 28-56x10
Clay loam 5-10 1.4-2.8%x10°6
Clay 1-5 0.3-1.4x10°6

Fig 3.6.4 Measuring seepage loss. Avoid incorrect readings due to loss through evaporation by covering the cylinder.
Sideways seepage can be restricted by sinking a second cylinder of larger diameter deeper into the ground around the
first cylinder. The seepage loss is s x P x L m%s where P is the wetted perimeter and L is the channel length.
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Lined channels allow water to be carried at
greater velocity since their walls are more
resistant to erosion. This usually means that
lined channels can be more compact, which is a
useful feature where space is limited. It should
be remembered that three disadvantages are
associated with water travelling at low velocity,
as in the case of unlined channels:

e risk of plant growth blocking the flow
(although limited growth should be encour-
aged to stabilize the channel walls);

e risk of silt settling out;

» channel is larger, uses more space.

A very important feature of an open channel is
its vulnerability to damage from such sources as
landslip and rockfalls, and from stormwater
runoff crossing its path. The cost of protection
from these eventualities and their associated
repair costs must be included in an estimation of
the channel cost. It may be the case that the use
of a low-pressure pipe to convey water instead of
an open channel may be more expensive to
purchase but the cheaper option in the long term
because of savings in protection and mainte-
nance. The use of a low-pressure pipe rather than
an open channel will also save labour costs
during construction; where marshy ground and

CHANNELS 3.6

ravine crossings are a particular problem, using
pipe can save the cost of aqueduct construction.

Nevertheless, it is usually the case that the cost of
a pipe greatly exceeds the cost of an open channel.
A pipe also has a serious disadvantage compared
to an open channel, in that access to its inside is
considerably more difficult; if it is not designed
for a sufficiently high velocity, internal silting

will occur and will be hard to detect and correct.
Further, a pipe is prone to blocking at its mouth.

Channel crossings

Where small streams or rivulets cross the path of
the channel, very great care must be taken to
protect the channel. Again, the golden rule is :

“think flood”

During storms, the rivulet will become a torrent
easily capable of washing away the channel.
Provision of a culvert (a small drain running the
rivulet under the channel) is usually not adequate
protection. It will tend to block just when most
needed. In the long term it is economic to build a
full crossing, as shown in Fig 3.6.5. This is sized
to accommodate a flow of around 1000 times the
usual wet season rivulet flow.

Small storm gulley, usually dry

Drain for

surf ter
Small storm gulley, usually dry uriace wate

Outlets (e.g. PVC 2" pipe)
placed every 20 - 40 metres
depending on quantity of
surface waler and capacity
of gutter

Absence of drain outlets will ™
cause destabilization of
channel foundations

Fig 3.6.5. Channel crossing These are usually a better long-term economy than simple culverts. Simple culverts, as shown,
will tend to block with debris during the rainy season. The rains will then destroy the channel. Drains are nevertheless needed
under concrete channels to avoid trapping of surface water behind the channel wall.

107



CIVIL WORKS

3.7

Penstocks

The penstock is the pipe which conveys water
under pressure to the turbine. The major compo-
nents of the penstock assembly are shown in Fig
3.7.1.

The penstock constitutes a major expense in the
total micro-hydro budget. It is therefore worth-
while to optimize the penstock design to mini-
mize both lifetime running costs and initial
purchase cost. To ensure low maintenance cost
care should be taken to place the penstock
anchors and supports on stable slopes and to
find firm foundations.

There should be no danger of erosion from storm
runoff on the slopes, and there should be safe

Vent pipe
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Powerhouse
/ Pipe joint g

Valve

¢
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5> Slide biock
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HS

< Airlock causes loss ol head

access for repair and maintenance jobs (such as
repainting).

In projecting the cost of the penstock it is easy to
underestimate the expense of peripheral items
such as joints and coats of paint. The choice
between one penstock pipe material and another
can make significant differences in overall cost if
all these factors are included. For instance,
plastic penstock piping may be cheap but the
joints may be expensive or unreliable in some
regions. A general method for selecting a
penstock is given in Section 3.11.

Penstock gate

Expansion joint

o°
£°

\”\\\\
%)

/

Ve

_ Bleed valve to release airlock

2" Drain valve lo release
trapped water

Failure to drain causes corrosion

Avoid rises or dips such as these
by cutling penstock into the slope.
Drain and bleed valves may not be
reliable

Fig 3.7.1 Components of penstock assembly. Penstocks must be laid in such a way as to prevent airlocks forming inside
them. These airlocks act as obstructions in the penstock and cause a pressure drop across them. If a danger of airlocks exists
because the ground rises and the penstock cannot be cut in, an air bleed valve must be fitted as shown. Similarly water drain
valves may be needed. Always avoid the use of valves since after some years they can become unreliable.
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MATERIALS 3.8

Materials

The following factors have to be considered
when deciding which material to use for a
particular project:

Design pressure

Method of jointing
Diameter and friction loss
Weight and ease of installation
Accessibility of the site
Terrain

Soil type

Design life and maintenance
Weather conditions
Availability

Relative cost

Transport to site

The following materials are likely to be used for
the penstocks of micro-hydro schemes.

Mild steel

Unplasticized polyvinyl chloride (uPVC)
High-density polyethylene (HDPE)
Medium-density polyethylene (MDPE)
Spun ductile iron

Asbestos cement

Prestressed concrete

Wood stave

Glass reinforced plastic (GRP)

These materials are briefly discussed here. The
first four on the list, mild steel, uPVC, HDPE and
MDPE, are the most common.

Table 3.8.1 shows the relative merits of each
type, and Table 3.11.4 shows the physical charac-
teristics of the more common materials.

Mild steel

Mild steel is perhaps the most widely used
material for penstocks in micro-hydro schemes.
It is relatively cheap, and may be fabricated
locally, requiring machinery common to most
medium-sized steel fabrication workshops. It is
made by rolling steel plate into a cylinder, and
welding the seam. It can be made in a variety of
diameters and thicknesses as required. It has
medium friction loss characteristics, and pro-
vided it is well protected by paint or other
surface coating can have a life of up to 20 years.
It is resistant to mechanical damage, but buried
steel penstocks are at greater risk from corrosion.
Mild steel pipes are relatively heavy, but can be
manufactured in lengths convenient for trans-
port and installation if needed. Mild steel pipes
may be joined by flanges, on-site welding or
mechanical joints.

Table 3.8.1 Comparison of common materials
e=Poor e eeee=Excellent

Material Friction loss Weight Corrosion  Cost Jointing  Pressure
Ductl'elron L ) [ ] L ) o0 L ) [ X N N ]
Asbestoscement LN ] LN N ) L L J LN ] L LN .
Concrete . . XK cee ) .

Wood stave eee ceoe ccee oo ecee XX
GRP evecee xXXEx see cee XKl eseoe
uPVvC eseee esese esee svoe eeee eece
Mlldsteel LN L J o000 L LA ) o000 00
HDPE cecesoe cescee EEEX] eoe oo eee e
MDPE (XX RX} NN NN} eevee see oo sevee
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Unplasticized polyvinyl chloride (uPVC)

This pipe is one of the most widely used in
micro-hydro schemes throughout the world. It is
relatively cheap, widely available in a range of
sizes from 25 mm to over 500 mm, and is suitable
for high-pressure use. Different pressure ratings
are obtained by varying the wall thickness of the
pipe, but generally the outside diameter remains
constant for a range of pressure ratings in a
given diameter. It is light, and easy to transport
and lay. It has very good friction loss characteris-
tics, and is resistant to corrosion. It is, however,
relatively fragile, and prone to mechanical
damage from falling rocks, etc, particularly at
low temperatures.

The main disadvantage is that uPVC deteriorates
when subjected to ultraviolet light, causing
surface cracking which can seriously affect the
pressure rating. It must, therefore, always be
protected from direct sunlight, by either burying,
covering with foliage, wrapping, or painting.

It is recommended that in all cases uPVC pipe is
supported all along its length either by laying it
on the ground or burying it. It is in fact best
always to bury uPVC. Continuous support is
needed because the pipe is vulnerable to stress
fatigue, due to vibrations caused by water flow,
if it is under a bending stress such as caused by
carrying a weight of water when suspended
between support blocks. Fatigue failure of this
sort may occur after 5 or 10 years of life. When it
is buried it must be laid on a specially prepared
soft bed of sand or fine gravel to avoid stress
concentrations caused by sharp rocks or bricks -
any such stresses will also give rise to fatigue
failure.

It is also necessary to avoid the temptation to
impose bends or arcs in the line followed by the
pipe when laying it, as these impose bending
stresses, in addition to inducing hydrostatic
forces. uPVC pipe sections are jointed by spigot
and socket and a special glue, called uPVC pipe
cement, or spigot and socket with a flexible
sealing ring. In both cases it is not possible to
disconnect sections once they are connected.

uPVC has some immediate advantages over
most other materials. It is smoother than most, so
inducing less friction for a given diameter, with
the result that smaller diameter uPVC pipe can
be used for a given application; this can reduce
transport and installation costs.

Because it is a very elastic material it does not
induce high surge pressures, although this is
offset to an extent by smaller diameters and
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higher water velocities. Because it is a light
material it can be handled, transported, and
installed more easily. This difference may be
dramatic: a steel penstock might cost as much as
50% more because installation costs involve for
instance the cutting in of a new road. Transport
by truck is often costed by volume, so that one
technique for reducing cost is to design a
penstock with half its length of a smaller diam-
eter so that the smaller sections can be packed
inside the bigger sections.

Concrete

Concrete pipes are unsuitable for use at even
moderate pressure; they are heavy, and hence
difficult to transport and lay. Friction characteris-
tic can vary from good to very poor. Jointing is
generally by rubber ring joints. Steel reinforced
concrete pipes, especially when prestressed, can
be a cost-effective solution for low and medium
head sites.

Spun ductile iron

Ductile iron has largely replaced cast iron,
although the latter may still be found on older
schemes. Ductile iron pipes are sometimes
coated with cement on the inside, which gives
good protection from corrosion and a low
friction loss. It is a heavy material, hence difficult
to install, and tends to be costly. Ductile iron
pipes are usually joined by mechanical joints
(bolted gland), push-in spigot and socket with a
flexible seal, or occasionally flanged.

Photo 3.8.1 Steel penstocks are rolled from sheet and seam-
welded in a small workshop. (Nepal)




Photo 3.8.2 A mild steel penstock. (Sri Lanka)
=, e " B R i

Asbestos cement

Asbestos cement pipes are made from cement,
reinforced with asbestos fibre. They are unsuit-
able for use at even moderate pressure, and are
fragile, and hence transporting and laying them
requires care. They are light, have good friction
loss characteristics, and do not corrode. The dust
caused by cutting asbestos pipes is a health
hazard, so adequate protective clothing and
masks should be provided for people working
with asbestos pipes.

Wood stave

Wood stave pipe is made from strips of wood
(generally pine or cedar), tongued and grooved,
and held together by steel hoops, in much the
same way as a barrel. Provided it is kept wet,
wood stave has a long life, with a good friction
characteristic that may improve with age. It is
light to transport and lay, but is not suitable for
high pressure applications. Its main disadvan-
tage is poor availability, as it is largely only
manufactured in the USA and Canada.

MATERIALS 3.8

Glass reinforced plastic (GRP)

GRP pipes are made from resin, reinforced with
glass fibre wound spirally and an inert filler,
such as sand. They can be used at high pressures.
They are light, and have good friction character-
istics.

GRP pipes are fragile, and care is needed during
installation. They are best protected by burying
and backfilling with selected fine material. There
is evidence that GRP may be weakened by water
absorption by osmosis over a long time span.
Joints are usually spigot and socket with a
flexible seal. Depending on availability and
relative cost, GRP may be a good option, but has
yet to gain wider acceptance.

High and medium density polyethylene
(HDPE and MDPE)

M/HDPE pipes offer a good alternative to
uPVC, although somewhat more costly. They are
available in diameters from 25 millimetres up to
over one metre. Small diameters (up to 100 mm)
are usually supplied in rolls of 50 or 100 metres,
and are particularly useful for small schemes due
to the ease of installation. M/HDPE pipes have
excellent friction loss and corrosion characteris-
tics, and do not deteriorate when subjected to
sunlight. Pipes are generally jointed by heating
the ends and fusing them under pressure using
special equipment, which is a disadvantage, but
for smaller diameter pipes mechanical compres-
sion fitting joints are an economical option.

Photo 3.8.3 Steel penstocks can be welded on site if skilled
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3.9

Penstock jointing

Pipes are generally supplied in standard lengths,
and have to be joined together on site. There are
many ways of doing this, and the following
factors should be considered when choosing the
best jointing system for a particular scheme.

* Suitability for chosen pipe material;
e Skill level of personnel installing the pipes;

* Whether any degree of joint flexibility is
required;

¢ Relative costs;

¢ Ease of installation.

Methods of pipe jointing fall roughly into four
categories, all of which are discussed below:

* Flanged; * Mechanical;

* Spigotand socket; e Welded.

Flanged joints

Flanges are fitted to each end of individual pipes
during manufacture, and each flange is then
bolted to the next during installation. A gasket or
other packing material, usually rubber, is neces-
sary between each flange of a pair. Flange jointed
pipes are easy to install, but flanges can add to
the cost of the pipe. Flange joints are generally
used on mild steel pipes, and occasionally to join
ductile iron. Flanges should conform to some
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Fig 3.9.1 Flanged joints

Fig 3.9.2 Spigot and socket joints
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recognized standard; for instance, British Stand-
ard (BS) or International Organization for Stand-
ardization (ISO). Flange joints do not allow any
‘flexibility” or deflection.

Spigot and socket joints

Spigot and socket joints are made by either
fitting a collar to, or increasing the diameter
during manufacture of, one end of each pipe,
such that the internal diameter of the collar or
increased internal diameter of the pipe is the
same as the external diameter of the pipe. The
plain end of each pipe can thus be pushed into
the collar or ‘socket’ in the next. A good seal is
required between each pipe section, and this is
achieved by either providing a rubber seal or
using a special glue called solvent cement,
depending on the material of which the pipes are
made. Previously a seal was achieved by packing
the joint with lead chippings, but this method is
now only used to repair existing old joints in cast
iron penstocks.

Rubber seal joints fall generally into two types:
‘O ring seals and single or multiple ‘V’ lip seals.
They are generally used to join ductile iron, PVC,
or GRP pipes. Rubber seal joints generally permit
a few degrees of deflection.

A few precautions are necessary when installing
this type of joint:

* The seal must be clean before assembly.

* A special lubricant must be used. Never use
an oil-based grease as this will cause the seal
to rot. If the special lubricant is not available,
soap may be used.

* For pipes over 50 mm, always use clamps and
a ratchet pulley to ‘pull’ the two halves of the
joint together.

* Ensure that the joint is properly aligned
before final coupling. ‘V’ ring seal joints are
extremely difficult and often impossible to
take apart.

Solvent cement welded spigot and socket joints
are used on uPVC pipes. A special chemical
paste, which dissolves the plastic material, is
applied to the spigot half of the joint, which is
then inserted into the socket. The chemical action
‘welds’ the two halves together.



The following precautions should be observed:

¢ The joint must be dry. Unless unavoidable do
not attempt to install a pipe using this
method of jointing when it is raining.

* The joint must be clean. Special cleaning fluid
and clean rag should be used.

¢ Pipe clamps and a ratchet puller should be
used on pipe diameters greater than 200 mm.

* Take great care to align the joint correctly. It
is impossible to take apart solvent-welded
joints.

¢ The fumes from solvent welding cement are
highly toxic. Avoid prolonged exposure to
them, and ensure adequate ventilation.

Mechanical joints

Mechanical joints are rarely used on penstocks
because of their cost. In some cases their extra
cost is justified by savings made in installation
cost (eg on-site welding) and because they allow
slight misalignments in the penstock. This
facilitates installation and allows later movement
of anchors/foundations to occur (due to subsid-
ence, landslip, earthquake, etc) without causing
undue stress in the penstock.

One important application is for joining pipes of
different material (eg mild steel and uPVC) or
where a slight deflection in the penstock is
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Fig 3.9.3 Mechanical joints

PENSTOCK JOINTING 3.9

required that does not warrant installing a bend.
Some types of mechanical joint cannot take any
strain in the direction of the pipe, and have to be
restrained by anchor blocks.

Welded joints

Welded joints are used on mild steel penstocks
and, using special techniques, on M/HDPE. One
advantage of welding on site is that changes in
the direction of the pipe can be accommodated
without preparation of a special bend section.
Mild steel pipes are brought to the site in stand-
ard lengths, and then welded together, generally
using an arc welder, on site. It is a relatively
cheap method, but has the disadvantage of
needing skilled site personnel, and the problems
of getting an arc welder and power supply
(which may mean a generator) into remote and
difficult terrain.

It is essential to have a competent person doing
the welding to ensure sound joints. The major
disadvantage is that a site-welded steel pipe
usually ends up with a low quality finish with
respect to corrosion-protection.

Lack of
penetration

2§

Manual metal-arc weld ~ Submerged arc weld

insufficient current

Lack of

penetration Lack of

side-wail
fusion

Submerged arc weld @ m

runs misaligned

Slag inclusion due
to shape of bead 'A’
leaving slag trapped

at edge of butt
weld preparation

Undercut

A
Al AN

Fig 3.9.4 Weld defects
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The welding process removes paint near the
joints. Any subsequent attempt to shot-blast and
repaint the pipe inside and out is difficult to get
to an adequate standard, with the result that
corrosion occurs early in the life of the pipe. A
further disadvantage of welded joins compared
to bolted flanges is that sections of pipe cannot
be removed later for repair or maintenance,
except by cutting, although it should be remem-
bered that glued and push-fit uPVC joins usually
are permanent as well.

The welding of M/HDPE also requires some
skill, and special equipment that is expensive to
buy but can often be rented from the pipe manu-
facturer. The two ends of the pipe to be joined
are fixed in a special jig, and heating pads are
applied to each extremity. The temperature of
the heating pad and the length of time it is
applied are quite critical in obtaining a good
joint. When the material at the end of the pipe is
semi liquid, the two ends are brought together
with some force, which causes them to “fuse’
together. The process is called ‘fusion welding’,
and with practice can be done very rapidly.

The disadvantage of fusion welding is that beads
form inside the pipe at the join and cause friction
losses. These beads may be removed with an
internal bead cutter.

