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INTRODUCTION

by 0. Gunnes, M.Sc. in Civil Engineering.

------ _Director_of_The_Water_Power_Research_Departmer ,_NVE.__---

The history of Norwegian hydro-power in the meaning of electricity

generation, began one hundred years ago. The first very small units

were established for supplying electric light, and were built and utilized

by private enterprises.

In the year of 1885 the first power-plant with the purpose of selling

electric power, was established.

Although there were few power-plants constructed up to the turn of the

century, this period has a particul ar place in the Norwegian electri-

fication history . The construction of hydro-power plants dur ing this

period was mainly undertaken by mining- og papermill companies, and

formed an important origin for the further development of industry in

the country. Beside supplying electricity to the factories, the sur-

rounding communities were provided with electric light .

The first electricity companies organized and owned by municipalities,

grew up from around 19 00 . Their main purpose was domestic supply .

From 19 07 up to about 1920 , several big hydro power projects were const-

rueted and put into operation. All of them with the purpose of supplying

electric power to electrometallurgical and electrochemical industries

established close to the power plants.

Dur ing the same period a large number of development carried out by

municipalities also took place.

It is clear that around 192 0 the basis for the industrial development

of the country was founded, and it is obvious that water-power had a

central place in that pictur e.

During the period from 1900 up to 19 l 0 (the beginning of the second

world war), a large number of power-plants were constructed. All of these

were basically operating on limited local grids.
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The table below shows the statistics from 1944 with all together 2,009

water-power stations:

Norwegian water-power stations per. January 1st, 194l:

Generating capacity Number Sum generating capacity

0 - 100 kW 1,6 3 37.1 MW

100 - 500 kW 270 63.4 MW

500 - 1,000 kW 85 57.8 MW

1,000 - 5,000 kW 116 237.7 MW

5,000 - 10,000 kW 30 216.6 MW

10,000 - 20,000 kW 19 280.3 MW

20,000 - 50,000 kW 16 7 2.8 MW

50,000 - kW 10 935.3 MW

Sum 2,009 2,301 MW

We recognize that a number of 1,l463 stations, or 73 %of the total

number, had a generating capacity of less than 100 kW . However, the

total output from these l,l463 stations was only 1.6 % of the total

generating capacity.

After 19l45 a boom regarding development of large plants started. A

countrywide development of a high voltage transmission line system

began, and successively the small local powerstations became too

expensive and unreliable to keep in operation compared to the safe

and abundant supply from the new big system . Most of the small power-

stations were therefore closed, or they were included in the develop-

ment of bigger schemes.

In the next table the statistics over water-power stations per.

January lst, 1979 are shown :
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Norwegian water-power stations per. January 1st, 1979:

Generating capacity Number Sum generating capacity

0 - 1 MW ca. 250 ca. 75 MW

l - 10 MW 195 738 MW

10 - 20 MW 57 898 MW

20 - 50 MW 85 2,717 MW

50 - 100 MW lo 2,9l42MW

100 - MW 52 10,171 MW

Sum 679 17,5l41 MW

It is seen that out of 1,818 stations with a capacity less than 1 MW

in 19l4l, only 250 are still in separate operation.

Up to 1976 little attention has been paid to the small uni tso f

hydro-power potentials, mainly because of an abundant supply of cheap

electricity . However, as development of new large schemes are facing

a growing resistance from groups of people and various organizations,

it has become more and more difficult to find new schemes for providing

sufficient electricity . Therefore the small potentials are again in

focus,a nd at present a countrywide investigation is going on

for registration of the small hydro-power potentials. Within 1979 a

registration of about 500 power-plants, ranging· between 300 kW and

10,000 W vill be completed. The total energy output from these plants

is expected to amount to approximately 5 Th mean annual production, which

is 6 % of the hydro-electric potential already developed in the country.

A number of the small old stations, which have been closed some

20-30 years ago, are included in this investigation. However, a great

number of the very smallest,potentials less than 300 kW, i ll be investi-

gated and registered later on.

The cost limit for economic feasible power-plants is assessed to an

investment of 0.40 US$ per. kWh annual production (cost level 1979,

interest 7 % p.ea., economic life lo years).
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A classification in strict terms of small stations versus medium and

big stations, is rather difficul t. There seems to be only one logical

term limitation; the capacity of standardized units which are manu-

factur ed today. This limit is approximately 10 MW. There is no lower

limit.

To make as many as possible of the small power stations economi cally

feasible, is it necessary to emphasise the import ance of standardized

equi pment and economi c design, construction and operation. The large

number of stations which may be built, make a comprehensive standardi-

zation possible.

In 1973 , the Norwegian electricity supply system was organized in 535

separate units. Of these units 337 e re responsible for distribution of

electric power to domestic consumers. Most of them were owned by the muni-

cipalities or by the counties. Among these units most of the small

hydro-power development is expected to take place.

Almost 30 of the power production comes from stations owned by the

State Po er System , which is a directorate under the Norwegian Water

Resour ces and Electricity Board (NVE). This di rectorate is planning,

designing, constructing and operating their own system, and possesses all

necessary functions for these purposes. The State Power System is nor-

mally engaged with the biggest power-plants and transmission lines,

and is therefore of less interest regarding the small power-plants.

The small sources of hydro-power, shoul d be considered as any other

source of available energy. At which time the various small sources

are to be developed, will depend on the development costs compared

to the costs of other available energy sources.

The development costs for small hydro-power plants in Norway proves to

range from about 0.20 US $ per kWh ,up to the limit of economi c feasible

power, and even higher. This indicates that the development of the

cheapest resour ces ought to be started as soon as possible, while the

more expensive ones probably shoul d be developed within 20 years or so.
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However, one factor should be taken into account in this regard; the

small plants are often located nearer the consumers than the big plants

are, and shoul d therefore be given some economic credits because of re-

duced transmi ssion costs and losses.

The official policy in Norwegian electricity supply is, that the excisting

electricity institutions shall operate their own existing power system

as they do it now, either directly or in joint co-operation with other

electricity companies. Furthermore, they ought to have responsibility

for the development of the smaller water-power sour ces h ich are spreed

around the country. However, to promote a more efficient electricity

supply, the policy is to work for a concentration of the smallest units

in companies comprising a county, or if certain circumstances make

this difficul t, 2-4 units in a county .

For organizing the development of smaller water-power schemes, two

models seem interesting.

- The county (or another bigger unit) is responsible for planning, finan-

cing and construction, and is also the owner of the plant. The local

municipality is given the responsibility for running and maintenance

of the technical equipment.

The local municipality is the owner, and has the responsibility for

running the plant, but has to j o i n the bigger system through a

power production co-operation.

Both models aim , as far as possible, to maintain a decentralized

electricity organization system with units big enough to promote a

strong economy and an efficient utilization of the energy resour ces.

As the small water-power plants are regarded as an integrated part of the

total system , any special financial arrangement has not been proposed.

The possibility of giving some economic support for promoting planning»

excepted.

This will of cour se impede the small municipality units in developing

their own plants, because they usually have the possibility of buying

much cheaper electricity from the gross suppliers, for example the county .

(The electricity price in Norway has been kept considerably lower than
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the cost of developing new power, caused by the great number of old

depreciated water-power plants). The financial policy makes it neces-

sary with units big enough to manage this financial problem.

From the outline above, it shoul d be quite clear that the electricity

from the small power-plants ordinarily will be intermixed with the

power floating in the main grid. Only in particul ar cases, as for

example in especially remote areas of the country , the power will be

produced for a limited grid. It also seems to be of limi ted import ance

to keep the small power-plants as a reserve in case some parts of the

main system shoul d have a breakdown . This will require more expensive

equipment, and is consequently a question of economy .

The articles in this paper intend to give an outline of modern Norwegian

technology regarding design and development of small scale hydroelectric

powerplants.



SMALLSCALE HYDRO POER- PLANTS
- Development of local industry
- Controll and maintenance of the hydraulic equipment in hydro power-plants
- Small sized hydro power turbines
- Technical evolution and standardizing.
by W. Mjollner, Director and general manager

-------- - --- - - -· · ·------- - ------ - ...---- --------- --------------

DEVELOPMENT OF LOCAL INDUSTRY

Hydro power development may entail significant contribution to local industry,
primarily the civil works. However, through cooperation between contractor
and local industry, production of small hydro turbines may also contribute to
increased local activities.

The assumptions are as follows:

There must be a basis for development of a mechanical workshop milieu.
Primarily, the work will consist of plate construction and welding operations,
producing relatively uncomplicated parts as draft tubes, draft tube gates,
fundament casings, supply machinery like trash racks and simplified gate
constructions.

The material used in these constructions will be mild steel which is easy to
weld. For low head plants, the production will also comprise penstocks, ex-
pansion boxes, manholes and turbine casings.

Today, most turbine parts consist of welded constructions. Consequently,
turbine covers, guide vanes, guide vane arms and chains can be produced
locally. However, demands for quality are more stringent when it comes to
production of the vital turbine parts, especially for turbines which are
intended for high head plants. This will often require use of non-destructive
material inspection, i.e. liquid penetrant inspection, magnetic particle in-
spection, ultrasonic and X-ray inspection, and, of course, heat treatment
facilities.

Further, it would require a machine workshop equipped wi t h the most common
machine tools in order to machine flanges, drill holes etc. Local production
of turbine cylinders, distributors etc. requires precision tools in order to
obtain satisfactory quality.

Assembley and fitting together of the products require a mounting shop, in
which locally produced parts and parts produced by the contractor are fitted
together, adjusted and exposed to pressure and functibn tests.

The possibility of training personnel for the various spheres will represent
an important precondition. Training, primarily at the contractor's, is assumed
to be both expedient and necessary. On the other hand, the contractor will need
to have guarantees that delivery dates and quality requirements are met. From
a contractor's point of view, this will often represent one of the main ele-
ments of risks. The problem may be solved if the customer is-willing to share
the risks to some extent, in order to promote local production.

Alternatives for development of local industry can be described as follows:

Contractor establishes a subsidiary in the topic area.

Contractor cooperates with an existing company, which will act as
sub-contractor for specified products and services, or based on a
joint-venture agreement.