Expansion joints

A penstock will change in length depending on
its temperature (see Example 3.9.1). If it is fixed
in position by structures such as the forebay and
the powerhouse, the thermal expansion forces
will be substantial. It is possible to relieve these
forces by including joints which allow the pipe to
expand and contract freely. Fig 3.9.5 shows
typical design features of expansion joints.

Note that mechanical joints can be used as
expansion joints as well as having other
functions.

Often a penstock descends directly from the
forebay to the powerhouse, in which case only
one expansion joint is sufficient, placed just
below the forebay. On long penstocks with
multiple anchor blocks expansion joints should
be placed below each anchor block (see Section
3.12).

In some low cost micro-hydro schemes it may be
possible to allow the pipe to slide to and fro
inside the forebay wall, so eliminating the cost of
an expansion joint at the forebay. A small leak
may occur but this would be an insignificant
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water loss and would act to lubricate the sliding
expansion socket. In the case of a straight
penstock and a sliding forebay socket like this,
no expansion joints will be needed for the
penstock. Care must be taken to provide a paved
drain below the leaking forebay socket joint to
avoid damage to the forebay tank foundations.
Although this idea is mentioned here
speculatively, it is possible that some existing
schemes already operate successfully in this
manner by default if not by design.

It is also possible to eliminate expansion joints by
allowing pipe movement and stresses to be taken
up by bends in the pipe which are not fully
anchored - this can only be done if the effects of
the full range of forces listed in Section 3.12 are
considered carefully. It is also possible to con-
sider elimination of expansion joints by allowing
the rubber gaskets of ordinary pipe section joints
to take up thermal movement. This will also
require some careful engineering design. It is
important to consider the time of installation.
Pipes installed in hot weather will contract later
in winter or night conditions; pipes installed in
cold weather will expand later. Bolts can only be
tightened in cold weather, if the intention is to
allow the pipe to squeeze the gasket during hot
weather. The forces on the structures holding the
pipe will be in different directions during hot or
cold weather, and it may be worthwhile to install
pipes at one or the other extreme of temperature.

Photo 3.9.1 An expansion joint is best situated just below an
anchor block.




PENSTOCK JOINTING 3.9
Sizing and installing an expansion joint Example 3.9.1

and how much movement each one will have to accommodate:

A

X = a(T

For instance, suppose an 87 metre long steel penstock will experience a 5° temperature at night in the
coldest part of the year, and 40° in the day in the warmer season.

X = a(T T L metres

hot — ' cold

12 x 10° x (40 — 5) x 87 = 37 mm

>
n

It is normal to provide a safety factor for over-expansion of between 1.4 and 2.0. On this basis it is recom-
mended that all the expansion joints in this penstock (assuming it is anchored only at the top and bottom)
be capable of accommodating a total change of length of at least 50 mm. In other words, either use one
expansion joint which can move 50 mm, or for instance two which can move 25 mm each.

If the penstock is anchored at more points than at the top and bottom, then each anchored section must be
taken separately for calculation of expansion. For instance, if there is an anchor on this penstock at a bend
50 metres from the forebay and no other anchor until the powerhouse, then do the above calculation for
the 50 metre length first (this would be ‘L’ above) and then do it again for the remaining 37 metres (again
‘L’ above).

Think carefully when you will be installing. If installing in hot weather, adjust the pipe lengths so that the

pipes can contract without overstretching the expansion joint when the weather turns cold; vice-versa for
cold weather.

The following equation tells you how many expansion joints you will need ﬁ‘ X |6~

where x = Expansion of pipe (m)
a = Coefficient of expansion given in Table 3.11.4 (mVm°C) X = ATy~ Tl
L = Length of pipe (m)
T, = Highesttemperature the pipe will experience ('C)
Teord Lowest temperature the pipe will experience (°C)

Bellows-type expansion joints )
Stay ring

Retainer ring

0

—l

A sliding type expansion joint

P

Fig 3.9.5 Expansion joints
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3.10

Valves

Valves control the water flow through the
penstock. It is sensible to place a valve at the
entry to the turbine, to permit uncoupling of the
turbine with the penstock full. It is possible to
save the expense of the valve, but work associ-
ated with the turbine or shutting off power can
be awkward if the penstock has to be emptied.

A valve is not usually necessary at the top of the
penstock, because water can be diverted from the
penstock in other ways, eg by diverting from the
channel, by closing the mouth of the penstock
with a flat board faced with rubber (see Fig
3.10.1) or by opening a sluice in the forebay tank.
In all cases, whether or not a valve is placed in
the upper section of the penstock, an air vent
must be placed downstream of the penstock inlet
as shown in Figs 3.7.1 and 3.10.1, to avoid
vacuum collapse of the penstock while it is
emptying, or when the penstock mouth is

Steel tube

as handle
o, =

o L

-—— —
pressure

P
B

«
. ,/’, Water

N Lift to open penstock

~Relainets

Zeio walet pressure
in this design

Fig 3.10.1 Closing the penstock mouth in the forebay
tank Two possible low cost methods are shown. In one case
the water pressure holds the board clamped tight onto the
penstock mouth. if a pipe is used as a handle, there is extra
venting for safety.
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accidentally blocked. If a valve is fitted, the vent
must be just downstream of it.

Some types of valves are shown in Fig 3.10.2. For
micro-hydro applications the most usual types
are gate and butterfly valves. The choice of the
best valve is made on a basis of cost, availability
and pressure handling capacity.

In Section 3.11 advice is given on the calculation
of surge pressure. The valve will be subjected to
the same total pressure as the penstock, the sum
of surge pressure and normal pressure. When
buying a valve, total pressure must be specified.
To ensure trouble-free operation the most dura-
ble material should be chosen, preferably bronze
or brass, second choice cast iron, finally steel
depending on budget constraints. The ‘k’ factor
governing friction loss should be ascertained for
the valves under consideration.

Valves become enormously expensive as their
size increases. One of the advantages of the
multi-jet Pelton is that there is no need to buy a
large valve since a smaller valve can be placed
on each jet passage. In this case a number of
smaller valves can be cheaper than one large
valve. Expense can be saved by under-sizing the
valve so that its internal diameter is less than the
penstock internal diameter. This reduces power
significantly through friction loss, and a cost-
effectiveness analysis, such as described for
penstock selection in Section 3.11, is necessary.

The pressure of water above a closed valve can
bear on the central element and make opening
very difficult. On larger schemes (above 30 kW)
it is worthwhile plumbing in a bleed tube which
bypasses the central element and which has a
small “pilot valve’ (Fig 3.10.2). This pilot valve
can be opened first so causing an equalization of
pressure downstream and upstream of the
element ~ unfortunately this can only work if
flow restriction exists downstream, not if the
downstream end is immediately open to atmos-
phere. A butterfly valve does not suffer from this
problem (since the upstream pressure helps open
one half of the element). The butterfly and the
ball valve have the disadvantage of closing in a
quarter-turn, so giving rise to surge pressure
which can be damaging. It is necessary to place a
geared handle on these valves to ensure slow
closure. The cost of these ancillaries, pilot tube or
geared handle, must be taken into account when
comparing options.
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Geared handle which
slows closure automatically

Gate vaive Butterfly valve Globe valve

PTG S 'Hj The pilot valve only works if the
\ {,L;_(\ lurbine flow control valve can restrict

VAN flow to ;

N\ Vaturn lever operated f] LJ no more than a small leak

(requires care to avoid S
surge pressure)

N (.
A
Ball valve Pilot valve

Fig 3.10.2 Valves On buttefly valves always use a geared mechanism to slow the rate of closure. The final moments of closure
give rise to dangerous surge pressures.

Photo 3.10.1 A gate valve (Sri Lanka) Photo 3.10.3 A cylinder valve design which can be used for
the penstock entry or for sluicing of silt basins. (Nepal)

Photo 3.10.2

A gate valve with
pilot valve and
gearing for slow
closure.

(Sri Lanka)
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3.11

Penstocks — Sizing and costing

A general approach to design and selection of a
penstock is given in Note 3.11.1.

Because the penstock is often the most expensive
part of the installation, it is worth putting some
effort into minimizing its cost. One reason it is
expensive is that the penstock must be strong
enough to withstand the very high pressures
which result from sudden blockage of the water
flow. These high pressures are only temporary
and are known as ‘surge’ or ‘water hammer’
pressures. They travel in waves of positive and
negative pressure throughout the length of the
pipe. Fig 3.11.1 shows how a sudden blockage
gives rise to a total head of water in the pipe
which can rise to more than 150% of the normal
operating pressure. In some cases it is the nega-
tive pressure wave which destroys the penstock
by inward collapse, rather than the positive
wave (which bursts it), but it is sufficient to
design the penstock for the worst positive surge,
such that it has a wall thickness suitable to
accommodate negative as well as positive surge.

To reduce the expense of increased pipe wall
thickness, it is possible to design a hydro scheme
to minimize the extent of surge pressure. For
instance, choosing to use a multi-jet Pelton as the
turbine (with separate valves on each jet) can
have a beneficial effect on penstock cost. This is
because a sudden blockage will most likely stop
the flow through only one of the jets, such that
the surge pressure resulting will be much less
than if the full flow was obstructed. The low
surge pressure can lead to the choice of a thinner
walled and cheaper penstock.

—

Note 3.11.1

Another example of good design to reduce surge
is to specify that the valve used at the turbine
end of the penstock has a slow-closing mecha-
nism (eg it is not closed by a quarter-turn lever).
This reduces the danger of high surge pressure
and a thinner-walled penstock can be used with
more confidence. In terms of the calculation
described in Note 3.11.3, this means that a
slightly lower safety factor (SF) can be used as
there is less risk.

Photo 3.11.1 Plastic pipe (HDPE) being transported by foot
in Nepal. Micro-hydro economic decisions are affected
strongly by transport costs in some areas.

Selection of a penstock

of performance achieved.

described in Note 3.11.2 and Example 3.11.2.

1 Prepare atable similar to Table 3.11.1. Various different pipe materials and sizes can be compared on
the table. Each option will have different implications in terms of both overall capital cost and in terms

2 For each pipe considered, calculate the loss of energy due to friction in the pipe. The calculation is

3 For each option, calculate the wall thickness necessary to withstand pressures in addition to normal
operating pressure, as described in Note 3.11.3, and Example 3.11.3.

4 Calculate the total cost of each option, and assess the performance associated with each option, to
allow a choice to be made of the most cost-effective or economic option (Example 3.11.4). Note that a
penstock with high friction loss implies smaller and less costly electro-mechanical equipment as well as
less pipe cost, but will deliver less power. The delivery of less power may be a disbenefit (if all power is
sold, for instance) or it may be unimportant (if peak power is hardly ever used). The final comparison of
costs and benefits is therefore dependent on local conditions and the specific application.
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a Static conditions

S
Valve suddenly blocked by foreign —

bodies (or closed too fast)

¢ Sudden obstruction conditions

Fig 3.11.1 Surge pressures and friction loss.

A burst penstock may cause expensive damage
to the turbine, and generator, and civil works of
an installation. To avoid this the penstock should
be pressure-tested under controlled conditions
up to the worst expected total head. This can be
done as soon as it is installed on site. The worst
head it will experience is the sum of static head
(h_ ) and surge head (hg,rge)s as shown on Fig
3.T1.1. A simple “stirrup pump’ and gauge can be
used to produce this total head. (A stirrup pump
is a hand operated positive displacement pump
using the plunger and one-way valve principle,
usually arranged to suck water from a bucket. At
times it has been used for firefighting.)

Water in penstock static

High pressure wave or 'surge'

PENSTOCKS - SIZING AND COSTING 3.11

Turbine not h
rotating

Turbine
rotating

surge

Niotar

Flanges must be built onto the entry mouth of
the penstock so that it can be closed off for
pressure testing (the vent pipe is usually built
into the penstock after pressure testing; alterna-
tively it can be closed off or used as the pump
inlet).

When pressure-testing, build up the pressure in
stages and check for leaks at each stage. A leak
indicates a point at which a full burst is likely
unless corrective action is taken. For penstocks
longer than 100m, it is often convenient to test in
sections by blanking off each test section using
plates (spades) at suitable flanges.
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Note 3.11.3.

Table 3.11.1 Comparison of penstock options
Material
PVC PVC PVC Steel
Nominal diameter inches lé 14 12 i2
Internal diameter m 0352 | 0312 | 0.277 03 |
Nominal wall thickness mm 23 21 18 o4
t
Wave velocity m/s 39¢ 401 395 1150
a
Estimated total head m 15¢ 176 202 392
htotal i
Effective wall thickness mm 23 2] 18 29
teﬂecﬂve
Calculated safety factor 2.3 2.1 1.8 20
SF
SF acceptable? Yes Yes No Yes
Assumed roughness mm 0.0l 0.0! - 0.1
k
Head loss % oy T - 1%
Penstock cost $ 39.520 | 33.670 | - 30.57
Comment B Not safe
Assuming a $70,000 scheme using 14" PVC as a reference:
Additional cost $ 5.850 0 - -3.,094
Additional benefit kW 2.1 0 - -2.8
Total cost $ 75.850 | 70,000 | - 66.906
Total benefit kW 2.1 70 - 61.2
Comparison $/kW 1.052 1.000 - 996
The above items are defined in Notes 3.11.2, 3, 4. For instance, h, ., = hgmss + hsurge as defined in

]
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The method suggested here for calculating wall
thickness (Note 3.11.3) makes use of a safety
factor (SF).

The designer of the penstock has a certain
amount of freedom in ascertaining the value to
be adopted for the safety factor, SF. In general it
is recommended that a value of 3 is used. (Manu-
facturers of PVC and HDPE pipes, for instance,
recommend pressure ratings which are based on
a safety factor of 3.) In some cases a significant
cost saving can be made by selection of slightly
thinner-walled pipe which implies use of a
reduced value for the safety factor. For instance,
the safety factor can be relaxed to less than 3 (but
never less than 2) if the designer is sure that all of
the following conditions will be met:

1 The effects of a burst are not likely to be
dangerous or very costly to repair (eg low
head, gentle slopes).

2 Slow-closing valves are used, to reduce risk of
very fast stoppage of flow.

3 Assembly and welding operations are being
undertaken by experienced staff with a track
record of success on installation of penstocks
handling similar pressures.

4 The penstock is pressure tested before use to
the full value of total head and action is taken
in response to any signs of weakness.

PENSTOCKS - SIZING AND COSTING 3.11

The ‘effective wall thickness’ factors listed in
Note 3.11.3 refer to certain conditions in manu-
facturing of steel pipe. For instance, the manufac-
turer may quote the thickness of the original steel
sheet from which the pipe is formed. Lower
quality sheet may in practice vary in thickness, so
an allowance is made for this. Secondly, welding
of steel can have the effect of weakening the steel
wall adjacent to the weld. This is especially
where the pipe sections are welded in difficult
conditions on site, so that the quality of the
welding is reduced.

The method described in Note 3.11.2 for calculat-
ing friction loss makes use of a factor ‘’k” which
describes the roughness of the inside wall of the
pipe. It is possible to inspect a pipe, and estimate
the value of k yourself, if an aged or very rough
pipe is considered. k is measured in mm and
describes the diameter of grains of sand which if
glued to the surface of a smooth pipe interior
would produce the same friction loss as the
inspected penstock. To estimate k, measure the
depth of protrusions on the pipe wall. Experience
has shown that roughness can become consider-
ably worse as time goes on. In the case of steel
and cast iron this is due to corrosion. In the case
of concrete or asbestos cement vegetation
growths can have this effect (as well as increasing
friction by reducing internal diameter). In the
case of PVC algal growths have this effect. Table
3.11.2 summarizes these ageing effects.

Photo 3.11.2 Inward collapse of a steel penstock due to surge pressure.
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There are two results of roughness increasing
over time. The first is that the gross hydraulic
power is reduced. The second is that the opti-
mum operating speed of the turbine is reduced.
This can spoil the speed matching between the
penstock and the turbine, creating inefficiency
and so further reducing power.

For these reasons it is recommended that the
‘normal’ figures shown in Table 3.11.2 are used
for design purposes, referring to typical rough-
ness after 5 or 10 years of use. The penstock
manufacturer may be quoting values of k for
new pipe which are not appropriate for design
purposes.

The need to match the turbine speed to the
penstock friction loss often has an important
influence on the final selection of penstock
diameter and material. This is true in schemes
where reduced water flow during the dry
months of the year will be used to operate the
turbine at reduced power, and where electricity
is generated, so requiring that the turbine rotates
at a given speed. If the friction loss is very high,
the seasonal change in flow will cause a change
in net head and so change the ideal speed of the
turbine. As a result the turbine will run ineffi-
ciently. On the other hand, it is sensible in most
cases to design the turbine drive to allow high
efficiency performance during low flow, and
power wastage during high flow, because
usually power is most valuable when it is scarce.
A compromise is therefore needed.
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On larger schemes this compromise often results
in losses in the order of 5-15%. In cases where the
turbine is run at full flow all year, there is less
reason not to use an inefficient penstock. Some-
times in very small schemes the most economic
penstocks can have losses as large as 20 or 30%
because local costs of handling and purchase of
small diameter standard pipes are very low
compared to larger pipes. In general where
speed regulation for an alternator is not in
question, ie mechanical drive of a grain mill,
there is no limit to friction loss, since variations
can be taken up by adjustment of the mill and
the loading rate.

To choose the best diameter and type of penstock
a comparison must be made which depends on
the following factors:

1 The purchase cost of the penstock and
ancillary costs (jointing, supports, delivery,
installation, design etc).

2 Maintenance cost of the penstock such as
repainting, drain clearing etc.

3 The power delivered by the penstock, after its
friction loss is taken into account.

4 The ‘knock-on’ costs/savings, that is, the
financial implications of the power delivered
by the penstock, for instance where a
penstock with significant loss allows use of
smaller drive systems and alternator or other
driven device. These are the electro-mechani-
cal cost implications.



5 Part flow The relative importance of demand
on the hydro installation at part flow or full
flow. If stream flow is particularly low during
the dry season, but more than sufficient in the
wet season, the best penstock may be the one
which is most cost-effective during part-flow,
and its efficiency at full flow may be allowed
to fall off.

6 Matching Identification of the limits to
penstock efficiency imposed by the need to
match penstock net head and turbine speed at
both part flow and full flow, as explained in
the text above.

7 Peak power. Peak power is the final 10% or
20% of power produced. In some installations
it is particularly important that this power is
available because no other power source is
present to run all appliances at certain crucial
stages of a manufacturing process. For in-
stance an agricultural process may require
7KW of power at certain times and not be able
to function if only 6kW is provided. In this
case an expensive low-friction penstock may
be a necessary choice. In contrast, this same
process may be powered partly by a diesel
engine or grid electricity and use of hydro
power only as an auxiliary energy source. In
this case the extra TkW can be provided by
the other energy source and a cheaper hydro
can be installed without any disbenefits
resulting. This factor can be thought of
alternatively as the minimum power limit.

8 Additional benefit. This is what you get in
return for paying out extra costs for a
penstock with less head loss. Additional
benefit is usually a mixture of qualitative and
quantitative factors:

8.1 Additional benefit — qualitative. The idea of
additional benefit covers the benefits men-
tioned already, for instance whether or not
the improved penstock provides good match-
ing (factor 6) and satisfies the peak power
requirement (factor 7). It is possible to have
zero benefit or even disbenefit.

8.2 Additional benefit — quantitative. In certain

types of installation, additional benefit can be
calculated in actual sums of money. For

instance, your installation serves as a power
source to a factory which is already powered
by grid electricity. Every kW it produced
earns revenue in the form of savings made by
not using grid electricity. If you install a
bigger penstock which has a 3% head loss
instead of one with a 7% head loss,

you might produce 5kW more power.

PENSTOCKS - SIZING AND COSTING 3.11

Over ten years this will earn perhaps
$7000 in extra income.

9 Additional cost. This is the extra amount you
pay for a bigger penstock which has less head
loss. It is also the extra money you save or
pay in ‘knock-on’ costs (factor 3 above).
Additional cost is always measured in money
terms, unlike additional benefit. Continuing
our example immediately above, we might
find that the 3% penstock (the bigger one)
costs an extra $5000. It earns $7000, so it is a
better choice. But it may happen that the
smaller penstock producing 5kW less power
allows use of a smaller turbine/alternator set
which costs $4000 less. The smaller penstock
will then be better, so long as factors 6 and 7 -
qualitative benefits — are also satisfied.

10 The total costs of the complete hydro scheme,
as projected in approximate terms. This can
also be expressed as the target figure for cost
per kW delivered by the scheme. If previous
schemes in the same region have for instance
cost $1,400 per kW and have been successful
in operation and economic return, you might
adopt this figure as a target.

There are a number of different ways of using
these factors to choose the most cost-effective
penstock. Usually it is recommended that benefit
is calculated as revenue, but it is possible to use a
shorthand method instead which saves time.
This is described in Note 3.11.4. Any method like
this must be used only if the qualitative factors
such as peak power and matching limits are
taken into account.

Photo 3.11.5 Corrosion inside a steel penstock. Here the
roughness index ‘k’ can be estimated by observation.
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Note 3.11.2 Friction loss and diameter

1

9

Establish the gross head (see Fig 3.11.1) and turbine design flow value, Q.

Qpey = Qgross - Oirrigation - Qseepage

Measure or estimate the length of penstock needed. If you are doing a detailed calculation, use a value
measured on the actual proposed site of the penstock. If you are doing a rapid costing/feasibility study,
and an accurate map is available, the penstock length can be estimated very roughly from the map.
The penstock length (Lpipe) is given by simple trigonometry:

_ 2 2
I--pipe - \/Lhorizontal + hgross

where L, .. is the horizontal distance from forebay to powerhouse measured on the map. The

contours give hgmss.

Choose a material and establish which internal diameters are available for the penstock, picking one
for afirst try. This is ‘d’.

Estimate the extent of pipe inside wall roughness (k) or use the ‘normal’ values given on Table 3.11.2.
Calculate k/d , using the same units top and bottom. Also calculate 1.2 Q/d, using S! units. Read the
friction factor value ‘f' from the Moody chart (Fig 3.11.2). See footnote*

Calculate the head lost due to pipe wall friction (M oss):

2
) f Loipe 0.08 Q

wall loss d5
Calculate the velocity of water in the penstock (v):
v - 4Q
nd?

Usually turbulence losses are minor compared to the effect of wall friction. (In the case of multi-jet
Peltons this is not always true, since manifold bend losses can be high and should be calculated.)

If you are doing a quick initial sizing calculation, and you think turbulence effects are minor, skip step 7.
Referring to Table 3.11.3, calculate turbulence losses (M 0ss) IN €Ntrance sections, bends, valves,
and other obstructions, such as manifolds:

2
\

turb loss = 2_9 (Kentrance + Kpend 1 + Kpend 2 + Keontraction 1 + - +Kyaye )

h

where K is a factor associated with the bend or obstruction, and g is 9.8. Sum the friction losses to

obtain total friction 10ss (hyion oss):

h = h + h

friction loss wall loss turb loss

Calculate the percentage loss of head due to friction and the net head (h

net)

Ry s
% loss = %ﬂ x 100 Mot = Nyppes =

gross

friction

Enter details on a table such as Table 3.11.1.

10 Calculate wall thickness as described in Note 3.11.3.

11 Choose another material and/or diameter and repeat steps 3 to 11.

* The Moody chart appears in some text books on fluid mechanics in a slightly different form, with a friction factor which

is 4 times smaller than the values given in Fig 3.11.2. If such a chart is used, the friction factor must be multiplied by 4
before use in the equation for wall loss given above. In all text books the Moody chart is given in terms of ‘Reynolds
number’ on the horizontal axis. In fact 1.2 Q/d is simply the Reynolds number for water at a nominal temperature.
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Fig 3.11.2 The Moody Chart for wall friction losses in pipes

Friction factor f

Roughness values, k mm

Table 3.11.2

Use ‘normal condition’ for design purposes

Material Age/condition

Good Normal Poor

(< 5 years) (5-15 years) (>15 years)
Smooth pipes

PVC, HDPE, MDPE,

Glass fibre 0.003 0.01 0.05
Concrete 0.06 0.15 1.5
Mild steel - Uncoated 0.01 0.1 0.5

- Galvanized 0.06 0.15 0.3

Cast iron
New 0.15 0.3 0.6
Old - Slight corrosion 0.6 1.5 3.0
- Moderate corrosion 15 3.0 6.0
- Severe corrosion 6.0 10.0 20.0
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Example 3.11.1 Friction loss and penstock diameter

Continuing the design example of Fig 2.2.1, draw up a table of options for a penstock joining point B1
and C. Follow the method outlined in Note 3.11.2.

10

11

Q,; is calculated in Example 2.2.2 to be 190 I/s for a Q57 scheme. The gross head is 75 m.

The map (Fig 2.2.1) gives a rough indication of the length of the penstock (mee). Scaled horizontal
distance is 6 mm, scale is 1 to 63360 so horizontal distance (Liorizontar) 1S 380 m. Using trigonometry:

2 2
Lppe = V380° + 75° = 390m

Consider PVC pipe. Price and dimension details need to be found from a manufacturer. For the
purposes of this example Table 3.11.5 can be used. As a first guess try the 10 bar 16" PVC pipe which
has an internal diameter of 352mm.

Refer to the Moody chart, Fig 3.11.2. Adopt a roughness value of 0.01mm (Table 3.11.2) for PVC; k/d
is 2.8 x 10, 1.2 Q/d is 0.65, resulting in a friction factor value of 0.013.

2
" _ 1hipe 0.08Q7 0,013 x 390 x 0.08 x 0.19° _ 571m
wall loss = d5 = 0 3525 = <
4Q 4 x 0.19
v = > = > = 2.0 m/s
nd n x 0.352

Table 3.11.3 gives turbulence loss factors, k. Assume the penstock has no bends, but turbulence
occurs at a tully open gate valve (K . = 0.1) and at a sharp cornered flush entrance (Konrance = 0-5).
Assume the turbine is not a multi-jet Pelton, so manifold losses will not be significant. Head loss due to

turbulence (h,,, \...) is:

2

v
Prurb toss = —(05+01) = 012m
29
Ptriction loss = hwall + hturbloss = 271+012 = 28m
. 2.8 R
% loss ) 75 = 4% Pret = Ngross ~ Nirctionioss = 75-2.8 = 722 m

The details are entered onto Table 3.11.1

The wall thickness required of this pipe is calculated in Example 3.11.2 in order to make sure that the
thickness provided by the manufacturer (shown on Table 3.11.5) is adequate to accommodate the
pressures that may be imposed.

Next, try the 10 bar 14" pipe. Calculation results are in Table 3.11.1. A third PVC pipe diameter and a
steel pipe are also calculated.

Note:  Appendix 2 contains a simple pocket computer program suitable for automatic calculation of friction factor and

pipe wall friction loss.
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Turbulence losses in penstocks Table 3.11.3

The total turbulence head loss (h,,, <) iS given by

2

\"
hturb loss = '2'9' (Kemranoe + Kbend + Kcomraction + Kvalve)

Note that there may be more than one bend or contraction. K in all cases represents a head loss coefficient.

: : o
entrance e s g g
o =

Entrance profile ﬁ(? L 7}
///{/ g /,/ ///// // p /‘/

Head loss coefficients for intakes (K

-

Kertrance 1.0 0.8 0.5 0.2

Head loss coefficients for bends (K, )

Bend profile
r/d 1 2 3 5
Koend (© = 20°) 0.36 0.25 0.20 0.15
Kpend (© = 45°) 045 038 0.30 0.23
Koena (© =90 0.60 0.50 0.40 0.30

Head loss coefficents for sudden contractions (K_,;..cion)

Contraction profile

d,/d, 1.0 15 2.0 25 5.0

Kcontraction 0 0.25 035 040 0.50

Head loss coefficients for valves (K, .)
Type of valve Spherical Gate Butterfly
K ane 0 0.1 03
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Note 3.11.3 Wall thickness of penstock

1 Consult a pipe manufacturer’s table, and choose a pipe with internal diameter ‘d’ and associated wall
thickness ‘t’.

2 Calculate the pressure wave velocity ‘a’ from the following equation, using Table 3.11.4 to find ‘E’.
Remember all units are SI, so the wall thickness t is expressed in metres.

_ 1400
2.1 x 10° x d
1+ |22~ ~ -
E xt
3 Calculate velocity, surge head (hsurge), and total head (h,,,):
v _4Q
nd?
hsyrge = av (g is always 9.8)
9
hiotal = hgross + hsurge

4 |Ifthe pipe is steel, it is subject to corrosion and to welding or rolling defects. Its effective thickness is
therefore less than the nominal thickness quoted by the manufacturer. To find effective thickness
(tetreciive) for steel pipes:

Welding divide by 1.1
Flat-rolled divide by 1.2
Corrosion subtract for 10 years life: 1 mm

subtract for 20 years life: 2 mm

If the pipe is PVC refer to the pipe manufacturer for low temperature thickness correction factors.
For instance, t ... May be 0.5 x t if temperatures are sub zero. Avoid bending and point stresses.

In tropical climates, if the PVC pipes are carefully laid, t 4, .0 = t.

5 Calculate the safety factor (SF) from the equation below, using Table 3.11.4 to find S and remembering

that all units are Sl, so t g, .. is in metres:
SE = teftective X f
5 X hygg X 107 x d

6 If the safety factor is below 3, reject this penstock option and repeat the above calculation for stronger
walled options. In certain circumstances it is legitimate to accept safety factors of above 2, for instance,
if all of the following conditions are met:

o Staff experienced with similar pressures and materials
* Slow closing valves
* Low damage costs (gentle slopes, low heads)

e Careful pressure testing to total head

7 Enter the calculation results in a table such as Table 3.11.1 together with head loss and cost-benefit
[ calculations.
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Wall thickness of penstock Example 3.11.2

1 Consider the 10 bar 16" PVC pipe (Table 3.11.5). It has a wall thickness of 23 mm, and an internal
diameter of 0.352 m.

2 From Tabie 3.11.4:

. ) 1400 ) 1400 _ 395 m/s
21x 10° x d 2.1 x 10° x 0.352
14|22 x4 1+
E xt 2.8 x 0.023

3 Calculate surge and total head:

4Q 4 x 0.19

v = 5> = 7 = 2.0 m/s
nd 3.14 x 0.352

hsurge _ av _ 396 x 2 - 81 m
g 9.8

htotal = hgross"'hsurge = 75+ 81 = 156 m

4 If we imagine that this PVC pipe is used in a tropical climate where temperatures do not fail below zero,

and the pipe is laid carefully without bending or point stresses, then tottective = 1 = 23 mm,
5 From Table 3.11.4:
6
SF - tx S - _ 0.023 x 283)( 10 = 23
5 x higta X 107 x d 5 x 156 x 107 x 0.352

6 Certain conditions for acceptance of a reduced safety factor are listed in Note 3.11.3. Supposing that

these are met, we can accept this pipe option having acceptable wall thickness. If the conditions are
not met, a stronger pipe will be needed.

Physical characteristics of common materials Table 3.11.4
Material Young’s Modulus Coefficient of linear Ultimate tensile Density

(E) expansion (a) strength (S) ()

N/m?2 m/m °C N/m?2 kg/m3
Steel 200 x 10° 12x10°® 400 x 10%* 7.8x10°
uPvC 2.8x10° 54 %1076 28 x 108 1.4x10°
HDPE/MDPE 0.2-0.8x10° 140x 106 6-9x10° 0.9x10°
Ductile iron 170 x 10° 11x10°6 350 x 10° 0.7x10°
Cast iron 100 x 109 10x10°6 140 x 106 7.2x10°
Asbestos cement  variable 8x10°6 variable 1.6-2.1x10°
Concrete 20 x 109 10x10°6 variable 1.8 -2.5%x10°%

* In some countries steel of a lower strength may be supplied. If you are uncertain it is possible ask for samples to be
tested by university laboratories. Other materials such as PVC can also be independently checked for strength (S)
and elasticity (E).
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Table 3.11.5

Pipe dimensions and prices

PVC pipe prices ($) per metre length

Nominal diameter

Maximum working pressure 6 bar

Maximum working pressure 10 bar

Internal  Minimum Price per Internal  Minimum Price per
diameter wall thickness metre diameter wall thickness metre
inches mm mm mm $ mm mm $
6 160 148 6 14 140 9 2
9 225 208 8 27 198 13 43
71 1 28b 259 10 42 o 546 16 67
11 315 Eg 11 46 277 18 74
14 385 329 13 53 312 21 85
16 400 370 14 64 352 23 1 60

Section lengths: 6m
Price per joint: $4.
Handling/delivery: allow $2 per section.

Installation (including burying): allow $2 per section.

Mild steel pipe prices ($) per metre length unprepared/unpainted

Nominal diameter inches 6 8 10 12 14 16 18

mm 150 200 250 300 350 400 450
Thickness 18 26 27 31 33 34 44 48
inches 316 29 32 38 40 43 54 61

1/4 31 36 42 46 50 61 69

5/16 39 46 55 60 64 79 91

Shet blasting/painting/flange welding: Increase the prices above by 15%.
Handling/delivery: allow $5 per metre.
Installation: allow $5 per metre.

Flanges for mild steel pipe prices ($), pipes are bought in 2 m long sections

Nominal pipe diameter Inner diameter  Outer diameter

Thickness  $ per pair of flanges
with bolts and seals

| inches mm mm inches

6 150 250 3/8 19

8 200 300 3/8 20
10 250 350 1/2 28
12 300 400 1/2 31
14 350 450 3/4 50
16 400 500 3/4 52
18 450 550 3/4 56

Note: These prices are based approximately on quotations in Sri Lanka in 1990.
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Economic optimization of penstock Note 3.11.4

Assuming that you have already entered all details into Table 3.11.1 for a range of penstock options for
the site specified, now calculate the penstock cost (factors 1 and 2) for each of the options. Do not omit
delivery, installation, or jointing costs.

Estimate an acceptable economic target for the entire installation (factor 10). This is done by projecting
similar costs per kW as found economic in other schemes in the region (or by actually calculating
budget from knowledge of revenues and acceptable payback times).

Choose any option to be a reference option and cost this under the ‘total cost’ heading at the nominal
cost figure.

For each of the other options calculate any ‘knock-on’ cost implications they may have (factor 4) and
enter the difference in prices between them and the reference under ‘additional cost’. Then enter the
difference in total scheme cost in the column ‘total cost’.

Calculate the difference in kW delivered between each option and the reference, enter it under ‘addi-
tional benefit’, and enter the implied total kW delivered under ‘total benefit’.

Consider carefully whether any of the qualitative factors listed, such as peak power (factor 7) or
matching (factor 6), should be entered under ‘comment’, possibly having the effect of ruling out some of
the options or emphasizing their desirability.

Divide total cost by total benefit and enter the ratio under ‘comparison’. If appropriate enter a comment
instead based on qualitative factors. Choose the option giving the lowest overall cost/kW ratio, or the
best cost-benefit performance based on qualitative factors.

Economic optimization of penstock Example 3.11.3

See Note 3.11.4.

1
2

Prices entered into Table 3.11.1 are calculated from the prices given in Table 3.11.5.

Assume in this case that $1000 per kW is an economic target, so that the whole budget for a nominally
70kW scheme will be $70,000. The nominal 70kW is calculated from the equation

Pt = €, xHxQx10 kW

where e_ is 0.5 representing a nominal overall efficiency of 50%.

Choose the14" PVC pipe as a reference. Any option could be chosen. Enter the nominal total cost
figure, in this case $70,000. Under the ‘total benefit’ column write the nominal kW produced, in this
case 70kW, and then write the target ratio of 70,000/70 =1,000 $/kW in the ‘comparison’ column.

The 12" steel pipe produces less power because of the greater head loss. This may make a difference
to the cost of turbine, generator and transmission. Assume here that it doesn’t.

See Table 3.11.1. Note that the 12" steel pipe produces less power because it suffers a greater head
loss.

It may be that the power produced by the inefficient penstock is not enough for the needs of the
community, in which case enter a comment ‘insufficient power’ and reject this option. There may be
matching difficulties, as described in the text. Assume that in this case all power produced is being sold
at a fixed price, so that all options are considered equally.

The 12" steel penstock turns out to give the best cost-benefit ratio. It is less costly than the other
options in terms of cost per kW produced. But notice that in this example there are not big variations in
the final cost-benefit ratios. You may well decide therefore to opt for the PVC instead because it is
easier to handle and durable if it can be buried. You may be able to save the cost of supports if you can
bury the PVC.
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3.12

Penstocks — Supports and anchors

Anchors, slide blocks, and thrust blocks are used
to constrain movement of the penstock. They
should be placed on original soil and not fill. The
bearing area must be calculated to support the
pipeline without exceeding the safe bearing load
of the soil. Drainage should be provided to
prevent erosion of support foundations.

Distance between blocks

Both anchors and slide blocks act to support the
penstock. It is possible to calculate the maximum
spacing of blocks so that the pipeline does not
collapse between supports when filled with
water. This depends on predicting crumpling of
the top of the pipe which is difficult to do pre-
cisely. It is preferable to use Table 3.12.1 for
spacing of supports. Generally, if in doubt use
one sliding support for each pipe length.