Contractor enters into licence agreement with an existing company .

•
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It would take too l ong to describe these alternatives in detail, but it is
obvious that exploitation of hydro power, through rational cooperation be-
tween customer, local authorities and contractor, would represent significant
opportunities for transfer of new technologies and increased employment in
the area involved.

CONTROL AND MAINTENANCE OF THE HYDRAULIC EQUIPMENT IN HYDRO POWER STATIONS

1. INTRODUCTION

The daily or routine maintenance of the equipment is usually described
in the supplier1s operating and maintenance instructions.

This will, however, in many cases make an insufficient basis for the
long term preventive maintenance, which is due to many circumstances
but espesially the fact that the operating conditions vary considerably
from place to place. The purity of the water, physically (foreign
material like sand and other solid substances) as well as chemically
(degree of acidity, contents of chemical pollution, etc.} will be of
vital importance when deciding how to plan the maintenance of the
equipment.

The object of the maintenance will be in two parts:

Main object is continuity of operation, which means that the plant
will not be exposed to unintentional standstill because of breakages.

Water economy, i.e. optimal utilization of the energy supplied to
the turbine, is of vital importance where water resources is a
minimum factor. By measuring of old plants, it has been proved
that the efficiency of the turbine deteriorates with time, the
degree of deterioration depending upon mode of operation, con-
struction and amount of maintenance performed.

Some of the most important factors reducing continuity of operation
and efficiency are highlighted below.

2. CORROSION +·
Firstly, corrosion will lead to perforation of the material, thereby
causing leakages. Outside the station, this will not cause immediate
major damages. Inside the plant, however, even small leakages may
cause major damages by exposing the electric control equipment and
maybe the generator to direct water spurt. In cases when the operating
mechanism of the shut-off valve is operated by water pressure from the
penstock, special attention must be drawn to the pressure tubes in
these control systems and also to the bypass line. When new, these
tubes are dimensioned in the same way as the main penstock, but
because of small diameter, the material is considerably thinner, and
the interior corrosion develops just as quickly here as in the main
pens tock, provided approximate equal material quality. Usually, such
leakages will be discovered at an early stage. Real danger will arise
when the corrosion has been permitted to develop so evenly and to such
an extent that the remaining material will not have the necessary
strength. By increase of pressure during load rejection, this may result
in sudden fracture, which primarily causes large water leakage and
secondarily may entail unability to stop the machine when the water
for the operating mechanism fails.
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Our experience is that most of the damages relate from corrosion on
vital bracket joints, which may not be so easy to inspect, but
which may result in considerable damages. For instance, it frequently
happens that stay and screw joints in the trash racks corrode, so that part
of the trash rack are transported into the turbine.

Hydro power plants have an extraordinarily long span of life, and
therefore, the problems in this field will undoubtedly increase
considerably, also because of the fact that during the later years the
materials have been utilized to a much higher extent than before. Special
attention is required with regard to the gate constructions, which are
of vital importance to the continuity of operation and which are often
inaccessible for inspection and maintenance.

Moreover, valves, control devices, air inlet valves, etc. which are
seldom in use, will be affected, because they may corrode so much that
they cannot be operated. In many cases, it will consequently be impossible
to make these components function when necessary, resulting in considerable
interruptions of operation at the plant. This can be illustrated as
follows: In many cases the penstock is provided with an emergency butterfly
valve and an air inlet valve. If the air inlet valve has rusted in,
draining of the penstock will result in complete compression.

Corrosion fatigue is another frequent phenomenon. This especially concerns
the part of the turbine shaft in horizontal turbines exposed to water, i.e.
in sharp transitions as keyways etc.

The stress level in such components is set low, and theoretically it is
unlikely that fatigue will occur. But it is also known that when an
horizontal shaft is exposed to corrosive surroundings, the danger
of fatigue fracture will increase. This is among other things due to the
fact that the surface develops corrosive holes where the stress level
increases compared to the conditions existing when the shaft surface was
not corroded.

As regards reduction of efficiency, the corrosion knots that normally
develop in the water exposed areas of a hydro power plant where the
material is of ordinary mild steel, will be of considerable importance.
This applies to the total water way, inlet gates, trash rack, penstock, shu
off valve, turbine and outlet. In Francis turbines, the spiral casing and
stayring, distributor and runner are often very much corroded. To some
extent, stainless material is being used in runner, guide vanes and the
interior surfaces of the turbine cover. This increases the initial cost, bu
will prove profitable in the long run because of considerable reduction of
maintenance costs as well as maintaining high efficiency.

3. EROSION

Erosion may often represent danger to the continuity of operation
equalling those arising from corrosion. Considerable damages are often
caused by sand in the water. In high-head plants with high water
velocity erosion attacks may often be considerable. However, low head
plants are also vulnerable. In horizontal Francis turbines we have seen
that the shaft sealing bracket has eroded to such an extent that it
broke and the plant was inundated. Usually, it will, however, start
with a minor leakage. Erosion may result in vital bracket joints being
destructed.

Erosion in the turbine distributor will highly affect the continuity of
operation. Major leakage in the distributor because of abrasion may
result in difficulties with regard to reducing the revolutions per
minute sufficiently when the distributor is shut off, which in turn
result in problems with regard to parallell ing into the grid.
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Leakage in the distributor may, in extreme cases, result in problems
when operating of the shut-off valve is needed. If the plant is equipped
with sluice valve, this will prove difficult to open, since the bypass
valve will be unable to provide sufficient water on the downstream side
of the main valve in order to obtain the correct pressure there.

Thereby, the friction power of the sluice will outstrengthen the
the power of the servomotor. This will not apply to the spherical
valves, but automatic operation is dependent upon a certain amount
of pressure downstream the valve in order to make the main control
valve function. Slide valves usually have oil hydraulics for opening
and drop weight for closing, making the problems less prominent, but
major leakage in the distributor may cause difficulties.

4. CAVITATION

As will be known, cavitation occurs in cases when, locally in the
turbine, the water velocity is so high that the pressure decreases
below the steam pressure, developing steam bubbles which in turn
are condensed when they reach a zone with higher pressure. In this
zone there will be fatigue of material, and the material will be
destructed.

Cavitation damages which are allowed to develop will result in inter-
ruptions of operation. This especially concern runner and draft tube.
There are examples on how Francis runners have had so large cavitation
and corrosion damages that the runner ring loosened during operation,
resulting in major damages. Our ordinary experience is, however, that
cavitation damages may develop to a large extent before resulting in
real major attenuation of continuity of operation.

It should also be noticed that there are many reasons for cavitation.
The hydraulic design of the machine is of vital importance, but there
are examples illustrating that local corrosion and erosion damages
have changed the geometrical shape of the runner blades, which there-
after have been exposed to cavitation damages.

5. MECHANICAL ABRASION

Most parts having a relative movement are exposed to mechanical abrasion.
This especially concerns the bearings, and it is important to use correct
type of oil. There are many reasons for bearing failure. It is frequently
caused by foreign particles and dirt in the bearings. It may be discussed
how often the bearings ought to be dismantled and cleaned, but we have
learned that at many plants this is done too seldom. Depending upon
conditions of operation and type of bearing, we usually reconmend dis-
mantling and cleaning at 4 year intervalls. It is very common only to
renew the oil, which of course must be done, but a great amount of the
bearing failures that we have seen could have been avoided through
dismantling and cleaning at an earlier stage, because the lubricating
channels which are necessary in order to obtain sufficient oil film in
the slide bearings, are slowly being clogged by dirt. Inevitably this
results in breaking of the film, and the bearing will have a very quick
rise of temperature. It is, however, a must that thorough cleanliness
is shown while cleaning the bearings. For instance, traverse cranes are
often used, resulting in particles sifting down on the bearing during
assemb ley.
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It is of vital importance that the cooling water system for bearings
with water cooling is always intact. When cooling pipes are used, these
are seldom clogged because the water is filtered (percolated), but in
old bearings there are frequently water leakages in the cooling pipes,
resulting in bearing failure.

For instance, when the penstock is equipped with an emergency closing
butterfly valve, the result of an air inlet valve failure because of
corrosion when draining the penstock will result in breakdown of the
penstock.

This can be illustrated as follows: Draining of the penstock will require
use of an emergency closing butterfly valve as well as the air inlet valve.
If the air inlet valve cannot move because of corrosion, this will result
of complete compression of the penstock.
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SMALL SIZED HYDRO POWER TURBINES
TECHNICAL EVOLUTION AND STANDARDIZING

Most suppliers of hydro turbines were in fact established last century. To
begin with, they produced small-sized turbines, which gradually developed
into the large units produced today for outputs up to several hundred MW per
unit. This increase of size was primarily a result of a growing demand for
low cost electricity to consumers. This is made possible through the large
water power plants. Therefore, the demand for small-sized units has been
minimal during the last 20 years, and consequently, the technical evolution
in this field stagnated.

However, shortage of energy has now made the small-sized units an
interesting alternative, provided that they are able to compete successfully
with other forms of energy, such as oil, coal, nuclear power etc. Redevelopment
has, however, been necessary. It is neither sufficient nor possible just to
down-scale the dimensions of a large turbine. This would result in high-priced
and inappropriate solutions. By analysing the cost-affecting factors, it has
been found necessary to:

Reconsider mode of operation
Simplify and standardize the design
Use standardized components

The most common types of turbines are the Francis, Pelton, Kaplan and tubular
turbines. The Kaplan turbine and the tubular turbine are suitable for low
heads and heavy discharge, while the Pelton turbine is used for high heads
and relatively modest discharge. The area inbetween is covered by the Francis
alternatives. The abovementioned types are all well suited for simplified
mode of operation as described below:

Constant water flow/output through turbine

In cases of parallell operation of power stations where other units keep a
constant frequency, the turbine can be designed with fixed guiding apparatus,
and also fixed runner vanes on the Kaplan and tubular version. The unit is
regulated only by the main valve in front of the turbine. This is also used
for parallelling to the grid. After parallelling, the valve will be in open
position. It is impossible to operate on partial load. However, it is to
some extent possible to regulate a variable waterflow if the power plant is
provided with an intake reservoir of adequate capacity and the pond level
is allowed to vary between certain limits. The turbine is operated for a
certain period of time on full-load, while the water level falls until it
reaches a determined level, at which time the machine will stop. When the
maximum level is resumed, the machine will start. This cyclus can be automized.
Thus you will save the costs for adjustable guide apparatus, frequency
governor and supplementary flywheel effect. Compared to a conventional turbine,
the savings will represent approximately 25-30%, depending on the type of
turbine involved.

Variable discharge/output through turbine

If it is required to adjust the water flow through the turbine, it must be
equipped with adjustable guiding apparatus, which is controlled by a simple
oil-hydraulic unit. This is suitable for control of intake reservoir and
remote load control. It will reduce the costs for frequency governor as well
as supplementary flywheel effect. In some cases it will also eliminate the
costs of safety valve and surge chamber.
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This presupposes employment within a large grid system. Further, it must be
ascertained that there will not be an unacceptable pressure rise as a result of
the fact that this simplification (low flywheel effect) in most cases will
entail runaway speed of the turbine at load rejection. When this alternative
is suitable, it will represent a cost reduction of 10-20% compared to a
conventional turbine.

Variable power take-off from generator

When operating either periodically or continually on a separate network, the
stability of the system must be considered. As a minimum the turbine will have
to be equipped with a frequency governor of electro-hydraulic or mechanical-
hydraulic construction. Considering the amount of maintenance involved, the
mechanical-hydraulic type will often be preferred, but this is also very much
dependent upon the competence level of the staff responsible for operation
and maintenance of the equipment.

Usually, it is necessary to have more supplementary flywheel effect than what
is built in by natural means in generator and turbine runner. Pelton turbines
will normally require water jet deflector. Francis turbines will sometimes
require pressure relief valve. Kaplan/tubular turbines will require adjustable
runner blades and guide vanes in order to obtain maximum efficiency for a
large load range and capability to perform with stability on a separate net.

The above three alternatives have in common the requirement for minimum
inspection and maintenance. Consequently, the turbines are equipped with
control and safety devices resulting in automatic stop in the event of the
more ordinary failures. However, the equipment is not as comprehensive as
it will have to be for a large unit where failure consequences will be much
more calamitous. (Such units are therefore equipped with a much larger number
of control devices). Further, the units are normally equipped only for manual
start, because the necessary ancillary equipment for the automatic start
procedure will represent a considerable increase in price.

Simplifying and standardizing of design/construction4 ·

In order to minimize costs it has been necessary to simplify the design
as much as technically possible without reducing the demands for safety of
operation and maximum output. It was particularily necessary to use
welded details instead of cast details. Today's welding technology and range
of material ttypes have strongly contributed to reducing the production costs.
It is essential that choice of material quality is made from a maintenance
point of view. On a long term basis, it may prove extremely profitable to use
stainless steel in some of the vulnerable elements of the construction, even
if this will increase the initial costs. Most of the small-sized turbines
are designed with horizontal shaft. Today, we do not have turbine shaft or
bearing for these turbines, see figure l and 2.

The runner is mounted directly on to the generator shaft by means of a
shrinkage joint by the oil pressure method. This simplifies the dismantling
and erection, shaft keyways are avoided, thereby reducing the danger of
fatigue fractures in the shaft. However, the axial forces of the turbine will
have to be absorbed by one of the generator bearings. On the other hand, the
unit will have only two bearings. Further, the shaft sealing box is
designed so that it does not touch the shaft. Previous grease-lubricated
bearings and bushings are today replaced by self-lubricated bushings. If
additional flywheel effect is required, a flywheel is mounted on the generator
shaft on the opposite side of the generator.

It is further necessary to standardize as much as possible in order to
minimize the costs. There are, however, so many factors to be considered when
designing hydro turbines that only a certain extent of standardization can
be obtained. Apart from head and discharge, revolutions per minute and suction
head (for Francis and Kaplan/tubular turbines) will be essential fgr the
applicability of a given turbine design for various combinations of head and
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discharges. For one thing, the output will be considerably reduced if a
turbine designed for a specific combination is operated under other conditions.

For units less than 1 MW and where the Francis turbine is a suitable
alternative, we have designed 8 standardized versions as shown in the
head-flow diagram, see fig. 3 and 4. It will be necessary to change the
revolutions per minute if one standard turbine will be used for various
combinations of head and discharge.

Regarding turbines with outputs up to 10 MW, we have prepared a standard
arrangement for the constructions in order to reduce the engineering work
and thereby the costs, without reducing the demand for maximum output for
the plant in question. For instance, data for output, revolutions per minute,
runner diameter and suction head have been systematized in the head-flow
diagrams.

From these diagrams, the main dimensions of a turbine for the desired com-
bination of head and discharge can easily be found, since all main data
are stipulated as a function of the runner's discharge diameter. This will
primarily reduce the pre-feasibility work.

Extensive use of mass produced components is also a cost reducing factor.
This will primarily apply to the control system elements. The use of such
elements, however, requires previous evaluation and testing. It is of vital
importance to ascertain that the often prevailing disadvantageous surroundings
(humidity, vibrations, pressure oscillations etc.) will not destroy the
functional characteristics of such elements.

Finally, I would like to stress the importance of standardizing the purchase
specifications for small-sized hydro units. Large units will normally require
detailed specifications.

Detailed specifications for small-sized plants will often make it impossible
for the suppliers to offer their standard versions. Studying of such speci-
fications and trying to adapt the standard versions that are developed will
also be time-consuming and expensive, resulting in an unintentionally high-
priced solution.

WM/TEA
28.8.79
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ELECTRICAL EQUIPMENT FOR SMALL SCALE HYDRO POWER-PLANTS.

- The Gen e r a t o r
- Swi t ch ge a r an d c on t r o l sy s t em

by J . Be r gs en g , M. s c . El e c . En g .
Sa l e s ma n a ge r
En e r gy p r o du c t i on a n d Di s t r i b u t i on

T h e G e n e r a t o r s

T h e m a in t a s k o f a s m a ll s c a l e h y d r o p o w e r p l a n t i s t o p r od u c e k Wh .

A n i n d u c t i on g e n e r a t o r w i th s qu i r r e l c a g e r o t o r i s t h u s s u i t a b l e fo r

s u c h a p o w e r p l a n t p r o v i d i n g t h a t a g r i d - f e d b y s y n c h r o n o u s

g e n e r a t o r s - i s a t h an d .

T h e r e w i ll b e o c c a s i o n s w h e r e i t i s d e s i r a b l e t o m a in t a in op e r a t i o n

o f s u c h a p l a n t i n th e a b s e n c e o f t h e g r id - e . g . fo r s u p p l y t o a s m a ll

l o c a l c o m m un i t y o r in d u s t r i a l p l a n t , n e c e s s i t a t i n g a m o r e c o s t l y

s o l u t i o n b y a p p l y in g a s yn c h r o n o u s g e n e r a t o r a n d s p e e d r e g u l a t i o n

o f t h e t u r b i n e .

Up o n r e fl e c t i o n o f a s m a ll s c a l e p o w e r p l a n t a n d i t s u s e s . on e

w o u l d b r i e fl y d e fi n e i t s d e s i g n p h i l o s op h y a s :

S im p li c i ty

L im i t e d u s e o f c o m p o n e n t s

S ta n d a r d i z a t i o n

Un m a n n ed op e r a t i o n

M a n u a l s t a r t i n g u p

B o t h s y n c h r o n o u s a n d in d u c t i o n m a c h i n e s h a v e t h e i r a d v a n t a g e s

a n d d r a w b a c k s i n s m a l l s c a l e p o w e r p l a n t s . T h e s y n c h r o n o u s

g e n e r a t o r c ov e r s a ll t yp e s o f op e r a t i o n w h il s t th e in d u c t i o n

g e n e r a t o r w i t h s qu i r r e l c a g e r o t o r m u s t b e c o nn e c t e d t o a g r id

f e d b y s yn c h r o n ou s g e n e r a t o r s . T h i s i s d u e t o th e fa c t t h a t i t

m u s t d r a w i t s m a g n e t i z i n g c u r r e n t fr o m th e g r id . V o lt a g e

r e g u l a t i on i s n o t p o s s i b l e .



P a g e 2

T h e i n d u c t i o n g e n e r a t o r a c t s a s a r e a c t i v e l o a d o n t h e g r i d a n d

p a r t of th e m a gn e t i z i n g c u r r e n t o f th e g e n e r a t o r m u s t b e c o m -

p e n s a t e d b y m e a n s o f a c o n d e n s o r b a t t e r y .

C o m p l e t e m a g n e t i z a t i o n o f an i n d u c t i o n g e n e r a t o r w i th a

c o n d e n s o r b a t t e r y i s c o n c e iv a b l e . S in g l e op e r a t i o n - i n a n y

c a s e , w i t h c o n s t a n t ou tpu t - i s t h u s p o s s i b l e . H o w e v e r , t h i s

i s a t h e o r e t i c a l a s p e c t ..

A s u m m a r y o f p o s s i b il i t i e s f o r th e u s e o f s y n c h r o n ou s o r i n d u c t i o n

g e n e r a t o r s i s g i v e n i n Fi g . 1.

D u e t o c o s t s a n d d e li v e r y t i m e , t h e g e n e r a t o r s m u s t b e t a k e n f r o m

s t a n d a r d i z e d m a c h i n e s e r i e s . T h i s i m p li e s t h a t , i n th e c a s e o f

th e i n d u c t i o n g e n e r a t o r , i t w o u l d b e t a k e n fr o m t h e i n d u s t r i a l

m o t o r s e r i e s an d , i n t h a t o f th e s y n c h r o n o u s g e n e r a t o r , f r o m t h e

g e n e r a t o r s e r i e s f o r c o m b u s ti o n m o t o r s .

D e m a n d s o n a g e n e r a t o r i n a h y d r o p o w e r p l a n t d i ff e r fr o m t h o s e
'

i n a d i e s e l p o w e r p l a n t o r o n a m o t o r i n a n in d u s t r i a l p l a n t .