The important criterion in the case of steel pipes
is the jointing system. For any flexible coupling
method, one support per length is needed. For

flanges to British Standard (min thickness 16mm)

the pipes can be considered as one piece and
Table 3.12.1 is relevant. For more cost effective
flange thicknesses (1 or 2 times pipe thickness)
one support per length is needed.

In the case of PVC the first rule is to bury it
wherever possible. If you are forced to use the
PVC pipe above ground, pipe should never be
allowed to bend as it is susceptible to fatigue

An anchor is used
where the penstock

\ change[s direction

An anchor is used
before the powerhouse

Serrations ensure proper
key between anchor and
foundations

Fig 3.12.1 Slide blocks and anchors
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weakening. Follow makers' recommendations,
almost always 1 support per length. Cast iron,
ductile iron and concrete pipes commonly use
spigot and sockets joints. These can take minimal
bending so use one support per length.

Photo 3.12.1 An anchor block is placed at a bend and a slide
block above it. (Nepal)

Restraint




Slide blocks

A slide block carries the weight of pipe and
water and restrains the pipe from upward and
sideways movement, but allows it to move
longitudinally. A slide block is used to remove
bending stresses caused by the weight without
incurring the cost of a full anchor. It also stops
the pipe from pulling apart due to upwards or
sideways movement caused by pressurization
inside. It can be a light construction so long as it
is designed for very low longitudinal friction (see
Fig 3.12.3) in contact with the pipe, so that it does
not have to withstand significant longitudinal
forces. If the block is not designed for low
longitudinal friction, or does not function cor-
rectly, it is effectively an anchor block and
should be sized as described for an anchor block.

If the penstock is buried slide blocks are unnec-
essary, but make sure instead that the pipe is laid

PENSTOCKS - SUPPORTS AND ANCHORS 3.12

into a trench on a bed of sand or gravel of con-
sistent quality, with no big stones which could
cut into the pipe wall or cause stress concentra-
tions on the pipe wall. Stress concentrations will
lead eventually to failure of PVC pipe due to
vibrations caused by the water movement.
Another danger posed by stress concentrations is
that a vehicle passing over the buried pipe may
then burst it.

Photo 3.12.2 Angle iron rocking frames.

Angle-iron
~ frame

Rocker
frame

Fig 3.12.2 Slide blocks Use of rollers or tar paper to reduce friction and abrasion on a slide block. Restraint hoops are used to
prevent upwards or sideways movement; these are shown by dashed lines.

Support spacing in metres

Table 3.12.1

In other cases use one support per pipe length.

This applies only to penstocks fabricated from mild steel, welded or flanged to British Standard.

Diameter mm 100 200 300 400 500
Thickness mm

2 2 2 2.5 3 3

4 3 3 3 4 4

6 4 45 5 6 6
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Anchor blocks

An anchor block is usually a mass of reinforced
concrete keyed to the penstock so that the

penstock cannot move in any way relative to the
block.

An anchor should always be placed at a vertical
or horizontal bend in the penstock. An anchor
block should always be placed at the point at
which the penstock enters the powerhouse, to
protect the turbine. Anchors are also placed
along straight sections of pipe, each one next to
an expansion joint.

On small low/medium head installations (below
20 kW and 60 m head) with straight penstocks
(whether buried or not buried) anchors can be
designed according to this simple rule: place an
anchor every 30 metres, by keying the pipe to a
cubic metre of concrete for every 300 mm diam-
eter of pipe — in other words, a 200 mm pipe only
needs 0.67m? of concrete. This method is illus-
trated in Example 3.12.1. The “cubic metre per
300 mm” rule can be extended to cover bends in
the pipe according to this rule: “double the mass
for bends of less than 45°, treble it for sharper
bends”. In cases of downward vertical bends
make sure that all this concrete mass bears down
on the pipe, either placing the pipe low down in
a larger block, or by inserting reinforcing bars.
This approach is not suitable for heads greater
than 60 m, pipe diameters of over 300 mm, or
schemes of more than 20 kW rating; for these do
a full analysis following Note 3.12.3 and other
texts as listed in Appendix 3.

If a buried bend is horizontal then a ‘thrust
block’ can be used instead of an anchor. See

Photo 3.12.3 In this scheme the penstock rests on its flanges
and forebay spill is directed along the penstock bed.
(Indonesia)
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Photo 3.12.4 An anchor block in the foreground provides
mass above a bend. Slide blocks are used on the steep
slope. Note the expansion joint. (Nepal)

®

Note 3.12.2 for an illustration method for sizing
of thrust blocks. The thrust block transmits
forces to the surrounding soil rather than relying
on its own weight. Remember that a buried
downward bend will still need an anchor block
since the soil will be adequate to take the bearing
pressures.

Keying of the pipe to the anchor is best done by
attaching a collar or flange to the pipe at the
point where it is bedded in concrete. In the case
of PVC glue can be used; in the case of steel any
object can be welded in place. Corrosion of steel
inside the anchor can be protected against by
tarring and wrapping the pipe in tar sheet
(roofing sheet). The object of this is to avoid a
small air gap appearing between the steel and
the concrete (which will shrink slightly) in which
water will collect.

To recap, both buried and exposed pipe are
subject to forces at bends, causing joints to pull
apart. Therefore, make sure that anchors are
placed at each bend, and also just before the
penstock enters the powerhouse, to reduce stress
on the turbine casing.

Force calculations

On larger schemes (above 20kW) the quick
method is not reliable, and a full calculation of
forces is necessary. To do this, first distinguish
between the portion of pipe upstream of the
anchor (which has length termed L ), and the
portion downstream (length L,). Calculate forces
for cach portion separately, then add the results.

Fig 3.12.4 shows an anchor and above it a flexible
coupling or expansion joint, allowing longitudi-
nal movement of the pipe to take place without
affecting the pipe further upstream. The presence
of this coupling defines the end of the upstream
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Fig 3.12.3 Forces on a slide block. Design to minimize the friction force F,.

Expansion
joint

]

S

|
!
|
!
!
[
I
|
1
!
I
|

Fa = Wy Ly Sina
(Fig = W, L,y Sin
If L,q is short this can

be ignored so that
F4 = F4u)

Fig 3.12.4 Force F, due to the weight of the pipe. Note that the length of pipe is different on either side. Note also that the
weight of water does not create an axial force at this point but instead at the turbine where the force is used to rotate the turbine.

hyotar 2 IS the head at
the anchor block elevation
including surge
Fag = PO hyu, A
= 7700 h d?

total z
& Sin (B - “]

F, = 15400 h
2

total z

Fig 3.12.5 Hydrostatic force F, Note this is a vertical bend but the equations are the same for a horizontal bend.

135



CIVIL WORKS

pipe at distance L, (u for ‘upstream’) from the
anchor block. The weight of water and pipe
material in the upstream portion of pipe is:

W, + W, ) xL,

where W__ is the weight of water per unit length
of pipe expressed in newtons/metre.

Photo 3.12.5 A PVC pipe bridge using catenary wires. Notice
the supports have apertures to allow the pipes to slide.
(Colombia)

Example 13.12.2 shows how to calculate W , and
W, from pipe diameter and pipe material. The
weight of the pipe portion acts vertically down-
wards, so it can be divided into a component
acting down the axis of the pipe (longitudinally)
which we can call F, (see Fig 3.12.4) and a com-
ponent acting perpendicular to the pipe which is
one part of F, (see Fig 3.12.3). Note that our
anchor block (or slide block) must have a base
area which is large enough to stop it sinking into
the ground as a result of force F,. This also helps
it to be ‘squat’ enough to stop it toppling over as
a result of F, (or in the case of a slide block, the
friction caused by F, shown in Fig 3.12.3, which
we can approximately calculate as 0.25 to 0.5 x
F,, depending on how good the friction-reduc-
tion arrangement is).

Another very important force on an anchor block
is the hydrostatic force on a bend, which is
termed F; (see Fig 3.12.5). If the anchor is fixed to
a straight section of pipe then F; is zero. A very
common place where large hydrostatic forces are
experienced is in the powerhouse or just outside,
where the pipe bends to join the turbine inlets.
Care must be taken to provide anchors capable
of withstanding F;.

Other forces which can be significant are listed in
Note 3.12.3. For example, if the pipe diameter is
reduced suddenly, a special anchor block or
restraint post may be needed below the reduc-
tion point to accommodate the force F,. Further
explanation of these forces can be found in texts
referenced.

Note 3.12.1

General method for block design

1 Slide block spacing.

2 Anchor block spacing.

house, and above an expansion joint.

b Large installations.

3.12.3) and the dimensions (Example 3.12.2).

as helpful as mass above.

In most cases place one slide block for each length of pipe. Only use Table 3.12.1 if pipe is welded on
site or flanged with thick flanges following the British Standard (min thickness 16 mm).

Usually not needed on straight sections, only on bends. Always place an anchor at entry to the power-

3a Anchor block sizing on small installations (less than 20 kW, less than 60 m head).
A useful rule of thumb for straight pipe runs is to provide 1 m® of concrete for 300 mm of pipe diameter
(eg 0.67 m?3 for 200 mm dia). The block should be larger at its base. For bends less than 45° provide
2 m? of concrete per 300 mm pipe diameter, and for sharper bends treble this quantity.

Position all slide and anchor blocks on a diagram and for each one calculate all forces (listed in Note

4 Consider the use of steel reinforcing bars in cases where the pipe cannot simply be placed lower in an
anchor to allow more mass above. The bar introduces tensile strength so that concrete mass below is
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Thrust block sizing Note 3.12.2

Penstock

Undisturbed earth B

Pipe size mm Nominal thrust bearing area (A ) in m? | Multipliers
45° Bend 90° Bend Soil type m
100 0.2 0.2 Clay 4
150 0.3 0.5 Sand 2
200 0.3 h 0.8 Sand/gravel 13 o
250 0.5 1.2 Gravel/shale 77 0.4
300 0.7 1.7
350 0.9 2.3
400 1.6 3.0

To design a thrust block on small penstocks (below 20 kW and 60 m head) you must first find from the
table the nominal area (A ) which bears against the soil. The type of soil also has an influence, so use the
multiplier (m) to find the thrust bearing area (A, ):

A‘ = mx An
The height (h,) must be less than half the full depth of the trench (H,) as shown above. Having determined
h, from this rule, the width W, can be found:

Ay
h,
On larger schemes or schemes with higher heads the value of hydrostatic force must be found

(force F, in Note 3.12.3) and the thrust area found following the method for sinking stability
(Note 3.12.4 and Example 3.12.2).

Wt =
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Note 3.12.3 Forces on anchor and slide blocks
Force (Newtons) Direction of potential movement Comment
of anchor block
F1 F1
Uphill portion Downhill portion
_— ~ . .
F, = combination of F, and F_, o™ Weight of pipe and
Fiu = W,+W) L, Cosa — ' /\ water
Fig = (W, +W,) L, Cosp Fig 3.12.3

If pipe is straight,

Fq V;j;_

F, = W,+W,)L,Cosa \ Applies to slide blocks
Always calculate F, Fiu and anchor blocks
F2 Expansion: F2

anchor below and

F AR
F, = between0.25and 0.5xF, 2 expansion joint above
depending on quality and Iy
deterioration of friction reduction _ e SN
~
Contraction: \\
anchor below and Fz

arrangement.
Always calculate F,
expansion joint above

Sliding friction
Fig 3.12.3

Applies to slide blocks
only

F3
F, = combination of F,, and F,, | [‘3 ; “J
N Fs
5 -
. -
F, = 15400 h,, , d? Sin (T] \ /8
For right angle bends, N \
F; = 1.414xF, (diff directions)

For 45° bends,

F3

Hydrostatic pressure.
Only applies to horizontal
and vertical bends. Do not
use F; if already using F
and Fj .

Fig3.12.5

Note that ‘h, .. " is the
head or pressure at the
anchor block (elevation 2)
including surge head

Applies to anchor blocks
only

F
Fy = 0.76 x F,, (diff directions) e T
Always calculate F, B
\
F4
F, = combinationof F, andF,, N
Fo = W L, Sina \

T
|

u — p —4u ) Q‘I
w = W, L,SinB KA \

F4

Component of pipe weight
acting down length of pipe.
Ignore unless the pipe is
heavy and both angles
more than 20°.

Fig3.12.4

Applies to anchor blocks
only
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Forces on anchor and slide blocks

Note 3.12.3 continued

Force (Newtons) Direction of potential movement Comment
of anchor block
F5 F5
Uphill portion Downhill portion
Fe = Ea(T, - Too ®dt,a \ F When no expansion
\ ° joints included F is the

AN

(As usual alt units Sl so t,, is in metres).

AN

thermally induced stress
restrained by the anchor

See Table 3.8.2 for values of E and a \ block.
Fs \ Applies to anchor blocks
only
F6 Fé
F. = dx10* F directions as F, Friction in expansion joint.

6
Usually insignificant

The F6 force is felt because
the joint will resist sliding.
Applies to slide blocks

only
F7 F7
F, = 3x10%h, dt F, directions as F Hydrostatic pressure on

total " "wall

Usually insignificant

exposed ends of pipe
within expansion joint
Applies to anchor blocks

only
F8 F8

Dynamic pressure at a
F, =

8

.
25x 103 {Q—zjsm (B - “]
d 2

Usually insignificant

F8 directions as F,

bend due to change in

direction of moving water.
Velocities are usually low
in penstocks so this force

is small.
Applies to anchor blocks
only

Fo F9

Fo = Nota X (dbizg - dsfnan) x 10 Reduction in pipe

Usually insignificant

W,
Wh = Vol pioek X P biook < 9
Note the density of concrete
= 2300 kg/m®

(p concrete)

Always calculate W,

diameter fromd, tod, .,
Applies to anchor blocks
only

Weight of block.

Note that the weight does
not necessarily act in the
middle

Applies to anchor and
slide blocks
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Note 3.12.4 Conditions for stability

1

A support or anchor is shaped and sized in such a way that it cannot move subject to the forces imposed
by the penstock. It must not sink into the ground, slide along the ground, or turn in the ground (allowing the
penstock to sag above it). To test that these three conditions will be met the following equations must be
satisfied:

Soil sinkage
The pressure the base of the block exerts on the soil is called the base pressure (P.,..). The base area

(A,ase) Must be big enough such that this is less than the bearing capacity of the soil (Peoi)-

The condition for stability is P, , > P,
IV 6e

Poase = [1 + J < Py
base Lbase

Values for P_, are given in Table 3.12.2. =V is the sum of the vertical forces (Fig3.12.6). e and L

. R . base
are also illustrated in Fig 3.12.6.

Sliding
If the sum of the horizontal forces on the block are greater than the frictional resistance of the soil, the
block will slide. Therefore for stability:

IH < pxv

Where i is the coefficient of friction between soil and concrete, normally taken as 0.5. Design of the
block base with serrations or a step in it will also help avoid sliding.

Toppling

All the vertical forces on the block can be resolved into one single force (£V) as shown in Fig 3.12.6. If
this is too far toward the edge of the block it will tend to topple the block or turn it in the ground causing
it to sink slightly (a slight sinkage can cause expensive damage to the penstock). The rule of thumb
usually used to protect against this is to design the block so that this force acts within the middle third
of the length of the base.

The rule is

e < |‘-base
6

- .
Table 3.12.2 Bearing capacities of soils
Soil type Maximum bearing
pressure
PSO“ (N/mg) : Lbasc
| | o
Clay 180,000 to 220,000 : ;
Sand 200,000 to 320,000 | N
1 —-Dase
Sand/gravel 300,000 to 400,000 ! 2
Sand/graveliclay 350,000 to 650,000 :
|
Rock 600,000 to 1,000,000 y ° !

2V Sum of vertical forces

Fig 3.12.6 The dimension L., and the eccentricity ‘¢’ are
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N
Sizing of slide and anchor blocks — quick method Example 3.12.1

A 100 mm internal diameter PVC penstock is chosen for a 2 kW (output power) site. The pipe is to be
buried in a 1 metre deep trench in sandy/gravelly soil most of its length on a hillside, as shown in the
diagram, until the final 5 metres before it enters the powerhouse. It then reduces to 50 mm flexible pipe
which takes a sharp right-angle bend in order to form a join with a pump-turbine installation. The head is
50 metres and the pipes are delivered in 6 metre lengths. The pipe wall thickness is 5 mm. There are one
horizontal and three vertical bends. Position and size all blocks.

Refer to the method outlined in Note 3.12.1.

1 Slide block. Not needed for support, instead a carefully prepared gravel or sand bed must be laid in
the trench on which to rest the pipe safely. It should not contain any sharp stones or large items such
as bricks. Restraints (to stop upward and sideways movement) will be needed while testing the
penstock for leaks (before burying).

2 Anchor block spacing. Since this installation is small (less than 20 kW) the rule of thumb given in
Note 3.12.1 for securing the penstock can be used. The penstock is to be buried, but the soil is loose
and therefore may allow some movement of the pipe even underground. A sensible precaution would
be to include anchor blocks every 30 metres. Note that these will be useful when pressure testing the
pipe before filling the trench. An anchor must be placed at entry to the powerhouse; in this case it could
be at the final 45° vertical bend 5 m prior to the powerhouse. Three more anchors are needed at
bends, two more buried vertical bends and one more buried horizontal bend (referred to as the thrust
block).

3 Anchor block sizing. For straight sections, following the ‘1 m® per 300 mm dia’ rule, each block would
be 0.3 m?, dimensions 0.7 m x 0.7 m x 0.7 m. For vertical bends, simply double the mass of concrete
calculated for straight runs if the bend is less than 45°, and treble it in cases of 45° or sharper bends. In
all cases of downward vertical bends make sure the concrete mass is above the pipe, to restrain
upward movement. This can be done either by insertion of steel bars or by increasing the height of the
block and placing the pipe low in the block. The soil cannot be trusted to restrain movement, so even in
the case of the final vertical bend, the anchor block must be sized as for other vertical bends or a
second thrust block used here.

Thrust block size. For design of a thrust block on the horizontal bend, see Note 3.12.2. The bend
angle is 45° so the bearing area will be 1.3 x 0.2 = 0.26 m?. The trench is 0.5 m deep. Therefore top of
the thrust block should be at least 0.25 metres below the surface and its height could be 0.25 metres.
Its width is therefore 1 metre.