M od i f i c a t i on s a r e , t h e r e f o r e , n e c e s s a r y . T h i s a p p l i e s , i n t h e

fi r s t i n s t a n c e , t o s t r a in o n b e a r i n g s , s t r a i n i n c o n n e c t i o n w i th

r u n a w a y s p e e d a s w e ll a s c o n t r o l o f c r i t i c a l s p e e d .

S y n c h r on o u s g e n e r a to r s a r e d e li v e r e d a s b r u s h l e s s g e n e r a t o r s .

T h e y a r e fi t t e d w i t h A C m a gn e t i z i n g m a c h i n e a n d r o t a t i n g d i o d e s .

T h e v o lt a g e r e g u l a t o r i s s i t u a t e d o n t o p o f t h e g e n e r a t o r . T h e

l a t t e r i s a l s o e q u ip p e d w i t h t h e n e c e s s a r y m e a s u r i n g t r a n s f o r m e r s

fo r t h e r e g u l a t o r . T h e g e n e r a t o r w i th m a g n e t i z i n g a n d r e gu l a t in g

s y s t e m i s th u s a p a c k a g e d e li v e r y .

T h e v o l t a g e r e g u l a t o r e ff e c t s t h e fo ll o w i n g fun c t i o n s :
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V o lt a g e r e g u l a t i o n

Sh a r in g o f r e a c t i v e p o w e r b e twe e n g e n e r a t o r s

op e r a t i n g in p a r a ll e l

I

A c o m p ou n d ci r c u i t m a i n t a i n s t h e n e c e s s a r y c u r r e n t

i n th e e v e n t o f s h o r t c i r c u i t s o t h a t p r o t e c t i o n m a y

fun c t io n

V o l t a g e bu il d - u p w i th th e a i d o f r e s i d u a l m a gn e t i s m

fr om t h e g e n e r a t o r

T h e s y s t e m i s n o t d ep e n d e n t o n ou t e r s o u r c e s o f v o l t a g e .

T h e m a gn e t i z i n g m a c h i n e s a n d v o l t a g e r e g u l a t o r s a r e d im e n s i o n e d

f o r a w i d e fi e l d o f op e r a t i o n - a s m a ll n u m b e r c ov e r s t h e e n t i r e

r a n g e of g e n e r a t o r s .
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S W I T C H G E A R A N D C O N T R O L S YS T E M

T h e d e s i gn a n d s y s t e m c r i t e ri a fo r th e s w i t c h g e a r a n d c o n t r o l s y s t e m
o f a s m a ll s c a l e h y d r o p o w e r p l a n t m a y b e s u m m a r i z e d i n a f e w w o r d s :

S im p l i c i t y

S t a n d a r d i z a t i o n

A u t o m a t i o n t o a c e r t a i n e x t e n t - i . e . u n m a n n e d o p e r a t i o n
b u t m a n u a l s t a r t in g u p

R e m o t e c o n t r o l s h o u l d b e a v o id e d b u t i s , o f c ou r s e ,
p o s s i b l e .

P r o t e c t i o n S y s t e m

C h o i c e o f p r o t e c t i on f o r a n y g e n e r a t o r d e m a n d s a c l e a r o u t l i n e o f t h e
s t r a i n s t o w h i c h a g e n e r a t o r i s ex p o s e d d u r in g op e r a t i o n - w h i c h
w o u l d c o m p r i s e :

E l e c t r i c a l o v e r v o l t a g e a ff e c t i n g i n s u l a t i o n

M e c h a n i c a l fo r c e s a s a r e s u l t o f r u n a w a y o r s h o r t c i r c u i t i n g

H e a t i n g a s a r e s u l t o f ov e r l o a d o r l a c k o f c o o li n g

T h e o b j e c t o f t h e p r o t e c t i o n s y s t e m m a y b e d e s c r i b e d a s th r e e f o ld
i n a s m u c h a s :

i t s n a t u r e m u s t b e p r ev e n t iv e - i . e . a n a b n o r m a l
c on d i t i o n m u s t b e d e t e c t e d a t th e e a r li e s t p o s s i b l e
m om e n t

i t m u s t in s t a n tl y l e a v e th e fa u lt y p o i n t c u r r e n t l e s s
i n c a s e s w h e r e th e fa u lt d e v e l o p s r a p id l y

i t m u s t b e a b l e t o gu a r d a g a in s t fa u l t s i n t h e g r i d
t o w h i c h t h e g e n e r a t o r i s c o n n e c t e d

T h i s m a y l e a d t o a r e l a t iv e l y c o m p r e h e n s i v e s y s t e m a n d , fo r s m a ll
p o w e r s t a t i o n s , a c o m p r om i s e i s n e c e s s a r y .

I

T h e m a j o r i ty o f f a u lt s r e s u l t in i n a d m i s s i b l e r i s e s i n .t e m p e r a tu r e .
T h e o b v i ou s s o l u t i o n i s t o i n s t a l l t e m p e r a tu r e s e n s o r s i n a l l b e a r i n g s
a n d i n t h e w i n d i n g s o f t h e g e n e r a t o r . F i g . s h o w s t h e
c h a r a c t e r i s t i c s o f s e m i - c o n d u c t o r e l e m e n t s u s e d in l o w v o lt a g e
g e n e r a t o r s .
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(

E l e m e n t s m a y b e s u p p li e d w i t h C u r i e p oi n t a d a p t e d t o li m i t
t e m p e r a tu r e s fo r t h e b e a r i n g s , w i n d i n g s a n d th e i n s u l a t i o n cl a s s .

G o o d h e a t c o n t a c t b e twe e n w i n d in g a n d s e n s o r i s e s s e n t i a l f o r s a f e
a n d s a t i s f a c t o r y fu n c t i o n a s t h e s e n s o r r e a c t s t o g r a d u a l r i s e s in
t e m p e r a t u r e . T h e se n s o r s a r e l e s s s u i t e d t o h i g h v o l t a g e g e n e r a t o r s
a s t h e w in d in g i n s u l a t i o n i s c o n s id e r a b l y th i c k e r t h a n th a t fo r l o w
v o l t a g e .

F o r h i g h v o lt a g e g e n e r a t o r s , P T 1 0 0 e l e m e n t s m a y b e u s e d .
C o n n e c t e d t o a c o n t r o l u n i t , t h e r e l e v a n t t e m p e r a t u r e s m a y b e
m e a s u r e d , a p r e - w a r n in g s i g n a l g iv e n a n d , w h e n th e u p p e r
t e m p e r a tu r e l i m i t i s ex c e e d e d , t r i p p i n g i s c a r r i e d o u t .

F u r t h e r m o r e , f o r h i g h v o lt a g e g e n e r a t o r s , th e r m a l r e l a y s w i t h
s u it a b l e th e r m a l t im e c o n s t a n t m a y b e u t i li z e d .

B y in s t a ll in g ov e r c u r r e n t t i m e r e l a y s w i t h i n s t a n t a n e ou s s h o r t
ci r c u i t r e l e a s e , r e l i a b l e p r o t e c t i o n i s a t t a in ed a g a i n s t :

Ov e r l o a d

P r o l o n g e d ov e r c u r r e n t s

Sh o r t c i r c u i t s

In th e ev e n t o f s h o r t ci r c u i t i n th e w i n d i n g b e tw e e n two p h a s e s in
t h e g e n e r a t o r , th e p o in t o f s h o r t c i r c u i t w i ll b e f e d fr om t h e g r i d .

T o w h i c h ex t e n t t h e o v e r c u r r e n t t im e r e l a y w i ll a ffo r d a n y p a r t i c u l a r
p r o t e c t i o n ( r e l e a s e t h e b r e a k e r ) d e p e n d s u p o n th e l o c a t i o n o f t h e s h o r t
c i r c u i t i n th e w i n d i n g - i n o t h e r w o r d s , th e m a g n i tud e o f th e c u r r e n t
fr o m t h e g r i d .

H o w e v e r , d e p e n d e n t u p o n c o n d i t i o n s a s w e ll a s t h e s i z e a n d v o l t a g e
o f th e g e n e r a t o r , t h e u s e o f d i ff e r e n t i a l r e l a y a s a s a f e g u a r d a g a in s t
i n t e r n a l s h o r t c i r c u i t s h o u l d b e c on s i d e r e d .

F r e q u e n tl y , a w i n d i n g s h o r t c i r c u i t w i ll o r i g i n a t e a s a s t a t o r e a r t h
fa u lt .

A w i n d in g s h o r t c i r c u i t b e tw e e n tw o p h a s e s a lw a y s e n t a il s c o n s i d e r a b l e
d a m a g e t o th e g e n e r a t o r a n d c o s tl y r e p a i r . T h e m a in o bj e c t iv e
m u s t th e r e f o r e b e t o p r e v e n t a s t a t o r e a r t h f a u lt f r o m d e v e l op in g
in t o a w i n d i n g s h o r t ci r c u i t. T h u s i t m a y b e q u i t e a s i m p o r t a n t t o
u s e a s t a t o r e a r t h fa u l t r e l a y r a t h e r t h a n a d i ff e r e n t i a l r e l a y .

Ov e rv o l t a g e m a y o c c u r b o th a s a r e s u l t o f d e f e c t s i n th e v o l t a g e
r e g u l a t o r - m a g n e t i z i n g s y s t e m - a n d o f r un a w a y . O v e r v o l t a g e
p r o t e c ti o n i s t h e r e fo r e i n c l u d e d a s s t a n d a r d e q u ip m e n t . O v e r s p e e d
p r o t e c t i o n i s a l s o i n c lu d e d - a s i n a ll o th e r p ow e r p l a n t s .

A s u m m a r y o f fa u lt s a n d fa u l t y c o m p o n e n t s i s g i v e n i n T a b l e 1 .
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Automation and Controls

Bringing_9 _g_standstill:

As a main rule and due to the fact that the plants are normally un-
manned, any fault will result in automatic disconnection of the
generating unit from the grid and, furthermore, the unit will be
brought to a standstill.

However, depending upon the location of the plant and the nature
of the fault, it may be reasonable to keep the plant running but
disconnected from the grid. This is especially important in areas
where temperatures below OOC (or 32OF) are to be expected.
Otherwise, the penstock may freeze. If necessary, arrangements
for by-pass of the water may be made.