Exposed vertical bend. This is the bend after the valve just as the penstock enters the turbine. Note
the diameter is reduced. Calculate forces F, and F,, separately following Note 3.12.3 and Fig 3.12.5.
Horizontal and vertical restraint can then be supplied, for instance, in the form of angle irons bolted to
the powerhouse floor, or by ensuring the pipe is connected at either end by joints capable of withhold-
ing the tension force. Alos calculate Fy and add to F, .

4 Reinforcing bars. Concrete blocks are strong in compression but weak in tension. To improve their
performance in tension, either oversize the block (so using gravity to reduce tension forces) or use
steel reinforcing bars. In all cases the concrete must be prepared correctly to ensure some strength
in tension.
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Example 3.12.2 Sizing of slide blocks — full method

For a particular penstock, a slide block is proposed with the shape shown here.

0.5m

~
S

It has a width (w) of 0.8 m. It supports a mild steel penstock of diameter 400 mm and with wall thickness of
6 mm. Distance between slide blocks is 6 m. Slope angle () is 30°. Expansion joint position: assume an
expansion joint is fitted above the slide block before an anchor but not below.

Decide whether the block can safely support the penstock without sinking, slipping, or overturning. Con-
sider conditions of thermal expansion and contraction. Redesign the block if necessary.

1

Calculate sizes and directions of all forces listed in Note 3.12.3. Decide that only F, F, and W, are of
interest here. The pipe is straight (o = B) so F,= (Wp + W)L, Cos a.

The density of steel (Pstee)) 's found from Table 3.11.4. See Fig 3.12.3.

Wo = mdtygPgead = 3.14 x 0.4 x 0.006 x 7800 x 9.81 = 577 N
d? 0.4°
Wo = T|—|Puater 9 = 3.14 - x 1000 x 9.81 = 1233 N
4
F = (1233 + 577)6 Cos 30 = 9405 N
Assume deteriorated friction reduction :
F, = 0.5 xF, = 4703N
The weight of the block is found by calculating its side area first :
X = 058m
X Side area = 0.5 + (0.58/2)
- = 05+0.29
= 0.79m
W, = Sidearea x W X peoncrete X 9
= 0.79 x 0.8 x 2300 x 9.81
I = 14260 N

Calculate the horizontal position of the centre of gravity as a distance (b in the diagram) measured from
a point defined as the origin — a suitable point to choose is the left hand (uphilt) corner of the block. To
do this, divide the side area into right angle triangles and rectangles. For a triangle assume the horizon-
tal centre of gravity b' is a third of the distance along the base from the right angle. In this case the
triangle at the top has b' = 0.33 m. Now sum all the products of the individual b values and their
corresponding side areas, and divide this sum by the total side area to get b:

(0.33 x 0.29) + (0.5 x 0.5)
0.79

In this case the block has a simple shape and we could have assumed a centre of gravity in the centre
(b = 0.5). For more complex shapes which are used to save expensive concrete while increasing )
stability, the above procedure is necessary. continued opposite

b =0.44 m
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Sizing of slide blocks — full method Example 3.12.2 continued

When the penstock is expanding it moves uphill over the slide block and the force F, is experienced by the
slide block as an uphill pull. Resolve the forces F,, F,, W, into x and z components. Negative signs
indicate leftward x and upward z directions.

Forces in Newtons (N) X z

F, = 9405 F, Sin 30 = - 4702 F,Cos 30 = + 8145

F, = 4703 F, Cos 30 = - 4073 F, Sin 30 = — 2352 A
W, = 14260 0 + 14260

Total YH = - 8775 Vv = + 20053

Draw a scaled diagram to measure moment arms to the origin ‘O’ and resolve all moments around the
origin. Clockwise moments are positive, anticlockwise moments are negative. Note that F, acts through a
point halfway along the sloped surface, its position is not dependent on the centre of gravity.

\ IM = (R, x Fpam) + (Fy x Fyarm) + (W, x W, arm)
N
N = ~ (4703 x 0.93) + (9405 x 0.04) + (14260 x 0.44)
F,=4703 N
2 =
F, arm = 2277 Nm
=093 m
F,=9405N
0.11m | |
) —> =
/ I
- T
| Loock
/= |
F, arm O // O (—54 Ly
-0.04m I~ WV W, = 14260 N svy | —;se = 05m

Replace the moment by moving the vertical force sideways. This gives a vertical force at a distance of
2277/20053 = 0.11 m from the origin.

Calculate the distance between the line of the new vertical force and the centre line of the block.
This distance is called the eccentricity (e) of the vertical force. In this case e is 0.39 m.

In the case of a contracting penstock, everything is the same except the direction of F, which is now
positive. Therefore repeating the x-z table :

Forces in Newtons (N) X z

F, = 9405 - 4702 + 8145

F2 = 4703 + 4073 + 2352

W, = 14260 0 B +14260

Total TH = - 629  IV=+24757
IM = (R, x Fyarm) + (Fy x Fyarm) + (W, x W, arm) = 11024 Nm

Replace this moment with the vertical force acting at 11024/20053

= 0.55 m from the origin, such that e is 0.05 m. .
continued overleaf
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Example 3.12.2 continued Sizing of slide blocks - full method
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The conditions for block stability can now be tested:
1 Soil movement

sV 6e Vv = 20053 N
p = 1 + 2
Abase Lpase Apase = 0.8m
e = 04m
Poase = 20053 34 - 85425 N/m?
08 Lbase = 1 m

Refer to Table 3.12.2. P, is 200000 to 320000 N/m2 for sand. Therefore this value of Py ase 18 NOt

dangerous on sandy soil since the condition P, < P_, is met.

Sliding XH is greatest when the pipe is expanding

XH < uXVwherep= 05

8775 < 0.5 x 20053 ?
This condition for stability is also met.

Toppling. The position of the vertical thrust from the block into the ground should be within the middle
third of the block. Consider both the case of the pipe contracting (e = 0.1) and expanding (e = 0.4).

L .
e = 011 < D&% - 0177 Yes Stable when contracting
6

0.4 < 0177 No  Not stable when expanding

The block is in danger of overturning when the pipe is expanding. It is recommended you redesign the
slideblock to counteract this tendency. The simplest approach is to increase the block size while
keeping the shape the same, but this will be expensive and wasteful of concrete. One alternative would
be to provide extra mass at the downhill end of the block, to push the centre of gravity forward and so
counteract the contraction forces.

Another alternative is to provide buried ‘footings’. These increase the base area so lessening the
tendency to topple (as well as increasing base area for sinking stability). Care must be taken to rein-
force with steel if the concrete columns and footings are slender, otherwise cracks will separate the
footings from the column. A useful refinement also is to provide steps or serration in the base, to
reduce sliding effects.

Steel reinforcing bars




Commercial engineering

4.1

Introduction

The purchase of equipment and services involves
large sums of money and therefore considerable
financial risk. The risks are reduced and man-
aged by the ‘commercial engineering’ aspects of
the project, which are just as important as its
technical and economic co-ordination.

4.2

The initial enquiry

The purchasing engineer first prepares the initial
specification, as shown in Note 4.2.1. This is sent
to various potential suppliers, with a note
attached to say that a more detailed specification
will be negotiated later. Each supplier replies by
proposing a system and quoting its cost. Follow-
ing this, it is essential that all technical matters
are clarified. A checklist is given in Note 4.2.2;
some of the items on the list are specified by the
supplier, and some by the purchaser. If you are
the purchasing engineer, you can use this list as a
basis for a letter sent to the supplier in response
to the supplier’s initial quote, inserting the items
as questions where appropriate.

When both parties are satisfied with the specifi-
cation, it can be considered alongside other
finalized quotations, perhaps in a formal tender-
ing procedure as described in Section 4.5.

How tight should this detailed specification be?
The supplier will prefer it to be quite general and
flexible. This approach usually leads to a greater
follow-on cost, because sorting out difficulties
with performance and operation becomes very
time consuming. If the specification is detailed
and the correct paperwork is in order, it is
relatively cheap and quick to sort out responsi-
bilities. It is also much easier to monitor the
performance of the equipment and evaluate the
scheme’s viability.

It is not advisable for the purchasing engineer to
attempt to define exactly the equipment supplied
by the turbine manufacturer. But it is necessary
for the turbine manufacturer to define the
equipment in detail on the request of the pur-
chaser, so that the purchaser has a clear and
comprehensive specification to refer to.

Note 4.2.1

Initial request for budget prices for turbine/generator set

1 Gross head available.

The initial request is made by providing the following information

2 Maximum or design flow, and the net head available at this flow.
3 Minimum power at the shaft or at the alternator terminals under full flow conditions.
4

Part flow efficiency — this can be initially indicated by a single design point. Specify a part flow with
corresponding net head and, if necessary, specify a minimum power at this flow. If necessary, supply
penstock flow/head curves and request turbine performance curves for the complete flow range.

5§ Preferred governor — specify if a particular method (load or flow control) is preferred or required.
6 Power demand characteristic — describe the loads to be driven and their power factors.
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Note 4.2.2

Request for a detailed quotation

1-6 Iltems 1-6 in the initial request (Note 4.2.1)
must be included in expanded form.

7 Water quality
Specify whether chemical characteristics of
the water are normal or whether it is
corrosive.

8 Silt particle size
Ask the supplier to specify the particle size
which can be accommodated by the turbine.
Inform the supplier what particle size is
achievable by the silt basins.

9 Connection, water end
Specify type and dimensions of joints on
penstock end, where turbine is to be
connected.

10 Isolating valve
Clarify whether turbine is fitted with isolating
valve shutting off water supply; type of valve,
closing time.

11 Drawings
Both schematic sketches and detailed
drawings of equipment must be supplied,
with dimensions and weights.

12  Drive system
Ask supplier:
¢ whether drive direct or geared —
if geared, provide information on all
components, working life, and maintenance
procedures;
» the characteristics of the bearings supplied
with the turbine: whether they are capable of
taking side loads (radial loads) and their
working life for expected loads and similarly
for the alternator if supplied;
« which spares are advisable.

13  Instrumentation
Specify a pressure gauge on turbine inlet
manifold. If the turbine is the Francis type,
request a pressure gauge also on the
draught tube. List other instruments
required.

Note that when specifying an alternator ’kVA’ is
listed as well as ’kW’. This is because current is a
critical design parameter with respect to alterna-
tor operation.

In setting specifications, do not underestimate
the ability of the seller to identify attractive
alternative ways of implementing the scheme.
For example, the seller may be able to supply

146

14  Spare parts
Request supply of spare parts on short-life
components. Examples given here include
alternator parts, drive system parts.

15 Tools and manuals
Maintenance procedures must be clearly
described in written manuals. Suitable
special tools must be provided. One
important special tool is a lifting hoist for
turbine installation and maintenance.

16  Governor
« If a governor is supplied, full specification
is given in Chapter 6. Take special care in
the case of mechanical governors to
procure service support.
» If no governor is supplied, it is likely that
you are planning to buy an ELC independ-
ently. If so send the same alternator
specification (see Note 8.10.1) to both the
ELC manufacturer and alternator supplier
(or the turbine supplier if this is the source of
the alternator as well). Both sources should
approve the specification; ask the alternator
supplier to check suitability of the thyristor
load of the ELC, the type of AVR, and so on.

17  Alternator
« If the turbine manufacturer is supplying the
alternator, provide the alternator
specification (Note 8.10.1) and protection
requirements.
« If the turbine manufacturer is not supplying
the alternator, specify the radial load on
turbine shaft. Request drawings showing
positions of turbine bearings, position of
pulley mount.

18  Draught tube
If a reaction turbine is to be supplied,
specify suction head for ‘draught’ required.
Request range of suction heads allowed for
efficient turbine performance, and power
output curves for this range. This allows
planning of civil works in installation of
turbine.

and utilize a reconditioned alternator, with slight
modifications to the rest of the scheme. The use
of second-hand or available cheaper equipment
can significantly improve the return on capital
investment. Modifications to a specification in
order to accommodate such alternatives can be
difficult to assess but may prove worthwhile.
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THE INITIAL ENQUIRY

4.2

Detailed specification for a generator Example 4.2.1

Our reference: MH003
GENERAL SUPPLIES LTD

For the attention of the Sales Department

We would be pleased if you would tender us for the generator detailed below,
by Friday 30th February 1999.

Type of turbine, Pelton wheel, belt drive
drive system

Number off One

Turbine input power 35 kw

Generator rating 50kva

Duty Maximum continuous rated

Speed 1500rev/min

Overspeed 180% continuously

Voltage, phases 415V, 3-phase

Frequency 50Hz

Mounting Vertical shaft, skirt mounted

Type Salient pole, synchronous

Bearings Grease lubricated, drive end suitable for radial thrust of
400kg continuously

Excitation Shunt with forcing current transformers (CTs)

AVR Mounted internally, voltage regulation = * 2.5% with
under/overvoltage and under/overfrequency protection

Ambient temperature 40°c

Altitude 500 metres asl

Humidity 90%

Loading Electronic load control (thyristor load)

Power factor 0.7

The generator should be designed and rated in accordance with BS4999/BS5000, or equivalent,
and should be provided with a class F insulation system. Please advise the weight of your
proposed generator, and provide an outline drawing with your tender. The following accesso-
ries should be included in the price of the generator: slide rails, holding down bolts.
Spares should include rectifier sets, diodes, bearings and AVR.

Please show additional prices for: anti-condensation heaters; winding temperature detectors;
tropical paint finish; shaft-mounted speed switch.

Your tender should be submitted subject to the following commercial conditions.

Conditions of sale Your tender should be based on I Mech E/IEE Model
form B2 conditions of contract.

Prices Your prices should be firm and fixed for the validity period stated
& include works testing, packing for shipment, & delivery CIF (Port
of delivery). Your prices should be quoted in US$ or UKE.

Validity 120 days from the date of tender.

Delivery Your delivery time CIF (Port) should be quoted from receipt of
order. Our estimated delivery time is 15 weeks.

Terms of payment 100% of contract value on delivery CIF (Port).

Penalty clause A penalty would apply at a rate of 0.5% of the contract value per

week of delay up to a maximum of 5.0% of the contract value.
Customs & import duties All duties and taxes to be paid by the supplier.

Guarantee All items to be covered by a two-year guarantee to include parts
and labour; the guarantee to operate from the date of delivery.

Documentation Supply to include full installation, operation and
maintenance manual in triplicate and in English language

Please don't hesitate to contact us if you need any further help.
Yours faithfully

Purchasing manager
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4.3

Terms and conditions for specifications, orders and contracts

Standard conditions of sale

Standard conditions of sale, correctly defined and
applied, are an effective safeguard against the
commercial problems which may occur in a
project involving the purchase of engineering
equipment. Both the purchaser and the seller
should understand, accept and agree to work to
the same set of ‘rules’ controlling the contract.

In the event that the purchaser and the seller
disagree on a commercial matter, or technical
matter which has an effect on the commercial
conditions, they must initially follow the instruc-
tions in the conditions of contract, and may
finally have to accept the decision of an external
arbitrator nominated in the conditions of contract.

Typical UK conditions of contract that are applied
and accepted throughout the world are listed
below.

BEAMA ‘AE’ Conditions of sale — for the sale of
individual items of electrical and in some cases
mechanical equipment, exclusive of full delivery
to site, or erection. These are published by The
British Electrical and Allied Manufacturers
Association, of 8 Leicester Street, Leicester
Square, London.

In addition, Conditions of Contract are available
from the British Institution of Mechanical Engji-
neers and Institution of Electrical Engineers.

These are widely accepted and govern the supply
and delivery f.0.b. (free on board) of equipment,
but not delivery to site. They are available in
various forms depending on the extent of the
seller’s involvement at site.

Many major sellers seek to apply their own
conditions of contract, which puts the responsibil-
ity for accepting these conditions on the pur-
chaser. The disadvantage to the purchaser is that
the conditions will almost certainly favour the
seller, but the advantage is that the prices should
be slightly lower as the seller should accept his
own conditions.

It is best for the purchaser to apply the same
commercial conditions to all sellers, as this
reduces the variety of contract management
required. This may have the effect of increasing
the prices slightly as sellers may have to accept
commercial conditions they might consider
unfavourable to them. There is a balance to be
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made between commercial rigidity and obtaining
minimal prices.

There are many other acceptable conditions of
contract, operated by EEC, North American, and
Australasian sellers, and a good standard against
which they might be compared is the equivalent
UK set of conditions.

Limits to the scope of supply

To avoid any errors and, more importantly, the
omission of any item of equipment, it is impor-
tant to state the limits to the scope of supply of
equipment at the start. Enquiry documents
should state in words (and on drawings if possi-
ble) a precise list and brief description of every
major item of plant that is to be included in the
contract. Where auxiliary plant is required to
make an item of plant work, it should be stated
that the auxiliary plant is also to be provided. A
good way of defining the limits of supply is to
describe all of the interface points for each major
item of plant.

* Example Generator
Coupling to water turbine
Main terminal box
Auxiliary terminal box
Mounting feet and bolts

Having detailed the full scope of supply the job
of tendering is easier as the seller can decide
easily which equipment he is to include. Also,
the purchaser can more easily decide whether or
not a tender is the same as the enquiry docu-
ment.

Prices

Where estimates of prices are required for
budgeting purposes, a purchaser may request
budget prices from sellers. This type of price is
not contractual and is usually accurate to within
10% of the actual price of the equipment.

Where a purchaser asks for prices against which
to place an order, these are said to be firm prices.
These prices are contractually binding if the offer
is accepted and would not change unless there
are contract variations which are dealt with in
the conditions of contract.



TERMS AND CONDITIONS FOR SPECIFICATIONS, ORDERS AND CONTRACTS 4.3

Firm prices can be given in two different ways,
Fixed or CPA (contract price adjustment).

A fixed price is one which does not vary at any
time, regardless of the effects of inflation during
the period of the contract.

* Example Fixed price
Tender price  $1000 on 1st January
Order date 1st April
Despatch date 1st July
Inflation 5% from 1st Jan to 1st July
Payment $1000

CPA takes account of any increases (or de-
creases) in the costs to the seller of materials and
labour. A CPA price is stated at the time of
tender and given a reference date. The amount
paid for the plant is changed by a formula which
has a Materials element, a Labour element and a
Fixed element. It is important to agree both the
formula and the indices to be used for materials
and labour at the enquiry stage.

* Example CPA price
Tender price  $1000 on 1st January
Order date 1st April
Despatch date 1stJuly
Calculated rise 5% from 1st Jan to 1st July
Payment $1050

Validity

The validity of a tender is the period of time in
which the purchaser can place the order on the
seller. The validity may be stated as a number of
days/months from the date of the tender or from
a specific date.

Once a tender has passed its validity expiry date
it is no longer contractually binding on the seller
and any increase in the validity period may
increase the prices.

When specifying a validity period, the purchaser
should indicate as long a time as is required for
checking the tenders received and for the docu-
mentation involved in placing the order.

(5{ Ctanh
Despatch, delivery and completion times

If you are a purchaser with a specific programme
of construction for the installation, you may wish
to indicate in the enquiry the despatch, delivery
and completion dates which are to be followed.
Such aspects as the weather or availability of
transport or labour may dictate the programme
dates. Where possible, plant despatch periods

should be estimated in advance through discus-
sion with the sellers.

Important dates, such as despatch or completion,
may be subject to financial penalty if they are not
met by the seller. Seeking to impose large penal-
ties for failure to meet these dates may result in
fewer tenders being submitted and higher prices
from those who do tender.

Estimated despatch and completion dates should
always be stated in tenders.

The tender document can encourage better
planning by requesting detailed bar charts to
show activities and time scales. The tender
document should also ask for supervision to be
budgeted for in detail.

Penalties

A penalty clause in a contract is a specific attempt
to persuade the seller to complete the contract
satisfactorily. Failure to do so would result in the
seller paying a specific sum to the purchaser. This
sum may not be related to the contract value and
may not be in proportion to the actual loss suf-
fered by the purchaser. Note that the seller would
receive full payment for the contract.

It is vital to include realistic penalty clauses.
Penalty clauses are typically based on potential
lost earnings. A final date should be set for when
penalty payments are no longer acceptable and
the seller loses the contract. In practice it is very
inconvenient to terminate a contract at an inter-
mediate stage as the purchaser will have diffi-
culty finding someone prepared to finish the job
within the required time.

An exception clause should be included for
events outside the control of seller and purchaser
such as natural disasters, civil unrest or changes
in the political climate.

Penalty clauses are sometimes imposed by the
seller on the purchaser. These protect the seller
from delayed payments or from the purchase
being unable to accept delivery at the agreed date.

i

Contingency

Where the purchaser is bound by complex rules
on payments (eg a government body), it is often
convenient to include a contingency (say 10%) to
cover unforeseen costs. These save expensive
delays by allowing the seller to file small claims
without lengthy procedures.
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Terms of payment

The terms of payment decide the dates on which
the seller will receive payment. The dates chosen
for progress payments usually relate to specific
events during or on completion of manufacture.
Purchasers should remember that sellers have to
buy materials before assembly and, in the case of
a small firm, may require part payment either on
order or shortly afterwards to finance their
purchases.

Care should be taken not to overpay since the
contractor loses the incentive to complete. It is
necessary to hold back about 10% of the contract
value for at least three months after the comple-
tion of the work. This gives the purchaser some
hold on the seller for unfinished work.

Payments for stock items or low-cost items are
usually made 100% on despatch or delivery.

The conditions of contract will make allowances
for variations to the payment dates due to delays
in the running of the contract.

Letters of Credit

The purchaser may often find that overseas
sellers require that payments are made against
Confirmed Irrevocable Letters of Credit. Compli-
ance with this would require the purchaser to
instruct his or her bank to issue a credit in favour
of the seller; this in turn is confirmed by a bank
in the country of the seller. The effect of this is to
provide security to the seller that payment will
be made, and failure to provide a Letter of Credit
may result in the seller withdrawing from the
contract. Provision for the costs associated with
this should be made by the purchaser and, when
implementing a Letter of Credit, the expiry date
should make allowance for the issue and transfer
of documentation, otherwise the credit may
expire before the goods are shipped.

Currency and exchange rates

Sellers, particularly small firms, will prefer to
tender in, and receive payment in, their own
currency. Wherever possible, the purchaser
should attempt to make payments in that cur-
rency. If this proves difficult, some sellers may
accept payment in a currency of a third country,
provided that it is a ‘strong’ currency, such as US
dollars.
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Taxation

Purchasers should investigate and make allow-
ance for all local taxes which will arise from the
installation. Any such taxes which will apply to
the seller (and personnel during erection/
commissioning) should be made known at the
enquiry stage.

Sellers should take account of any taxes for
which they are liable in their own country. Any
taxes or duties arising through the export of the
plant should be identified and the purchaser
should be made aware of the resultant additional
costs.

Customs and import duties

Where these are applicable, the method of
payment and whether they are to be paid by the
purchaser or the seller should be stated at the
enquiry stage. A seller who is to be responsible
for these may over-estimate them at the tender
stage thus increasing the cost of the plant. Either
way, the purchaser pays these and may as well
pay the precise sum known at the time of ship-
ping rather than an estimate which will possibly
be high.

The seller must make an effort to establish in
advance the cost of customs and import duties.

Guarantees

As a minimum, the purchaser should obtain
from the seller a 12-month guarantee period
covering the satisfactory operation of the plant
supplied.

Of particular importance is the information
given by the purchaser to the seller at the en-
quiry stage. Equipment can only be designed
and manufactured on the basis of the data given
at this stage, and it will be on this information
that the guarantee will be based. In the event that
the equipment is operated under different
conditions to that for which it was designed, the
guarantee will not be valid. Similar constraints
will be placed on the maintenance of the plant to
keep the guarantee valid.

Another important point to cover in the pre-
contract correspondence is the date from which
the guarantee operates; for example, from date of
manufacture, date of despatch, or date of com-
pletion of erection. Most sellers will limit the



final date of expiry in relation to the manufacture
date in the event that there are delays in ship-
ping and installation which are beyond their
control.

Equipment is normally guaranteed for a period
of 12 months from commissioning but no longer
than a period of 18 months from the completion
of manufacture.

Documentation

Most sellers will issue a limited number of copies
of arrangement drawings and Operation and
Maintenance Manuals. Any particular require-
ments which the purchaser has in respect to
documentation should be made clear in the
enquiry document. Requests for large amounts
of documentation will probably lead to higher
tendered prices and may result in a delay in the
completion of the contract.

Spares

Very often, the raising of money to purchase
equipment is a difficult task. It is thus important

4.4

LIMITS OF RESPONSIBILITY 4.4

to make provision for spares to cover commis-
sioning and the first few years of operational life
of the plant in the original order. The purchaser
may ask the seller to provide the recommended
spares for, say, two years’ operation. Where
possible, the purchaser should investigate the
experiences of similar installations in the region
and draw up a detailed list of the components
which are likely to require replacement.

Training

The provision of spares cannot guarantee to
cover every possible fault which may occur.

In order to run the equipment satisfactorily the
plant operators should be trained to cperate and
maintain the equipment in accordance with the
seller's instructions. The combination of correct
operation within the design rating of the plant
along with regular routine maintenance should
increase the lifetime of the equipment.

The most suitable time for training is usually
during or just after commissioning of the plant
by the seller's skilled engineers. If training is
required as a part of the contract then this should
be indicated in the enquiry document.

Limits of responsibility

The completion of a contract is said to be the
point where the seller is no longer responsible for
the equipment which has been supplied, other
than under the terms of the guarantee.

At this time the purchaser thus directly assumes
full responsibility for the equipment. The most
common limits of responsibility are as listed here.

* Ex-works means that the sellers” only respon-
sibility is to make the goods available at their
premises (ie works or factory). The purchaser
bears the full cost and risk involved in bring-
ing the goods from there to the desired
destination. So this term represents the
minimum obligation for the seller.

¢ f.0.b. means ‘free on board’. The goods are
placed by the seller, free of cost to the pur-
chaser, on board a ship at a port of shipment
named in sales contract.

¢ f.or. and f.o.t. mean ‘free on rail’ and ‘free on
truck’. These terms are synonymous since the
word ‘truck’ relates to the railway wagons.

They should only be used when the goods are
to be carried by rail.

¢ c. & f. means ‘cost and freight'. The seller
must pay the costs and freight necessary to
bring the goods to the named destination.

* c.if. means ‘cost, insurance and freight'. This
term is basically the same as C&F but with
the addition that the seller has to produce
insurance against the risk of loss or damage
to the goods during carriage. The seller
contracts with the insurer and pays the
msurance premiums.

* c & f. to site. While C&F is used for goods
which are to be carried by sea, the term
‘freight or carriage paid to...” is used for land
transport only, including national and inter-
national transport by road, rail and inland
waterways. The above limits are indicated in
Fig 4.4.1.

The purchaser must take responsibility for the
equipment beyond the limit provided for by the
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seller and must make provision for the comple-
tion of the transport of the equipment to site. In
general, the purchaser will know the transport
conditions, route and haulage contractor better
than an overseas seller; thus the costs of trans-
port within the purchaser’s country will prob-
ably be lower if arranged by the purchaser rather
than the seller.

The purchaser must also decide how the equip-
ment is to be erected and commissioned once it
arrives at site. This will depend on the level of
skill of the purchaser's own staff and of the skill
and availability of local skilled personnel.

If there is a requirement for skilled erection and
commissioning engineers from the seller then
this should be decided early in the contract
period. Normally, sellers can provide erection
and commissioning engineers who will super-

4.5

vise labour provided by the purchaser. Alterna-
tively, there may be a local firm with the neces-
sary skills that would be able to perform the
installation in accordance with the seller's draw-
ings and manuals.

customs  site

tactory
C&F C&F
T cif. c.if.
toport  to site
fo.rfol. T

ex-works f.ob.

Fig 4.4.1 Limits of responsibility

Tender mechanism

The purchaser must incorporate those items that
are considered important from Sections 4.3 and
4.4 into an enquiry document, which supple-
ments the schedule of equipment, and specifica-
tions of equipment required for the project. The
letter sent with the enquiry, and the enquiry
document, should state the correct receiving
address for tenders, and the closing date by
which tenders are to be received (beyond the
closing date the purchaser has the right to return
tenders to the sellers unopened, and without
consideration). The enquiry should then be sent
to as many sellers of equipment as possible. It is
a good idea to ask sellers to confirm receipt of
the enquiry, and their intention to submit their
offer by the specified closing date.

During the tendering period it is possible that
there will be sellers who will require clarification
of the specification or commercial conditions,
and who will contact the purchaser to obtain this
information. Such questions should be treated
professionally, and in confidence. There will
always be sellers who wish to tender standard
equipment which may not exactly meet the
specification. Provided that they are prepared to
state in their tender where they do not comply
with the specification, and that there is commer-
cial or technical advantage in offering other
equipment, there is no reason why a seller
should be prevented from doing this.
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Such deviations should be treated as confiden-
tial, as they may represent a commercial advan-
tage to both the seller and the purchaser. It is
good practice to state in the enquiry and after-
wards to assume that ‘unless clearly stated by
the tenderer, the offer will be deemed to be
technically and commercially compliant with the
specifications and commercial conditions in the
enquiry document’.

On receipt of all tenders for equipment, the
offers must be assessed for technical and com-
mercial compliance. A quick check will establish
an order of merit from most to least expensive.
Those which are clearly too expensive may be set
aside at an early stage, provided that this leaves
enough cheaper bids from otherwise respectable
companies.

It is crucial that all of these exchanges of infor-
mation should be kept confidential, in telex or
written form, and that different sellers should
not be able to gain access to detailed information
from other tenders. Even if by doing this pur-
chasers are able to lower the prices on offer, they
will in the longer term simply discourage com-
panies from tendering. There is no harm in going
back to all sellers, or those whose bids are other-
wise attractive and seeking reductions in price, if
it assists the project to proceed. Subject to money
being available, the purchaser is then in a posi-
tion to place an order for the equipment.




Turbines

5.1

Introduction

A turbine converts energy in the form of falling
water into rotating shaft power. The selection of
the best turbine for any particular hydro site
depends on the site characteristics, the dominant
factors being the head available and the power
required. Selection also depends on the speed at
which it is desired to run the generator or other
device loading the turbine. Other considerations,
such as whether or not the turbine will be ex-
pected to produce power under part-flow condi-
tions, also play an important role in the selection.
All turbines have a power-speed characteristic,
and an efficiency-speed characteristic. For a
particular head they will tend to run most
efficiently at a particular speed, and require a
particular flow rate.

Often the device which is driven by the turbine,
say an electrical generator, needs to be rotated at
a speed greater than the optimum speed of a
typical turbine. This leads to a need for speed-
increasing gears or pulleys and belts, linking the
turbine to the generator. It is preferable to
minimize the speed-up ratio in order to reduce
transmission costs and difficulties. (Transmission
of power at low rpm involves heavier shafts,
bearings and belts.) As a rule of thumb, ratios of
more than 3 : 1 should be avoided, and the
designers should aim for less than 2.5 : 1. If, for
example, a 1500 rpm generator is to be used, the
selected turbine should run at design speeds
greater than 500 rpm. In some cases it is possible
to select a turbine giving the exact speed

Photo 5.1.1 A Pelton turbine. (IT/Lindel Caine — Nepal)

e

-4

required, so that no speed change is required
and the generator can be coupled directly to the
turbine. Manufacturers will advise on this, and
commonly supply complete sets of this sort.
Usually in micro-hydro installations it is cheaper
to purchase separate units which must then be
linked with a transmission drive.

A turbine’s correct design speed depends upon:

* the power rating (size);
* the site head;
* the type (shape of turbine).

Within the micro-hydro power range, then, we
can crudely classify turbines as high, medium or
low-head machines as shown in Table 5.1.1. The
operating principle also divides the turbines into
two groups.

Table 5.1.1

Groups of impulse and reaction turbines

Turbine runner Head pressure

High Medium Low
Impuise Pelton Crossflow (Mitchell/Banki) Crossflow (Mitchell/Banki)
Turgo Turgo
Multi-jet Pelton Multi-jet Pelton
Reaction Francis Propeller
Pump-as-turbine (PAT) Kaplan
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In Fig 5.1.1, you will notice that in the case of a
reaction turbine the rotating element (known as
the ‘runner’) is fully immersed in water and is
enclosed in a pressure casing. The runner and
the casing are carefully engineered so that the
clearance between them is minimized.

The runner blades are profiled so that pressure
differences across them impose lift forces which
cause the runner to rotate. In contrast, the flow
through an impulse runner experiences no
pressure change, so the runner can be operated
‘open’ without close running tolerances.

Residual velocities
should be minimized

a Impulse

7 r———_ Whirl induced
by guide vanes

b Reaction

Fig 5.1.1 Turbine types Turbines operate on the principle of
either ‘impulse’ (equal pressure on each side of the runner)
or 'reaction’ (pressure drops across the runner). In the case
of reaction turbines, whirl is introduced by guide vanes.
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Often, as in the case of a Pelton wheel, the runner
can operate in air and the water remains at
atmospheric pressure before and after making
contact with the runner blades. In this case
pressure energy is converted first in a nozzle into
the kinetic energy of a high-speed jet of water,
which is then converted to rotation in contact
with the runner blades by deflection of the water
and change of momentum. An impulse turbine
needs a casing only to control splashing and to
protect against accidents. Usually impulse
turbines are cheaper than reaction turbines
because no specialist pressure casing and no
carefully engineered clearances are needed.

A convenient method for selecting a suitable
turbine for a particular site is given in Fig 5.1.2.
One example of use of the nomogram is given.
Notice that use of a Pelton turbine is not always
restricted to high head - if the power transmitted
is low, then the Pelton will also run on low
heads, although at slow rotational speed.

Notice also that the nomogram allows you to
choose the shaft speed produced by the turbine,
and to calculate when a speed-increasing gear
(or pulley and belt arrangement) is needed,
together with the speed increase gear ratio.

Fig 5.1.3 is useful in estimating the size of the
runner required of a turbine for any application.
In general the smaller the runner, the less mate-
rial used, and the faster it rotates — requiring less
gearing, leading to lower cost. Casing costs will
also tend to be less for a small diameter runner,
whichever type of turbine is considered. In
practice there are limits to how small the runner
can be, to handle the flow needing to pass
through or over it, and a well-designed turbine
always has the smallest runner permissible
within these limits. Manufacturing costs can
increase as runners become very small. Impulse
turbines are usually cheaper than reaction types
even in cases where their runners are larger.

The different turbine types are described in more
detail in the sections following. An important
aspect is their performance at part-flow.

Small turbines designed for micro-hydro appli-
cations often will have no method of altering the
flow rate of water. On larger machines, some
method of altering flow is normal. For instance, a
multi-jet Pelton can be run with some jets shut
off. Crossflow and Francis turbines have guide
vanes which alter the water flow rate. A single-
jet Pelton may have a spear valve which alters
the nozzle orifice size. Alternatively, a single-jet
Pelton could be run in the wet season, when
flows are high, with one nozzle fitted, and then
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run in the dry season at lower flows with a
second, smaller nozzle replacing the wet season
nozzle.

If flow control devices are fitted to the turbine,
then the same head of water can be maintained
above the turbine while flow reduces. Different
turbine types respond differently to changed
flow at constant head. Typical efficiency charac-
teristics are given in Fig 5.1.4.

Photo 5.1.2 Building a crossfiow. (IT/Jeremy Hartley — Nepal)
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for 1500 RPM alternator drives

Fig 5.1.2 Selection of a turbine for a hydro site
The nomogram shown is used as follows:

+ From knowledge of the proposed site, mark head available, calculate turbine output power from the following equation and
rule line across.

* Turbine output power = e, x 10xQx H kW (Q in m¥s: H in m)

Assume e, ... = 65 to 80 per cent; 65 per cent for locally made crossflow, 75 per cent for Pelton, and Turgo, 80 per cent for
reaction types.

* Choose desired turbine running speed (400 is slowest speed advised if an alternator is to be run at 1500 rpm) and draw a line
from this point which is at right angles to the head-power line.

» Choose a turbine shaft speed of 1500 rpm for direct drive between turbine and generator (50Hz 4 pole systems)

155




TURBINES
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Fig 5.1.3 Estimate of approximate runner diameter

This nomogram is used exactly like Fig 5.1.2. First decide the most suitable turbine type on Fig 5.1.2, then consult this
nomogram to approximate the runner diameter.

Alarge runner is generally more expensive than a small one, although complex profiles and very small sizes will be expensive.

Efficiency (%)
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Fig 5.1.4 Part-flow efficiency of various turbines These curves assume turbines which have facilities for varying water flow rate at
constant head (for example, spear valves or multiple jets on Peltons, partition devices or flow control vanes on crossflows).

156




Example 5.1.2 shows the importance of part-flow
performance in selecting equipment for a site.

Assuming that flow-control devices are fitted, an
important point to notice is that the Pelton and
crossflow turbines retain high efficiency when
running below design flow; in contrast the
Francis drops in efficiency, producing very poor
power output if run at below half the normal
flow, and fixed pitch propeller turbines are very
poor except at 80 to 100 per cent of full flow.