(

The unit is disconnected from the grid and brought to a standstill by
the built-in automatic control, the general procedure being:

the turbine is de-loaded

the valve in front of the turbine will close

the circuit breaker trips time delayed.
The delay is adjustable.

in the case of a synchronous generator, it is de-
magnetized.

Start_procedure:

In order to start, certain conditions must be fulfilled. Furthermore,
the presence of the operating crew is required in order to initiate the
starting and to control it.

Once initiated, the starting procedure runs automa tically .

Manual starting of the oil pump to build up the oil
pressure of the hydraulic system to the required
level.
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M a n u a l s e t t i n g o f th e a u t o m a t i c t o op e r a t i n g p o s i t i o n .
If a n y fa u lt e x i s t s w i t h i n th e s y s t e m , a n a l a r m w i ll
n o w b e gi v e n a n d th e fa u lt m a y b e id e n t i fi e d o n t h e
a l a r m p a n e l. T h e s t a r t i n g p r o c e d u r e i s a u t o m a t i c a ll y
d i s c o n t i n u e d un t i l th e f a u l ty c o m p o n e n t h a s b e e n r e p a i r e d .

F o ll o w i n g th e s e t t in g o f t h e a u t o m a t i c , th e v a r i o u s
e l e m e n t s o f t h e tu r b in e a r e b r o u g h t t o s t a r t p o s i t i o n a n d ,
u p o n o p e n i n g o f th e v a lv e , t h e tu r b in e s t a r t s a n d a c c e l e r a t e s
t o n o m i n a l s p e e d .

In t h e e v e n t o f a n in d u c t i o n g e n e r a t o r b e i n g e m p l o y e d , t h e c i r c u i t
b r e a k e r w i ll cl o s e w h e n s yn c h r o n o u s s p e e d i s r e a c h e d . T h e cl o s in g
c o m m a n d i s g i v e n b y t h e s p e e d c on t r o l e q u i p m e n t a n d t h e g e n e r a t o r
i s i n s t a n t l y r e a d y t o d e li v e r r a t e d o u tp u t . In o r d e r t o a c h i e v e t h i s ,
h o w e v e r , a g r id m u s t b e a t h a n d an d t h e g e n e r a t o r d r iv e n a t a n o v e r -
s y n c h r o n o u s s p e e d o f a p p r ox i m a t e l y l 0 2 % o f s y n c h r o n o u s s p e e d .
T h e t u r b in e r e g u l a t o r w i ll p r o v i d e fo r t h i s s p e e d .

A s yn c h r o n ou s g e n e r a t o r m u s t b e t r e a t e d s o m e w h a t d i ff e r e n tl y .

a . C o n n e c t i o n t o a g r id , p a r a l l e l l i n g :

In t h i s e v e n t , t h e un i t i s b e i n g a c c e l e r a t e d t o s y n c h r o n o u s
s p e e d a n d , i n o r d e r t o a v o i d s w i t c h i n g e r r o r a n d r e l i e v e
t h e o p e r a t i n g c r e w , p a r a ll e ll in g a s w e ll a s m a gn e t i z in g o f
t h e g e n e r a t o r a r e c a r r i e d o u t a u t o m a t i c a ll y .

T h e p a r a l l e l l i n g a p p a r a tu s - S yn c h r o t a c t - c o n s i s t s o n l y
o f s o li d s t a t e c o m p o n e n t s . I t i s c on n e c t e d t o th e v o l t a g e s
o n e i t h e r s id e o f t h e op e n c i r c u i t b r e a k e r a n d c o n t r o l s t h e
fo ll o w i n g :

S l ip o f t h e r o t o r a n d t h e r e b y th e fr e q u e n c y

V o lt a g e s on e i t h e r s i d e o f th e o p e n ci r c u i t
b r e a k e r

P h a s e a n g l e

T h e cl o s in g c o m m a n d i s g i v e n w h e n t h e s e t m a x i m u m s l i p
i s r e a c h e d . C o n s id e r a t i on m u s t b e g i v e n t o t h e b r e a k e r
cl o s in g t i m e .

Wh e n c o nn e c t e d t o a g r id , th e fr e q u e n c y i s d e t e r m i n e d
c o m p l e t e l y b y th e g r i d - a n d t h e r e b y t h e s p e e d o f th e u n i t .
F r e q u e n c y r e gu l a t i on i s , th e r e f o r e , n o t n e c e s s a r y .

b . S i n g l e o p e r a t i o n :

C o m p a r e d w i t h a n i n d u c t i o n g e n e r a t o r , t h e s y n c h r o n ou s
g e n e r a t o r m a y p r o d u c e r e a c t i v e p o w e r a s e l l a s s u s t a in
i t s t e r m i n a l v o l t a g e . T h e s yn c h r o n o u s g e n e r a t o r i s t h u s
s u i t a b l e fo r s i n g l e op e r a t i o n .
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S t a r t - u p a n d cl o s i n g o f t h e c i r c u i t b r e a k e r d o n o t d i ff e r
f r o m t h e p r o c e d u r e fo r a n i n d u c t i o n g e n e r a t o r . H o w e v e r ,
fr e q u e n c y r e g u l a t i o n m u s t n o w b e p o s s i b l e a n d a t u r b i n e
w i th a d j u s t a b l e g u i d e v a n e s a n d r u n n e r v a n e s m u s t b e
e m p l o y e d .

E x ci t a t i o n S y s t e m a n d V o lt a g e R e g u l a t i o n

S l i p - r i n g s a n d
m a i n t e n a n c e .
w i t h r e g a r d t o

b r u s h e s a l w a y s r e q u i r e a c e r t a i n a m o u n t o f
T h e y m a y fu r t h e r b e o n e o f t h e w e a k e s t p o i n t s

r e li a b i li t y .

T h e m o d e r n s y n c h r o n o u s g e n e r a t o r fo r t h e s m a ll s c a l e h y d r o
p o w e r s t a t i o n i s t h e r e f o r e o f t h e b r u s h l e s s t yp e . T h e r o t a t i n g
d i o d e s a s w e ll a s t h e A C e x c i t e r a r e m o u n t e d o n t h e g e n e r a t o r • .
s h a f t i n s i d e t h e s t a t o r fr a m e .

T h e v o l t a g e r e gu l a t o r i s o f t h e s o l i d s t a t e type a n d m o u n t e d o n
t h e t o p o f t h e g e n e r a t o r , a s a r e a l s o t h e c u r r e n t t r a n s fo r m e r s
fo r f e e d i n g o f t h e r e g u l a t o r . F i g . 3 .

T h e g e n e r a t o r , e x c i t a t i o n a nd v o lt a g e r e g u l a t i n g e q u i p m e n t t h u s
f o r m a c o m p l e t e u n i t.

V o l t a g e r e g u l a t i o n :. . . . . . .

F i g . 4
s y s t e m .

s h o w s t h e r e g u l a t o r p r i n c ip l e o f a n a u t o n o m o u s g e n e r a t o r
T h e u n i t h a s a n u m b e r o f fu n c t i o n s :

a . A u t o m a t i c v o l t a g e r e g u l a t i o n

U n d e r n o r m a l c i r c u m s t a n c e s , t h e v o l t a g e i s a u t o m a t i c a ll y
k e p t c o n s t a n t a n d a t a p r e - s e t v a l u e . T h e r e f e r e n c e l e v e l
o f t h e g e n e r a t o r v o l t a g e i s a d j u s t a b l e .

F u r t h e r m o r e , t h e a u t o m a t i c v o l t a g e r e g u l a t o r i s e q u ip p e d
w i t h a q u a d r a tu r e c u r r e n t v o lt a g e d r o o p c i r c u it . S h o u l d
t h e r e a c t i v e o u t p u t o f t h e g e n e r a t o r i n c r e a s e b e y o n d t h e
v a l u e c o r r e s p o n d i n g t o t h e n o m i n a l p o w e r f a c t o r , t h e c i r c u i t
w i ll d e c r e a s e t h e v o l t a g e i n o r d e r t o s u s t a i n t h e c o r r e c t
r e a c t i v e o u t p u t .

b . V o lt a g e b u i l d - u p

T h e v o lt a g e i s b u i lt u p b y t h e r e s i d u a l m a g n e t i s m o f t h e
g e n e r a t o r , w h i c h p r ov i d e s f o r a n a u t o m a t i c v o l t a g e b u i l d - up .
W h e n t h e t e r m i n a l v o lt a g e h a s r e a c h e d 3 0 - 4 0 % o f n o m i n a l
v o lt a g e , t h e a u t om a t i c v o l t a g e r e g u l a t o r t a k e s c o n t r o l a n d
r e g u l a t e s t h e v o lt a g e t o t h e d e s i r e d v a l u e .
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c . C o m p o u n d i n g c i r c u i t

T h e n e c e s s a r y e x c i t a t i o n c u r r e n t d u r i n g a s h o r t c i r c u i t
c o n d it i o n i s p r o v i d e d fo r b y a c o m p o u n d i n g c i r c u i t . T h i s
w i ll m a i n t a i n t h e s h o r t ci r c u i t c u r r e n t f o r a s u ff i c i e n t
p e r i od o f t i m e t o a ll o w t h e r e l e v a n t r e l a y s t o o p e r a t e .

W a t e r L e v e l R e gu l a t o r

A s s m a ll p o w e r p l a n t s a r e d e s i gn e d f o r u n m a n n e d o p e r a t i o n ,
a u t o m i z a t i o n o f t h e tu r b i n e a d m i s s i o n i s t h e r e f o r e n e c e s s a r y .

T h e fo ll o w i n g m od e s o f o p e r a t i o n w a r r a n t a u t o m a t i o n :

a.
I
\

W a t e r s u p p l y t o t h e r e s e r v o i r v a r i e s t h r o u g h o u t t h e d a y
o r t h e w e e k . T h e v a r i a t i o n m a y b e w i t h i n t h e o u tp u t
r a n g e o f t h e t u r b i n e b u t o u t s i d e t h e c a p a c i t y o f t h e r e s e r v o i r .
T h i s i s e s p e c i a ll y t r u e fo r p o w e r p l a n t s w i t h s m a ll in t a k e
c h a m b e r s o r r u n - o f - r i v e r p ow e r p l a n t s .

b . T h e i n l e t t o t h e p e n s t o c k a t t h e i n t a k e c h a m b e r m a y b e
b l o c k e d b y fo r e i g n b o d i e s .

c . P ow e r p l a n t s w h e r e r e g u l a t i o n o f t h e w a t e r l e v e l o f t h e
i n t a k e c h a m b e r i s d e s i r a b l e .

d . T o e n s u r e th e u t m o s t e x p l o it a t i o n o f v a r y i n g w a t e r s u p p l y
b y m a i n t a i n i n g c o n s t a n t l e v e l i n t h e r e s e r v o i r .