The Francis is a popular turbine in larger hydro
schemes, although it is generally a more complex
and expensive machine, and has poor part-flow
efficiency. Fig 5.1.2 indicates that the Francis is
one of the few turbines which turns at a reason-
able speed at certain power and head combina-
tions. An impulse turbine operated under these
conditions of head and flow would be much
larger, expensive as a result of its size, cumber-
somely slow-turning and would need a greater
speed increasing transmission.

In addition to giving high speed at low head-to-
power ratios, reaction turbines are particularly
suited to low head applications for a second
reason. Since power conversion is caused partly
by pressure differences across the blades, the
drop in head below the blades (known as the
‘suction head’) is as effective in producing power
as is the head above the turbine. It is generally
difficult or expensive to situate a micro-hydro
turbine lower than about 2 metres above the
surface level of water downstream of the turbine.
On a low head site of, say, 10 metres the suction
head then represents 20 per cent of the power
available at the site, which is likely to be very
significant in terms of the overall economy of the
scheme. The tubing or casing holding the suction
pressure downstream of the runner is known as
the draught tube.

INTRODUCTION 5.1

In contrast, low cost impulse turbines do not
usually make use of any suction head as their
casing runs at atmospheric pressure. However,
sophisticated crossflows on low heads often do
use suction heads.

Having noted the advantage of using a suction
head, it should also be observed that the magni-
tude of the usable suction is limited. This is
because very low water pressures are induced on
the blades of a reaction turbine running under
high suction. These can be low enough to vapor-
ize the water into pockets (or ‘cavities’) of vapour
attached to the internal surfaces of the turbine.
The cavities form and collapse at a very high rate
which after a period of time can cause serious
pitting and cracking of the blades. The phenom-
enon is known as “cavitation’. In practical terms
great care must be taken to situate the runner at a
position which prevents the possibility of cavita-
tion damage. Often the need to avoid cavitation
leads to setting the runner lower than desired;
because of the constraints of draught tube design,
this can lead to additional civil works costs.

An indication of the costs of the various turbine
types is given on Table 5.1.2. Cost variation with
turbine size is also indicated. Costs are given in
terms of the range from lowest expected to
highest expected cost.

A further check on costings may be obtained by
using the information in Chapter 1, which pro-
vides a guide to the expected proportion of total
scheme cost taken by electro-mechanical equip-
ment. Total scheme costs will depend on power
and head; the following formula giving a useful
guide:

$ 3500 — 4500
kw (power kW)™? x (head m)""®

Table 5.1.2 Costs of turbines in units of US $1000 excluding alternator and drive
Shaft Crossflow  Francis Single-jet Multi-jet Turgo Propeller
power kW Pelton Pelton
2 1- 2 4- 6 4 1- 3 2- 4 4- 6
5 2. 6 8- 10 8 2. 6 5- 8 8-10
10 2-10 15- 20 2- 15 2- 10 8- 14 15-20
20 3-14 20- 30 3-20 3-15 12- 20 20-30
50 5- 30 25- 70 5- 50 5- 30 35- 50 25-70
100 30- 50 40-100 40 - 80 15- 60 55 - 80 40-100
150 50 - 80 60 -120 60 -100 30 - 80 80 -100 60-120
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Note 5.1.1 Part-flow system efficiency

In Fig 1.3.2, repeated as Fig 8.5.6, the caption suggests that the overall efficiency of a hydro scheme is
usually 0.5. This is a useful rule of thumb when considering turbines used at the full flows they are de-
signed for, but it does not apply when there is less water available and the turbine is run at part-flow (for
instance in the dry season). First be clear what is ‘efficiency’:

. oo
Efficiency of a component output power

input power

When running at part-flow there can be a reduction in the efficiency of each component, the turbine, the
drive belt and the generator; these reduced inefficiencies combine together to give a very poor overall
system efficiency — sometimes so poor that you cannot expect any significant power supply to consumers.

This situation is most common in small electrical schemes since generators of less than 5 kW capacity can
become inefficient when operated at low power. Bigger schemes are also affected depending on the
design of the turbine.

The important thing is to know, or estimate, the part-flow performance of the turbines you are considering
using. If the manufacturer cannot tell you, or test results cannot be found from university laboratories, then
assume the turbine is about 20% less efficient at part-flow than similar machines made by other
manufacturers.

In the case of electrical generators, either induction or synchronous, it is necessary to ask the manufac-
turer for test data at part power. Sophisticated machines of all sizes will maintain 70 or 80% efficiency at
half power, and reduce to 60 to 75% at quarter power; less expensive machines can produce worse
efficiency at quarter power. In general generator efficiency drops very low at less than one fifth power.

Drive systems often lose a fixed amount of power. That is to say, a 95% efficient drive on a 10 kW scheme
loses 0.5 kW. If the same drive is used to transmit 2.5 kW (quarter power) it will still lose 0.5 kW, and its
efficiency is therefore (2.5 - 0.5)2.5 = 80%.

A quick way of calculating output power at part-flow is given in Example 5.1.1.

One component of the system actually improves in efficiency as the fiow reduces. This is the penstock. On
schemes above 5 kW, it is usually economic to choose penstock diameters giving 90% efficiency (10%
friction loss in the penstock) when runing at full flow. But on smaller schemes it can be more cost-effective
to use standard pipes at efficiencies as low as 80 or 70%. When flow is reduced the efficiency improves;
for instance an 80% efficient penstock (at full flow) becomes 95% efficient at half flow. If the penstock is
90% efficient at full flow it becomes 97% efficient at half flow. The effect of this is to provide the turbine
with more input power in the form of increased head at half flow. This will tend to speed the turbine up
which may cause it to operate further away from its best efficiency point and so make matters worse rather
than better. This is one reason why it is best to design variable power systems with penstocks of fairly high
efficiency at full flow, and possibly to run at slightly below best efficiency speed (which is given by the ‘rpm
equation’ in Note 5.3.1) at full flow. In electrical systems where frequency is dependent on turbine speed
this can be important.

Photo 5.1.3 A spear valve Photo 5.1.4 The equivalent
allows flow reduction in a for a crossflow is the guide
Pelton. (Peredeniya vane. (BYS/SKAT T8 model)
University, Sri Lanka)
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Part-flow system efficiency Example 5.1.1

You wish to design a hydro scheme to provide 3 kW to a village. The turbine you are considering has a full
flow efficiency of 70%, and you know the generator is 80% efficient when used between half power and full
power. You will use a drive system which you estimate is 95% efficient.

You know that for some of the year there is only half the water available because of lack of rainfall, and to
get some power to the village at this time would be very useful. You would also like to get some power in
the driest month when only a quarter flow is available.

1 What is the power input required for the turbine during full flow conditions?
2 What is the output power of the generator at half flow?

3 And at quarter flow?

Note: Ignore the effect of changing flow on penstock efficiency in this example.

1 Full flow, power input to turbine

output power output power _ 3 _ 3kw 56 kW
efficiency €gen X Ogrive X b 0.8 x 0.95 x 0.7 0.53

2 To answer this question you need part-flow performance data for the turbine. The manufacturer, or an
independent test, may give you this, or you might guess by assuming it is a bit worse than other
published data for that type of turbine. Suppose you find out it is 60% efficient at half flow and 25%
efficient at quarter flow.

You also need to know the part-power efficiency of the generator; you already know this is 80% at half
power. Assume that you learn it is 60% at quarter power.

Input power to turbine at half flow = 05 x56 = 28 kW
Efficiency of turbine at half power = Cum(os = 0.6
The power lost by the drive at full power = loss
= turbine output x (1 - Cave) = (0.7%x5.6)x(1-0.95) = 0.2 kW
Efficiency of generator at half flow = €gen(o5 = 0.8
Input power to generator at half flow = gen input(o.s)
= turbine input(ols) X€um 05 " 1088y, = 28KWx0.6-02kW = 15 kW
Output power from generator at half flow
= gen input(o_s) X €gen (05) = 15kWx0.8 = 1.2 kW

Note that the combined efficiency has reduced from 53% at full flow to 43% (1.2/2.8) at half flow.
Overall system efficiency (e,) will be this multiplied by other component efficiencies.

3 For quarter flow do the same calculation:

Turbine input at quarter flow = turbine input(o‘zs) = 0256 x56 = 14 kW

Output power (turbine input , oo X 0.25) ~ 108S4ye) X €4, (0.25)

(1.4x025-02)x0.6 = 0.1 kW

Combined efficiency has now reduced to 7% (0.1/1 -4) and it would be unwise to promise the village
any useful power at all during the driest part of the year. Overall efficiency (e,) will be even lower
because of penstock losses and transmision losses.

This example illustrates an important rule: do not use a simple estimate of overall efficiency (for instance
50%) for part-flow conditions. When using the power equation (P = e, x Q x H x 10 kW) always consider
the value of e | following this example.
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Note 5.1.2 Specific speed

The concept of ‘specific speed’ is mentioned often in hydro power texts and discussed amongst hydro
engineers. It is useful to understand it for this reason. In actual fact it is quite reasonable never to use the
concept in the field of micro-hydro. A chart like the one given in Fig 5.1.2 can be used to select a turbine
without reference to the specific speeds which are marked on it.

The relationship between head (H), turbine output power (P,), and actual turbine speed (N, ) is expressed
by the following equation which applies to all turbines. N, is a constant which describes the particular
machine as fabricated, running at its design/peak efficiency, and has a value which can only be supplied
by the turbine manufacturer. Larger or smaller turbines of the same shape would have identical N_. N, is
known as the turbine’s ‘specific speed’.

0.5

Ns = Nturb x 12 x H‘1).25

Care must be taken to establish which units are being used. N, ,, is in rpm, H in metres, and P, in kW. The
equation is easily understood if the particular turbine considered is imagined as scaled down to produce 1
kW of power at a head of 1 metre. In this case its runner will rotate at the specified speed (N, = N,).

In principle the equation allows selection of a turbine which runs exactly at the required speed. From
known head and power output (calculated from input power by assuming a turbine efficiency of, say, 0.7),
the desired specific speed N_ can be calculated, and a turbine of this characteristic can be ordered from a
manufacturer. A standard-size turbine will be cheaper but will not have exactly the required specific speed.
If a standard or ‘off-the-shelf’ turbine is considered, a speed-increasing transmission G will probably be
needed. For instance, G is 3 if the turbine runs at 500 and the alternator speed (N,,) is 1500 rpm.

PO.S

N
Since Ny = —2L  therefore N, = N x 12 x
G

-0 __
G H25
Since G can be varied, there is now allowance for adjustment or ‘fine tuning’, in possible values of specific
speed. As an example, a hydro site offering a head of 25 metres and a flow of 200 Vs implies a turbine
output power (at assumed 70 per cent turbine efficiency) of 0.7 x 50 = 35 kW. The alternator speed is to be
1500 rpm. With direct drive (no drive system involving speed change) N, is 190; with gearing stretched to a
maximum of 3:1, N, can reduce to 63. Looking at Fig 5.1.2, this implies that the only suitable turbine for
direct drive would be a Francis, whereas with a 3:1 gear ratio a crossflow or multi-jet Pelton would be the
least costly options.

If the specific speed of a Pelton runner with a single jet is known, the specific speed of multi-jet versions of
this turbine can be calculated:

Ng (Multi- jet having n; jets) = N, (single-jet) x \/n‘1

A belt drive can be troublesome if G is larger than 3. Three ways to limit the value of G are (1) choose a
turbine with a higher specific speed, (2) in the case of Pelton turbines, increase the number of jets or (3)
divide the power between two identical rotors (sometimes mounted on the same shaft) which halves the
value of P_.

Photo 5.1.5 A 3-jet Pelton made in Sri Lanka. Photo 5.1.6 A 3-jet Pelton with deflectors viewed from below.
(Peru)
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Selection of a variable flow turbine and generator Example 5.1.2

In Example 5.1.1 we saw that the overall efficiency (e,) of a scheme running at part-flow may be lower
than expected. This example illustrates the same point but it also shows how to use a Flow Duration Curve
(FDC) to plan your hydro scheme.

You wish to select a turbine and generator for a site. Your hydrology study concludes with the FDC shown
in Fig 5.1.7 below. The users of the hydro installation wish to run an electric crop-dryer for 6 months of the
year. They would like to know whether to buy the smallest dryer (3 kW) or if they can use a bigger one, a 6
KW unit. They wish to have at least 1 kW available all 12 months of the year to provide lighting to several
households. There is no irrigation or other water use requirement to consider. The gross head is 30
metres. You can expect the penstock will lose 10% of head when running at the design flow rate.

A person living at the site has already suggested purchase of an 8 kW crossflow and 7 kW generator from
local manufacturers. He has used the simple power equation (Example 1.3.1) to calculate that at an
estimated overall efficiency of 50%, 30 metres head and 40 /s flow the generator output will be 6 kW,
while at 10 I/s flow (which is available all year round) the generator output will be 1.5 kW. He has sug-
gested therefore that the 1 kW lighting demand can be met and the bigger dryer purchased but is asking
your advice to confirm this.

To answer this enquiry, first obtain reliable part-flow performance data for the turbines and generators you
might be using. If the manufacturer does not have the data, arrange to collaborate on tests to produce the
data. In this case you may decide to collect data for a 4 kW generator and 5 kW crossflow as well as for

the two larger sizes proposed. lllustrative data is shown below by way of example. (Remember you cannot

use these graphs in another situation; each manufacturer's turbines will perform differently under part-flow,
so you must collect your own data.)

® turbine € gen
r100 100
80 80 —

TkW generator
BkW crossflow 60 60
4kW generator
5kW crossflow

40 40
20 20
0 1 2 3 4 5 5 7 B 8 1° 0" 1 2 3 4 5 b5 7 B 0 1
flow load
full flow full load
Fig 5.1.5 Example of manufacturer’s data for a Fig 5.1.6 Example of manufacturer’s data for a
crossflow’s part-flow performance generator’s part-load performance
flow /s \
50 100
/Spear-valved Pelton
401 801 / ___________
30 60 Vo
<—|4-jet Pelton (equal nozzle sizes)
| 40 r
20 : :<—3-jet Pelton (equal nozzle sizes)
10 1 201 [
T : T : T
O 1 2 3 4 5 6 7 8 39 1
Fig 5.1.7 The FDC for the site in this example Note Fig 5.1.8 Example of manufacturer’s data for
that an annual hydrograph can also be used for this spear-valved and multi-jet Peltons

purpose; both can be modified to show water diversion to
other uses such as irrigation.

continued overleaf
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Example 5.1.2 continued Selection of a variable flow turbine and generator

In Example 1.5.1 the flows shown on the FDC and hydrograph are converted to power outputs simply by
assuming an overall system efficiency of 0.5. When considering part-flow systems this is misleading;
instead develop a multiple-graph as shown below, representing the efficiencies of each component of the
system. Firstly the penstock will become more efficient as flow reduces, since the head lost due to friction
is dependent on flow?, and will therefore be less at part flow by a factor of (part flow/full flow)2. If the loss
factor (h,,, ,Mon/hgmss) at full flow is termed ‘L’, then the power at the entry to the turbine is:

J)

Plot the FDC as shown below (graph A) and then plot the power at entry to the turbine next to it {(graph B).
In this example L is 0.1 (the head loss in the penstock is assumed to be 10% at full flow). Note that the
variation in penstock efficiency at varying flow is quite small in this case. In fact losses of 20% or more at

full design flow are often economic solutions in very small schemes and therefore penstock efficiency at
part-flow will become significant in such schemes. See Note 5.1.1 on this topic.

part flow

Power at entry to turbine

Qx 10 x h x |1 =L
gross [ [full flow

Next plot the turbine efficiency (Fig 5.1.5) in terms of power entering and power output as in graph C.
Finally plot generator efficiency (Fig 5.1.6) in terms of turbine output power and generator output power
(graph D). Do this for each of the turbines and generators you are considering.

System 1

Use the 8 kW crossflow/7 kW generator combination. The users of the installation would like the dryer to
operate for 6 months of the year. Following the dashed line a on the FDC (graph A) it is possible to design
tor 40 I/s flow for 6 months and to produce 6 kW output at the generator (graph D). But the

requirement for a minimum of 1 kW lighting cannot be met (follow dashed line c), although it can be met for
10 months of the year. Note that the 6 kW dryer cannot be used simultaneously with lighting.

flow /s Power into
Penstock
50 W) Penstock 90% Penstack 90% Penstock 90%
efficient for 20U/s efficient for a01s | Cont for 40Us
0{ N ----- [ e == o
! ~
— 1 100% eftici
30 : L9 // | pen:t'c:?kem
i N~ - — - _—— — - - _______ X7 |
20 b 6 | ‘
oy | i
10 Lo e l ’
a, b c | | !
. — : | 4 !
O 2 4 6 8 10 1@ 0 1 2 3 4 5 6 7 8 9 10 11 hew = 30m
A Months flow exceeded B Power into the turbine (kW) f :
8 gL 2 3 4 5 6 7 8 9 10 n
— e 4 - - -~ _ _ 3
4 : a 7 : ' /
i
6 l 6 ! I ‘g
4kW generator | ] I I cr%l;\glow
limit { I f
S I 5t ——=—~- T T T e
| b | 5kw f:u?ssﬂow
4 Trw : | 4 limit
generator | |
3 4‘_/ 4kwW genivalor : 31
2y SO A~ D
e ' 11- SkW
| | | 1 crossflow
l |
} . J 0
O {1 2 3 4 5 6 7
kW
D Power out of generator (kW)

C Power into the turbine against
turbine output power/generator input power (kW)

continued opposite
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Selection of a variable flow turbine and generator Example 5.1.2 continued

System 2

Use the 5 kW crossflow and 4 kW generator. Follow dashed line b. This represents a flow of 26.7 Vs which
drives the crossflow to its full 5 kW capacity and drives the generator to its full 4 kW capacity. This 4 kW
output could provide (for more than 6 months of the year) the minimum 3 kW required for the smallest
dryer, while still providing 1 kW for lighting. For 12 months of the year, the minimum 1 kW is available, as
shown by dashed line ¢.