A n e l e c t r o n i c w a t e r l e v e l r e g u l a t o r h a s t h e r e fo r e b e e n d e v i s e d . -
s i m p l e i n c o n s t r u c t i o n b u t n e v e r t h e l e s s o p e r a t i o n a ll y r e l i a b l e .

I n s t e a d o f w a t e r l e v e l s e n s o r in g i n a r e s e r v o i r , w h i c h o f t e n e n t a i l s
c o s t l y t r a n s m i s s i o n o f t h e s e n s o r s i g n a l - e . g . i c i n g p r o b l e m s e t c . ,
p r e s s u r e i s s e n s o r e d a t t h e i n t a k e i n t h e p o w e r p l a n t a s w e ll a s t h e
d i s t r i b u t o r op e n i n g . W i t h t h e a i d o f t h e s e t w o c r i t e r i a , m e a s u r e -
m e n t i s a t t a i n a b l e o f t h e s t a t i c w a t e r l e v e l o r t h e w a t e r - li n e in t h e
i n t a k e r e s e r v o i r . F o r a d j u s t m e n t o f t h e w i c k e t g a t e s (o r - i n t h e
c a s e o f a t u b u l a r tu r b i n e - t h e r un n e r b l a d e s ) , t h e s e r v o - m o t o r o f
t h e tu r b i n e c o n t r o l s y s t e m m a y b e u s e d . A p r i n c i p l e s k e t c h i s
s h o wn i n F i g . 5 .

A s a s e c o n d a r y fu n c t i o n , t h e r e g u l a t o r a l s o m o n i t o r s t h e p r e s s u r e
i n t h e tu r b i n e . In t h e e v e n t o f t h e w a t e r s u p p l y b e i n g c o m p l e t e l y
o r p a r t l y b l o c k e d , t h e r e gu l a t o r w i ll r e g i s t e r t h i s a s l o s s o f
p r e s s u r e a n d r e a c t i n a c c o r d a n c e w i t h l o w w a t e r l e v e l - a d j u s t i n g
t h e tu r b i n e o u tp u t u n t i l s a t i s f a c t o r y p r e s s u r e h a s b e e n r e s t o r e d .
E m p t y i n g o f t h e p e n s t o c k a nd s u b s e q u e n t r e l e a s e o f t h e u n d e r -
p r e s s u r e p r o t e c t i o n m a y t h u s b e a v o i d e d - t h e g e n e r a t o r r e m a i n s
c o n n e c t e d t o t h e g r i d b u t w i t h r e d u c e d o u tp u t . U p o n r e m o v a l o f
t h e o b s t a c l e , o p e r a t i on r e v e r t s t o n o r m a l o n c e a g a i n .
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C o n n e c t i o n t o t h e G r i d

A p a r t fr o m t h e e q u i p m e n t d i r e c t l y r e l a t e d to th e g e n e r a t o r s
( s yn c h r o n i z i n g , v o lt a g e r e gu l a ti o n e t c . ) , t h e m a in p o w e r c i r c u i t s
f o r a n i n d u c t i o n g e n e r a t o r a r e s im il a r t o th o s e f o r a s y n c h r o n o u s
g e n e r a t o r . H o w e v e r , t h e p o w e r ci r c u i t s f o r h i g h a n d l o w v o lt a g e
g e n e r a t o r s a r e s o m e w h a t d i f f e r e n t - F i g . 6 .

F o r a l o w v o l t a g e g e r a t o r , th e c i r c u i t br e a k e r i s l o c a t e d b e twe e n
t h e t r a n s fo r m e r a n d t h e g e n e r a t o r a n d , i n th e c a s e o f a h i g h v o lt a g e
g e n e r a t o r , b e t w e e n th e t r a n s f o r m e r a n d t h e h i g h v o lt a g e b u s b a r .

T h e g e n e r a t o r s in q u e s t i o n m a y b e d e s i g n e d fo r op e r a t i o n a l v o lt a g e s
u p t o l 3 . 2 k V . H o w e v e r , s i n c e th e g r i d s t o w h i c h th e s m a ll s c a l e
p o w e r p l a n t s a r e t o b e c o n n e c t e d n o r m a ll y h a v e h i g h e r v o l t a g e s ,
s t e p - u p t r a n s f o r m e r s a r e n e c e s s a r y .

F u r t h e r m o r e , in t h e e v e n t o f a s h o r t c i r c u i t - f o r i n s t a n c e , o n th e
g e n e r a t o r t e r m i n a l s - t h e s h o r t c i r c u i t c u r r e n t f r o m t h e g r id c a n
r e a c h a c o n s i d e r a b l e m a g n i tud e . T h e i m p e d a n c e o f t h e t r a n s fo r m e r
w i l l l i m i t t h i s t o a m o r e s u i t a b l e m a g n i tud e , r e d u ci n g t h e s t r a i n s t o
w h i c h t h e e q u ip m e n t o t h e r w i s e c o u l d b e e x p o s e d .

T h e m a g n e t i z i n g c u r r en t o f th e i n d u c t i o n g e n e r a t o r i s s u p p l i e d fr om
t h e g r i d . T h e g e n e r a t o r i s t h u s un a b l e t o r e g u l a t e i t s t e r m in a l
v o l t a g e - i . e . t h e t e r m i n a l v o lt a g e i s c o m p l e t e l y g o v e r n e d b y t h e
g r i d . T h e g r i d v o lt a g e m a y fl u c tu a t e o v e r th e d a y / n i g h t a n d , s i n c e
t h e o u tp u t o f a n i n d u c t i o n g e n e r a t o r - k e e p in g th e c u r r e n t c o n s t a n t -
i s p r o p o r t i o n a l t o t h e v o lt a g e , i t i s i m p o r t a n t t o k n o w t h e m a g n i tu d e
o f t h e s e fl u c tu a t i o n s . O t h e r w i s e t h e o u tp u t w i ll b e r e d u c e d w h e n i t
i s m o s t n e e d e d - i . e . w h e n th e l o a d d e m a n d i s h i g h a n d th e g r i d
v o l t a g e a t i t s l o w e s t v a l u e . C a r e fu l c o n s i d e r a t i o n m u s t th e r e f o r e
b e g i v e n t o th e r a t i o o f t r a n s f o r m a t i o n a n d th e t r a n s f o r m e r m u s t b e
e q u i p p e d w i th t h e c o r r e c t t a p p in g s .



-·
Fault y items

Remarks
Faults Induction generator Synchronous generator Turbine 24 DC supp

Low voltage High voltage Low voltage High voltage
Gear Reservoir Aux.eire . Transf.

- -- - - - - - -- - - - - - ·-
W inding temp. X X X Xtoo high

- . -- - - - - - - - - - . - -- - -- - -

Bearing temp. X Tubular turbine bearings only
too high X X X X X

-
Overload X High voltage fuses
( thermal) ( X) ( X) X

- - - - -
Over current X X X X

Earth fault ( X) X ( X) X X

--

Overvoltaqe
( X ) X ( X) XK' uu i n c i rcu i t

Undervoltage
XDC aux. circuit

-
X Francis- and tubular turbinesReverse power

-
Overspeed X

X Turbine governcr
Oil pressure

I X Circulation pump

0 1 1 level X Turbine governor

-
Oil temp. X

Flood X Start drainage pumpa

H i n . wa t e r X
level

Internal
( X) ( X)short circuit X X

Gas ing X

»
O'
t-
(D

e







Automatic voltage Regulator SF?
Block Diagram OE- S 77/ 52

SF7
, - - - - - - - - - - - - - - 7
I 3

4

6

AVR

7

8

Vo l t a g e
b u i l d - up

10

Comp

I
I
IL _

c i r c u i t

I
I
I
I
I
I
I
I
I

_ _ _ _ _J

1. Fus e s
2 . Ex c i t a t i o n s wi t c h
3 . AVR un i t
4 . Vo l t a g e a d j u s t e r

5 . Cur r e n t t r an s f o r me r
6 . Re g . s up p l y t r a n s f o r me r
7 . Th y r i s t o r b r i dg e
8 . vo l t a g e b u i l d - up c i r c u i t
9 . Comp o un d i n g t r an s f o r me r

l 0 . Comp o un d i ng c i r c u i t
l l . Ro t a t i n g d i o d e b r i dg e

F i g . 4



Dam

A : Measur ement of the
distributor opening

B: Measurement of the
pressure

Water level
regulator

B

A

Adjusting servo

increase/decrease

Turbine regulator

Valve
Tail water

Fig. 5 Schematics of the water level regulator
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WATERWAYS, DAMS AND POWER BUILDINGS FOR SMALL SCALE POWER-PLANTS.

by T. Jensen, M.Sc. in Civil Engineering. Water Power Engineer.

The_Poyer_ esesrch_Depermen, _!VE- --- - -- - -- -----

Waterways

Waterways for small power-plants often represent a big item of

expenditure, both in view of constructional- and running expences.

It is therefore of the utmost importance to examine the conditions

of the terrain, and also the geological conditions (maps, surveys).

Principally, thr ee di fferent waterway systems are to be found:

Under-ground (tunnel, shaft), and overground, penstock and/or channel.

Rough_ground_projects

Usually, tunnel and/or shaft systems wi ll be most profitable when

great quantities of water must be transported. These systems are

also of interest where the topographical conditions naturally favour

under-ground systems, that is, where these systems increase the head

of water and/or shorten the waterway.

Fig. 1
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Fig. 1 shows in principle a project where tunneling probably will

be more favourable than penstock. The main difference lies in the

fact that tunneling opens up possibilities for a larger catchment area,

while laying a penstock line is expensive in this terrain, where deep

moraine causes expensive points of support.

It is important to note that work in rough grounds largely depends on

the quality of the species of rock. Unsound rock demands a high

degree of secur ing and concreting. This may add to the cost of the

counstuction, and make it more expensive than a penstock alternative.

For this reason, geological examinations (seismic measur ings, studies

of rock structur e etc.), are necessary before commencing on a rough

ground project.

For tunnels and shafts it is important to have sufficient overbur den,

to prevent that pressur e, which may come up in the waterway, results

in leakage or total break down .

Tunnels

At present there are two possible methods for getting approximately

horizontal running. Conventional running, use of boring and blasting,

and ful l profile drilling. In soft rock, and rock holding small

quantities of quartz, is ful l profile drilling the best alternativ e , in

deference to a smaller cross section of tunnel. Conventional tunneling

is better adapted to hard rock.

Large cross sections are unnecessary for small power-plants. Full

profile drilling may be operated down to3-4 m2 , while conventional

8 2 · · · 1 bltunnel running has 5-i m as lower limi t, dependent upon aval. .ai.e

mechanical equipment. Common for all rough ground projects is the

great cost of rigging. This favour s long tunnels, but not too long,

because transport of earth masses may be expensive. For smaller cross

sections rail transport is usual, while for cross sections exceeding

15 m', wheel transport is preferable.

Enclosur e 1 shows development of cost as a function of length, and

cost as function of cross section.
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Note that change to wheel transport cause a fall in the costs. The reasons

for this decrease are more effective equi pment for all larger cross sections,

and the elimi nation of the great rigging costs for rail transport. It is

important to be aware of this, because where both types of equipment are

available, a larger cross section may be attained without additional cost.

This gives less loss of head in the tunnel, which again results in better utili

zation of the water.

Shafts

Two possible methods of running will be described. Running with

Al imak hoist is a well-known method in Norway, and this method has

shown some good resul ts. Another method is full pråfile drilling,

where first a pilot hole is drilled, then a rotating disc is pul led

through the hole. (se fig. 2,3). This method is only recently in use,

and where small cross ·sections are adequate, great resul ts are expected.

• - · ·········· ---··········•·· ·······-- .
3 . 8e»

#t i t#tit/f%%2$f f%2 h t#/ / ##$2#29%29$#ft2ihi#±±%# ####99##if ±±

The A l ima k me t hod , w ith dr il l ing and a ir inject ion a fter bla st ing.

Fig. 2
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. :"•':;t:1;
¢  k

p t m {
o %, •

Principle for prof ile cutter. Ori ll ing a
pilot hole.

Operating the
prof il cul t er.

Fig. 3

Because of slides after blasting, most of the shafts are drained with

a 90 0 or 4 50 incline (by using Al imak stool). Minimum cross section

is calcul ated to approximately 4 m2 and normal price to ca. 6000 NRr/m

( 1. 1. 79 ) , rigging included, taxes excepted. A drilled shaft has, so far,

a maximum diameter of 12 00 mm ( 1 , 1 m2), and the length is limited to

1 50- 2 00 m. A hole measur ing 800 mm and with a length of 1 20 m, costs

3700 N. r /m, total construction costs included ( 1 . 1 . 79 ) .

It is supposed that small power-plants which utilize high heads, where

penstock becomes too expensive because of terrain conditions (moraine etc.),

and where conventional shaft running also is too expensive, will become

more interesting in view of the new drilling method.

Fig. 4 indicates this.
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This shows that drilled tunnel with a circular cross section gets approx.

5,5 times less loss of head than blasted tunnel. Practically, this

means that a necessary tunnel of 16 m2, may be reduced to 8,5 m2

when drilled, assuming the loss of head to be 0,l m/l00 m. The reason

for this lies in the fact that a circul ar cross section has a better

hydraul ic shape, and also that a drilled tunnel has a smoother sur face

): higher Manning number.

For unlined pressur e tunnels it is normal-economic to calcul ate the

loss of head to 0,1 -0,05 m/l0Om, which equals approx. 0,6 m/sec. -

1 m/sec. for cross sections from 5 m? to l6 m°.

Summery·__Advantages_and_disadvantages.

kr/m
Cross section·m2

minimum maximum
Manning's
number M Influence on rock

Tunnel:
Conventional running
L = 3000 m

Ful l profile
drilling
L = 3000 m

Shaft:
Al imak,
blasting

Drilled

3,200,-

2,800,-

6,000,-

3,700,-

5-8

4

3,5-l

4

1,1

28-35

70

30-35

70-80

Blasting causes shock
wawes in rock. May
cause more secur ing.
Stones may be used for
road base and filling
of dam.

Small vibrations in rock
Produce fine mass, whicr
is not fit for dam
filling or road base.
Utilization possible
if other materials addec

Same as for tunnel.

Must be accessible
from base to top.
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Inta ke
Pens t oke

Dr ill ed

prea sure

sha t t

founda t ion

Pow ers ta t ion

The t unne l is ne ce ssa r y t o obta in suff icient overburden

for the . pressur e shaf t .
Fig. 4

Because of the necessary size, will loss of head often be low in

tunnels. Manning's formula is often used.

v2 . L
h = -z--

f . R+/ 3

v = k;,R (hydraul ic radius) = f

Manning's formula

sur fac.e
perip ery

The formula shows that ful l pråfile dr illing may have a lesser cross

section at the sa.me loss of head as is usual in conventional tunnels.

Consequently , development of profile drilling machinery will be of

importance for small power-plants.

A rough calcul ation shows

ABlasted tunnel QJ

Drilled tunnel ø

loss of head per 100 m tunnel to be:

m

: 0/ 3
hf = 0,ll•q2 •F m
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Qver-ground_proj ects

The topography will decide the solutions in all terrain work.

An over-ground waterway consists of canals and pipe constructed of

various material s (steel, ductile iron, reinforced plastic, wood)(impreg-

nated timber)). Solutions will differ from project to project, and every

conciveable combination, both between different pipe types and pipe/channel

systems , may be found. High head plants often have headraces. However, in

steel pipe, while low head plants often have headraces. However, in

some cases it may be of advantage to use channels for high head plants, too.

Fig. 5 shows 3 di fferent solutions for over-ground projects.

Wooden pipe

:==-f\iHead r ac e
\

V < 0.5 m / s
- - - - - - - - re servoir

Turbine

EH !"9i'git=«o whead power s tatvon

> T urbine
Da m in river

Fig. 5

•
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2 . Channels-----------
Canals are of present interest in sloping grounds consisting of deep

moraine, but they may also be used successful ly in rough grounds.

Canals are especial ly of interest where great quantities of water and

low head are concerned. The longer the di stance between intake and

power-plant, the more favourable is the use of canals, compared to

other systems . For this reason, canals may profitable be used to

transport water from the reservoir to a suitable penstock line (see

ex. 1).

Cana l in moraine

Fig. 6

1
Cana l in rock

Fig.  T

Canal tranporting water from reservoir to penstock shoul d have a smaller

reservoir at the end of the canal. Canals in low head plants are normally

of such a size that this is unnecessary.

Compared to closed waterway systems , canal s often demand inspection

dependent on vegetation conditions and climate. Experiences from Norway

show that canals are easily clogged up by rubbish, especially in forest

grounds.

Because of fragile ice formation dur ing winter, it must be possible to

ice-cover the canal s in frost periods. Fragile ice blocks up the intake

gates, thus making av stoppage. For this reason, the velocity of the

headrace ought not to exceed 0,5 m/sec in areas exposed to frost in periods.

In other areas the velocity will be determi ned by the pitching materials

used in the canal. Enclosure 2 shows cost and gradient for small canals.

In spite of more inspections, canals may favour ably be used in sloping

ground instead of penstcoks. The reason is found when comparing cost and

gradi ent for small canals with the cost of pipe.



- 9 -

As mentioned above pipes constructed from various material s may be used.

Different types and sizes of pipe may be combined to get optimal solutions.

The account below shows the domains where the different types of pipe may

be used. Here must be mentioned that steel pipe becomes expensive for

lesser di scharged heads, because the wall-thickness on this pressur e level

is not determined by the di scharged head, but of rust and wear.

0 m 50 m 100 m 150 m 600 m 800 m Head

Steel pipe

ductile iron

reinforced plastic

wood pipe

In connection with penstocks is it important to real ize that the pipe

cost often is a small item. Penstocks to power-plants must be laid over

longer level ranges. This means foundations and levelling. In rough

terrain, expences concerning this by far exceeds the cost of pipe.

The constructional cost, which not only increase with terrain conditions,

but also with a larger di ameter, are compared to the loss of head in

the penstcok, which reduces the energy production. Principal ly it is

usual to make an estimate as shown below , to find the correct dimension

of the penstock.

10° «

tota l building costs

i ) r ff
economic
diameter

Fig.  ?



. - - --- --- - - --- ---- - - - -- - - -

- 10 -

Loss of head for pipe may be found by using Darcy-Weisback's formula:

L · v 2
h, = r ·

D • 2g

D = interior pipe diameter

V = water velocity [i orway has today approximate economic velocity

(steel 3,5 m/sec. < v < 5,5 m/sec.), (reinforced plastic 2,5 m/sec.

< v < , 5 m/sec.), (rood 1,5 m/see. < V < 3,5 m/sec.)]

f = friction coefficient. dependent on relative roughness, and

Reynold's number R = D • V • f is best found in a Moody-diagram.
\I

The friction coefficient wi ll vary over time, especial ly for steel

pipe, (corrosion, overgrowt h etc.). The friction coefficient for steel,

wood and reinforced plastic is indicated below. Welded,smooth steel

pipes have least friction (this also apply to reinforced plastic).

However, the friction increases wi th junction of rivets, and with

corresion. As a rule for rough valuations, the following estimate_.may

be used: £ steel = 0,020, f reinforced plastic = 0,0lk, f o od = 0,015,

f ductile iron = 0,017.

f

0.03

0.02

0.01

e =r e ar ±yr = e r r
,= re inforced

pla st ic

year

Fig. 9
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When maintained, wood pipe may last approximately 30 to l O years.