What is your conclusion? Clearly if the 1 kW all-year-round supply is really a high priority then the smaller
turbine/generator combination is preferable. These small machines and the smaller penstock will also have
the advantage of costing less, so finance will be available to solve the requirement for drying in other ways.
Notice that the assumption of 0.5 overall efficiency used in the simple power equation (Example 1.3.1)

powerout — _ 1 _ 433

power in 3

does not hold good in this example. Dashed line ¢ represents an overall efficiency ratio of

One consideration still remains. The 4 kW generator will be used at full capacity if it powers a 3 kW dryer
and 1 kW lighting load at the same time. In Chapter 8 certain practical reasons are given for not using a
generator at full capacity. Consequently, a larger generator will be needed here and, in order to produce 1
kW at part flow, it will be necessary to find one with a better part-load performance than shown on Fig
5.1.6. Alternatively the 4 kW generator could be used to provide only 3 kW at any one time, in which case
it would be possible to purchase an even smaller crossflow and fit an even smaller penstock.

See Chapter 8 for advice on use of over-rated generators.

A mutti-jet Pelton turbine could be used on this site. If it has a spear-valve, the efficiency curve may be as
represented as Fig 5.1.4. If it has fixed nozzle sizes with no spear valve, it will have a stepped efficiency
characteristic. In general a 4-jet Pelton, whether a low cost or an expensive one, will maintain an efficiency
of 70% when running on any number of jets. It is a worthwhile exercise to plot these two types of charac-
teristics on the graph above, and try the calculations with different numbers of jets, and with variations in
the nozzle sizes and combinations of nozzle sizes used.

5.2

Impulse turbines

The three impulse turbines considered here are
the crossflow, Turgo and Pelton.

These are on the whole more suitable for micro-
hydro applications than are reaction turbines, as
they have the advantages listed below. Some of
these features have already been discussed,
while others will become clear in due course.

Compared to reaction turbines, impulse turbines:

* are more tolerant of sand and other particles
in the water;
allow better access to working parts;
are easier to fabricate and maintain;

* are less subject to cavitation (although at high
heads, high velocities can cause cavitation in
nozzles or on the blades or buckets);

* have flatter efficiency curves if a flow control
device is built in (eg nozzle area change,
spear valve, change of number of jets, guide
vanes, partitioning of flow).

The major disadvantage of the impulse turbines is
that they are mostly unsuitable for low head-to-
power ratios. Fortunately, the crossflow, Turgo
and multi-jet Pelton are impulse turbines which
are suitable for medium head-power ratios as
characterized in Fig 5.1.2. An impulse turbine can
operate on a low head, if the power transmitted is
also low and a slow speed is acceptable.

Photo 5.2.1
A crossflow. (Nepal)
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5.3

Pelton turbines

A Pelton turbine has one or more nozzles dis-
charging jets of water which strike a series of
buckets mounted on the periphery of a circular
disc (Fig 5.3.1). In large hydro-power installa-
tions Pelton turbines are normally only consid-
ered for gross heads above 150 metres. For
micro-hydro applications, however, Pelton
turbines can be used at much lower heads.

For instance (Figs 5.1.2 and 5.1.3) a small diam-
eter Pelton rotating at high speed can be used to
produce 1 kW on a head of less than 20 metres.
At higher powers and low heads the rotational
speed becomes very low and the runner is large
and unwieldy in relation to the power generated.
From Fig 5.1.2 it can be seen that a Pelton run-
ning at 200 rpm on a 3 metre head produces 200
watts output. The runner of such a turbine is
large for the power produced (Fig 5.1.3) and
turns slowly. If runner size and low speed do not
pose a problem for a particular installation, then
a Pelton turbine can be used with low heads.

Photo 5.3.1 A single jet Pelton with spear valve.

Turbine runner

Jet defleclor plate

: ;
i Tail water ¢

If a higher running speed and smaller runner are
required, then there are two main design options
open:

e Increasing the number of jets.The use of two
or more jets will allow a smaller runner for a
given flow of water and hence an increased
rotational speed. The required power can still
be attained. The part-flow efficiency of a
multi-jet Pelton wheel is especially good as it
can be run on a reduced number of jets.

e Twin runners. Two runners can be used side
by side on the same shaft or can be placed on
either side of the generator on the same shaft.
This design option is unusual in micro-hydro
schemes, but occurs often with single jet
Peltons in larger hydro schemes. In micro-
hydro schemes this option is usually consid-
ered only when the number of jets per runner
has already been maximized, but the rota-
tional speed is still considered too low and
the runner too bulky. Care must be taken to
allow plenty of space on either side of a
Pelton runner to allow deflected water to exit
without splash interference (Fig 5.3.3).

The principle of the Pelton turbine is to convert
the kinetic energy of a jet of water into angular
rotation of the buckets it strikes. In order to do
this at the best efficiency, the water leaving the
buckets after striking them should have little
remaining kinetic energy. It should transfer most
of its energy. This implies that the water has just
sufficient speed to move out from between the
buckets and fall away under gravity from the
wheel.

Fig 5.3.1 The single-jet Pelton wheel Spear valves are not essential components.
They can be replaced by variable nozzle sizes, or variable numbers of jets.
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The Pelton bucket is designed to deflect the jet
back through 165° which is the maximum angle
possible without the return jet interfering with
the next bucket. This water leaving the rotor
represents a loss of efficiency in energy conver-
sion since a small part of the original kinetic
energy is retained.

The momentum of the water jet is best used if the
water is deflected back by the bucket at the same
speed at which it arrives. The bucket travels
forward, and the jet is therefore deflected back at
incoming speed in order for it to have almost no
forward speed. For optimum efficiency the jet
velocity therefore needs to be about twice the
speed of the buckets. Peak efficiency is found in
practice when bucket speed is approximately
equal to 0.46 x jet speed. Note 5.3.2 shows how
this relationship gives rise to the fundamental
sizing equations of the Pelton, which are used for
practical calculations in Note 5.3.1 and Example
53.1.

The profile and shape of the Pelton bucket often
receives comment. Essentially it has been
evolved for maximum efficiency through experi-
ence and theoretical modelling over many years.
The bucket is split into two halves so that a
central area does not act as a dead spot incapable
of deflecting water away from the incoming jet.
The cutaway notch on the lower lip allows the
following bucket to move further into place
before interfering with the jet which is still
propelling the earlier bucket.

When considering the use of a Pelton for a
particular job, it is possible to calculate approx-
imately the size of the Pelton runner, its buckets
and cutaway notches. A manufacturer can then
be approached for a suitable runner and buckets
as near as possible to the desired sizes. Data to
obtain from the manufacturer are:

¢ runner diameters available (D);

® cutaway notch widths of the buckets
available.

Photo 5.3.2 A Pelton runner. (Nepal)

PELTON TURBINES 5.3

Gate valve

Fig 5.3.2 The multi-jet Pelton wheel The spear vaive is not
necessary as flow changes are made by varying the number
of jets in play and possibly also varying nozzle diameters. If
the Pelton has more than two jets it is convenient to mount
the shaft vertically.

1
>2pcd

>3 x bw > 3 x bw

‘ped’ = pitch diameter of Pelton

‘bW’ = bucket width > 1 ped

Fig 5.3.3 Clearance between bucket and case is essential
to avoid splash-back in both axial and radial directions. In the
case of twin runners care must be taken to avoid splash
interference.
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Nozzle jet Bucket

\ - die
/ 1 77

Fig 5.3.4 The Pelton buckets

The notch width determines the maximum
diameter of the water jet (d.,, max) that can be
directed at those buckets, since the jet must clear
the sides of the notch. A good rule of thumb is:
d,, max = cutaway notch width minus 5 mm.

If you are looking at a runner, measure the notch
width yourself and subtract 5 mm to estimate the
maximum size of water jet that can be used.

It is possible to use smaller (and therefore
cheaper) runners by dividing the flow of water
between a number of jets — ‘multi-jet’ Peltons can
have up to six jets before interference effects
between the jets lead to too much inefficiency.
Unfortunately the cost of the non-moving parts
of the turbine increases with each jet added
because of the extra components needed, so a
compromise between the number of jets and the
size of the wheel has to be made.

Multi-jet and single jet machines

Traditionally, micro-hydro Pelton machines were
always single jet because of the complexity and
cost of flow control governing of more than one
jet. With the advent of load control governing,
and the trend towards higher speed alternators,
multi-jet machines have become popular. They
have the following advantages compared to
single jet machines:

e Higher rotational speed

* Smaller runner and case

e Some flow control possible without a spear
valve

e Less chance of blockage in most designs —
reduced surge pressures

The advantages can lead to more competitive
prices and simpler designs. Disadvantages are:

» Possibility of jet interference on incorrectly
designed systems

 Complexity of manifolds and manifold
friction losses

» If flow control governing is required, be-
comes prohibitively complex.
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There are many control options of which the
designer should be aware:

1 Replacement of nozzles

A wet season flow will require a larger nozzle
size than a dry season flow. It is possible to
divide the yearly flow variation with two,
three or more parts and make a nozzle for
each flow. The turbine operator can then
remove one nozzle and replace it with a more
appropriate one to suit a seasonal change.
This is a very low-cost method of controlling
flow, especially if simple orifice plates are
used rather than expensively profiled nozzles.
It is important to be certain that sufficient
operator skill and input will be available -
and it must be remembered that the plant has
to be stopped (by diversion of flow) when
nozzles are changed.

Varying the number of jets

If a multi-jet turbine has shut-off valves fitted
on each of its jets, it can be run at different
flow rates by simply altering the number of
jets playing on the runner (see Fig 5.3.2).

If the jets are all of equal diameters, then the
flow will simply vary in proportion to the
number of active jets. For instance, if there are
two jets, either both (full flow) or one (half
flow) can be used. The year can be divided
into two seasonal flows.

It may be more economic in some cases to use
unequal diameter jets, and divide the year
into more seasonal flows while not incurring
excessive costs in adding jets. For instance,
suppose a two-jet turbine has one jet of 15mm
diameter and one jet of 20 mm diameter. Full
flow would be provided by the two jets acting
together. Medium flow would be provided by
the 20 mm jet acting alone, and low flow by
the 15 mm jet acting alone. This would be a
1/3,2/3, full power arrangement, strictly
36%, 64%, 100% of power. The reader can use
the ‘nozzle equation’ given in Note 5.3.1
(showing that Q is proportional to the square
of jet diameter) to clarify this relationship



between power (also proportional to jet
diameter squared) and combinations of
different jet diameters.

It is possible also to utilize the nozzle replace-
ment approach in a multi-jet turbine, to
provide greater variation in flow. This will
reduce the cost of adding further jets, but will
require increased input from an operator.

3 Shut-off valves

It is usual to place a valve, either a gate valve
or a butterfly valve, in the turbine manifold.
Some comments on these valves are given in
Chapter 3. Pelton wheels are often driven by
long penstocks in which surge pressure
effects, due to valve closure, can be very
dangerous and lead to damage caused by
bursting of the penstock. If valves are fitted,
they must always be closed slowly, particu-
larly during the last phase just before shut off.
Count to ten slowly while completing the
closure.

Gate valves are sometimes used mistakenly to
regulate flow, by partially closing them. This
causes damage on the valve plate due to
cavitation effects.

4 Deflector plate

The water jet can be deflected away from the
buckets of the runner if a plate is rotated into
its path, as shown in Fig 5.3.1. This is a very
useful device for stopping the turbine since it
is very quick and it does not require the

Photo 5.3.3 3-jet Pelton. Notice the load controller, ballast
tank, and belt guard. (Peru)
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shutting off of the flow in the penstock, with
consequent pressure surge dangers.

The process of stopping the turbine is then
completed by diverting the flow at the
forebay. (An alternative is to divert immedi-
ately at the forebay especially if convenient
access is available). Deflector plates (or jet
deflectors) are used in many flow control
governors to give rapid power changes.

Spear valves

Fig 5.3.1 illustrates the needle valve or spear
valve, which is so called because a streamlined
spear head is arranged to move within the
nozzle, allowing variation in effective orifice
cross-sectional area without introducing
energy losses. The spear is moved either by
turning a thread manually by a handle, or
automatically by a mechanical speed governor
(described in Chapter 6).

Traditionally the spear valve has been a very
important component of Pelton turbines
because it has been linked to a mechanical
speed governor. Modern micro-hydro plant
can be controlled by electronic load controllers
which eliminate the need for the mechanical
speed governor and remove one historical
reason for use of spear valves.

The mechanical governor is an expensive
device requiring a high level of skilled mainte-
nance. The spear valve is also expensive, and
presents the danger of instantaneously block-
ing the nozzle should it become detached
while the turbine is operating. Although these
are reasons for avoiding spear valves, they are
nevertheless very effective where continuous
flow regulation is considered necessary, and
their use in such cases can be cost effective. It
is worth commenting that the spear valve will
stop a foreign body which has fallen into the
penstock from blocking the nozzle. When a
spear valve is fitted, instantaneous closure
should be protected against, by fitting a spacer
onto the spear shaft.

In many cases of turbine selection, there will
be a choice presented between a single or
twin-jet Pelton fitted with one spear valve,
and a multi-jet Pelton. A decision can be made
on the basis of initial cost projections and
maintenance cost projections.

In general, the multi-jet Pelton is increasingly
popular because it lends itself more easily to
local manufacture, avoids the danger of
accidental nozzle blockage, and provides
adequate flow regulation for most micro-
hydro sites.
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Sizing of Pelton turbines: two approaches

Note 5.3.1

There are two situations to consider:
A A Pelton is required for a new site and you wish to give the required dimensions to a local manutacturer
who already has some standard bucket sizes.

B You already have in hand arange of Pelton runners of specific diameters, complete with buckets.
You wish to choose the best runner for a particular site.

For each situation a particular approach is suitable. In situation A you will need to specify the dimensions
of the Pelton. Example 5.3.1 illustrates this using the approach given here:

Approach A

1 Optimize the penstock diameter to calculate net head (see Section 3.11).

2 Use the turbine selection chart (Fig 5.1.2) to see i a Pelton is suitable and to estimate drive gearing
requirements. (A line shaft with pulleys allows the turbine to drive mechanical loads during the day as
well as generators in the evening, so it is often as wise to allow gearing as it is to design for a direct
drive unit.)

Find the ideal runner diameter from the rpm equation:

38xwﬁ‘l_

Pelton rpm

38 x JHpet X G

load rpm

orf Digea = The rpm equation

ideal

Draw up a table as shown in Example 5.3.1, calculating the nozzle diameter (djm) from the following
equation. (Nozzle and jet diameter can be assumed the same, although orifice plates and tapered
nozzles produce contraction; see Note 5.3.2.)

Ja
0.25
net

1

The table shows that runner diameters (D) can range between 6 and 20 x diet. The table allows a choice
to be made of runner diameter, gear ratio and number of jets.

The table calculates cut-away notch width (see Fig 5.3.4). This can be compared against available
bucket patterns. If the total clearance between the jet and the two notch sides is less than 5 mm, the
buckets will not tolerate any misalignment of the jet. If more than 5 mm, there may be some small

additional inefficiency but considerable oversizing of the bucket (up to 20 mm clearance) is possible
without undue loss.

gt = 0.54 x % The nozzle equation

Consider also part-flow requirements and speed regulation requirements in order to choose the number
of jets. Consider jets of varied diameter, and interchangeable jet sizes.

Approach B (see Example 5.3.2)

1 Find the turbine speed:
38 x yH
Pelton rpm = net The rpom equation
Drunner
2 Calculate the gear ratio G:
G - load rpm
turbine rpm

Consider whether the net head can be altered to achieve a desirable turbine speed.
Consider whether the load can operate at a revised speed.
Calculate the flow drawn by the turbine and choose the number of jets which best gives the desired flow:

2 o

- w~ o Tha aa77lg anuatinn

AL UL

The nozzle equation \
i Q

mber of jets in order to achieve the desired flow. J

2
3.43 x djet X afHper X Njet

6 Consider practical modifications of nozzle size and nu
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Specifying dimensions of a Pelton Example 5.3.1

The site you are considering for a Pelton (Fig 2.2.1) has the following characteristics:

Gross head 75m
Turbine flow from 70 to 190 /s depending on the time of year
Alternator speed 1500 rpm

1 Assume in this case penstock friction loss is 11% and therefore net head is 67 m.

2 Approximate turbine output power is:

€urbine X 10 X Q x H = 95kW for a 75% efficient Pelton

The selection chart (Fig 5.1.2) indicates a multi-jet Pelton is suitable and, in any case, gearing may be
easy to provide if a line shaft is used for alternative loads on the turbine.

38 H G N
ideal a net X = -—————'38 x V67 x G = 207 x G mm
alternator rpom 1500

The ideal diameter would therefore be 414 mm or 621 mm for gear ratios of 2 or 3 respectively.

3 The flow varies from 70 to 190 I/s, implying that two or more jets will be useful to obtain part-flow
operation of the turbine. Therefore draw up a table using the nozzle equation given in Note 5.3.1:

My 1 2 3 4 5 6
dje1 mm 82 58 47 41 37

D=6x djet mm 492 348 282 246

D =20x dje‘ mm 1640 1160 940 820

Notch width

>djer+3 mm > 85 > 61 > 50 > 44

4 Compare D,y (= 207 x G mm) with the diameter shown in the table. More than four jets are not
recommended because of the cost of manufacture. Gear ratios of between 2 and 3 (D, = 414 to 621
mm) would for instance allow use of a 3-jet turbine. The gear ratio can be chosen to suit convenience
depending on availability of pulleys, and to allow specification of a diameter already in a standard
range.

5 Buckets are made to standard sizes. Compare the notch widths calculated in the table with the avail-
able buckets to choose the best buckets for the turbine.

6 Note that with a 3-jet turbine the lowest flow obtainable is 190/3 = 63 I/s. This satisfies the flow range
specified, 70 to 190 I/s. Note that a 4-jet turbine could be selected, so allowing flow to reduce to 190/4
= 48 I/s. Considering the FDC for the site (eg Fig 2.2.11 or Table 2.2.2) this indicates reduced power
output available for a further three months each year.

At this stage you should find from the manufacturer the generator efficiency at part-load and combine it
with turbine efficiency data to estimate the actual part-power performance (Example 5.1.1). It may turn
out cheaper to use three jets since the fourth jet will not give an improvement in performance due to
this decline in overall system efficiency. (Note that penstock losses will reduce at reduced flow so
offsetting the decrease in overall efficiency, but also causing the best operating point of the turbine to
rise. To correct the speed it may be necessary to introduce some inefficiency to the system.)

Regulation of flow: a spear valve could be used on one jet. To save the expense of a spear valve, the
three jets could be used to regulate flow to 1/3, 2/3, or full flow. Greater variation is possible by using
varied nozzle sizes. For instance, one jet could be sized for 30%, and one jet for 50% of full flow. By
varying their combinations, six flow settings are possible. A further possibility is to make s<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>