Reinforced plastic pipe over-ground will probably last for a shorter

period then earth covered pipe. Ductile iron i ll last as long as

earth covered reinforced plastic pipe under the sa.me conditions.

Steel pipe over-ground will last approximately l4O years. In this connection

the condition of the water (percentage of acid, sediment transport etc.)

is very important. Steel is the best material when strength to withstand

the wear from sand and gravel is considered, but it is less resistant against

chemi cal substances and water with a low PH. Reinforced plastic and

ductile iron have a better chemi cal resistance, and approximately the

sa.me durability regarding wear of sand and gravel. Wood (impregnated timber)

has less resistance against chemi cal wear, but a high degree of resistance

against substances usually found in waterways.

As mentiones before, the pipe cost may be a small item in the total

penstock cost.

kri m

Tota l const ruct ion
cost s

costs

Easy terra in Dif f icul t t erra in

Fig. 10

The figure shows in principle the proportions between pipe costs and

total building costs.
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With low heads and easy terrain, the type of pipe wi ll have a strong

influence on the cost figure. This is the reason for the current

interest in Norway for wood pipe over-ground, if conditions for earth

covered pipe are not especially sui table, in which cases reinforced

plastic may be used. By using trenches, the number of supporting points

may be reduced, because use of supporting points enhance the price of

the penstock.

Enclosur e 3- l4 shows the cost figure for over-ground pipe and earth

covered pipe.

Use and placement of pipe

The penstock line should be constructed in such a way that use of down-

grades near the power-plant is possible. The higher the pipe is placed,

the more the pressure is dimi nished and thereby the cost. This solution

is limited by the line length, because increased lengt h entails added

cost and stability problems. Usually combinations of pipe types (wood,

steel), is employed.

The stability of waterways often demands sur ge tank and flywheel effect

(on turbine axle), especially by long penstocks or tunnels. If an ordi-

nary surge tank cannot be constructed (difficult terrain etc.), it is

possible to construct an air-filled surge tank. For penstock this will

often increase the cost, and that is another reason for adapting the

waterway to the terrain as shown in fig. 11.

Intake
Pos sibiliti es f or s urge

ta nk if needed

Tur bine

Fig. 11
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The wall-thickness of the pipe must equalize thestatic pressur e, and

pressur e variations by on/off switches. Pressur e changes by on/off

switches Increase with velocity and length of pipe. For short lengt hs

of pipe, ( L < 100 m), the following calcul ation may be used:

h = 0,1 H + 20 m. Necessary measur ementwill then be static pressur e

plus maximum pressur e gradient, and this must not be exceeded.

To reduce the cost of pipe, the wall-thickness is adapted to the necessary

dischared head.

For the operation of power-plants, producers of equipment prefer pipes

with a high elasticity modul e. This favour s the use of steel instead

of reinforced plastic and wood, because pressur e variations will not

reach the same ext ent in these materials. The pressure waves will be

absorbed by the pipe material, thereby not lasting long enough to influence

the turbine regulator and thereby the net stability.

Reinforced plastic pipes and ductile iron are suited for earth covering.

As mentiones before, it may then be possible to reduce the number of

foundations and thereby the costs. With low heads the friction against

the ground will function as a continous point of support . Earth covered

pipes are not as easily exposed to wear, heat etc.

- - - Availa ble materia ls

- - - Compacted sand and gra vel

-y g nd

H = D + 1 5 m , B = D + 1m Eart h covered pipe.

Fig. 12
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For pipes on ground (mostly steel and wood, but also reinforced plastic),

it is necessary to use points of support in deference to the weight

of water and pipe, temperatur e variations (friction force), dependent

on the friction coefficient f(  which may be reduced by using pasteboard)

(fig.1 l ) , and the net weight of the pillars. The pillars have to be

rock-fastened, because founding on moraine demands expensive supporting

points. The spacing of steel pillars is ca. 8 to 10 m (dependent on pipe

length), for wood pillars ca. 3 to 4 m.

Aspha lt ic
pa st eboard
cover ing 1/ 3 2 7Tr

Fig. 14

Fig. 13

Pipe

Rock

Fig. 15
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The anchor blocks, erected at even intervals, have to hold water pressure

from above in the di rection of the pipe axis, water pressur e from below

in the same di rection, the friction force from all the ground blocks, the

axial component of the steel weight from above, and force from changes

of the cross section.

P = pf (r interior cross section of pipe), = pf (p water pressur e}

P = f (Gs + Gv) CO S Cl Gs = weight steel

Gv = weight water

P, = Gs sin

P, = P +2 (r , +  £, ) changes in cross section

P, = friction caused by expansion Ry

Fig. 16

Penstock

A penstock ought. to have a minimum of positions of bend, because

this enhance the price, and causes ext ra loss of head. If the penstock

cannot be constructed as straight as possible, and by simple means in

moraine grounds, this may cause considerable measur ement problems regarding

the stability of the penstock.

Enclosur e 5 shows wood pipes on wooden trestles·. This is a solution for

flat terrain and low heads.
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Wood Reinforced
plastic

Steel Ductile
1ron

Specific weight 1 ,6 1,5 7 ,9

E module kp/cm?/.103 150 70 2000

Longitudinal expansion
coef . 106 4 20 12

Heat conductor number
kcal/km oc 20

Max . diameter, meters 4

Max.  pressur e, " 65

L y2
Friction (h, = £ 5 a ' £ = 0 ,015

Dur ability against wear
(gravel) low

Durability against
chemical substances

Accept-
able

My be earth covered partly

12

2,0

160

r = 0,014

good

good

yes

45

5-6

1000

f = 0 ,020

good

low

partly

-

1,2

l oo

r = 0 ,017 I

I

good

i
I

good
I

I

yes I

I

Other points Wood pipes may Must be fabrica-' Is seldom earth
effectively be ted by special covered. Rust-
transported in factories. Pro- danger over time.
bars. Possibili blems regarding Needs maintenance

I

ties for local Joining. Sun Friction inc-
production. influenced, may reases with rust .
Easy to lay . be earth covered
Need mainten- Little over-
ance. Favour- growt h . Needs
able regarding little mainten-
low heads and lance. So far
great quanti- [little used in
ties of water. bpowverplant con-
Friction coeff. lstructions.
varies little
over time.

May be earth cover-
ed. Heavy trans-
port . Does not
rust .
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Regulation installations

Generally

Figur e l7 shows in principle the discharge for a river in Norway.

Regulation installations can make interception of water possible, thereby

increasingthe production in periods when the load is high. For small

power-plants this means, in most cases, that water is intercepted for use

in periods when the flow normally is low. Regul ation installations aim

to balance the waterways's flow .

q m?ls

q middle

Winther , Spring , Summer , Autumn
A nnua l d ischa rge

Fig. 17

In water conservation the best reservoir sites often are found in the

upper part of the catchment area. This means that it is important to

make the intake reservoir large enough for the daily, or preferably

weekly, load variations. The draw off from the main reservoir may then

be done at even intervals. Usually it is impossible to adjust the draw

off from the main reservoir to daily consume variations. It is there-

fore of importance to enable the intake reservoir to take these variations.

f or da y ly regulat ion

Powers ta t ion

Fig. 18
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Bigger plants will be aimed to erect sufficiently large reservoirs to inter-

cept the water for use in high consume periods. If suitable lakes,

which may be easily regulated, are not found in the area, big plants may

stand the cost of art ificially constructed reservoirs. The dams may

become large and expensive, they will however, often be economically

acceptable, because of the enourmous amount of energy, and the effect

they represent for a larger plant.

Big dams are not of interest for small power-plants. The discharge is less,

and/or the head of water is lower, or it may be possible to utilize only

part of the waterway. Because of this, it is import ant to note that dams

for small power-plants must be placed where the highest cubical contents

per meter dam is to be found. For this reason, only big sills will be

used for a necessary intake in river.

Topography, ground conditions and available recourses will determi ne

the type of dam. The main types are:

GRAVITY DAM OF TRIANGULAR SECTION,

AMBURSEN DAM (FLAT SLAB DECK DAM),

FILLED DAM

ARCH DAM

The local conditions will determi ne the solution for all these dams.
In Norway, small dams will be standardized with special instructions

etc. to prevent injudicous construction, and thereby accidents.

Gravity_Dam_of_Triangul ar_Section.

This dam is constructed of concrete, brick or stone-blocks.

The dam resists the pressur e of water mainly by its own weight. The

basic form b : h, is constant. The main forces are water pressur e

(increase linearly with the depht), net weight, upward pressur e of

water which may be compressed in the base joint and ice pressur e in

areas exposed to frost in periods.
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Pi

Pw = w · h
2

Gravity dam

P i = ice pressure

°'

Fig. 19

Problems in the base joint may be reduced by injection of cement or

by draining. The principle of a Gravity Dam of Triangular Section is

shown in enclosur e. This dam is of interest for small power-plants

because of the simple construction, and the various building material s

which may be used. Dam walled of stone-blocks must have a watertight

slab upstream.

Rockfilled Timber Dam is constructed by the same principles as the

Gravity Dam of Triangular Section, but is less expensive. Because of

the settlement of the dam, the log walls shoul d not be vertically erected,

and a watertight slab must be placed upstream. In Norway, peat is usu-

ally prefered for waterproofing.

-. teeOverf low ing nap e ,«= -

Protec t ion aga ins t
s cour

Rockfilled timbe r dam Fig. 20
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Ambur sen_Dem_(Flat _Slab_Deck_Dam).

The Ambur sen Dam has less weight, and because of this it has an inclined

upstream face to get a vertical component of the water pressur e. The

slab is reinforced and stretched between wallshaped pillars, which is

spaced 4 to 7 m. Forces and stability calcul ations are simi lar to the

Gravity Dam, upward pressur e excepted. This pressur e is greatly reduced

because of less contact sur face in the base.

A - A

1 .4
F lat sla b deck dam

Fig. 21

The Ambur sen Dam is not suitable for small pouer-plants, but where the

dam site is short , and a high embankment is prefered, this dam may be

of interest.

Filled Dams

Earth dam, stone/gravel dam and rockfill dam are the most common types.

Where impermeable materials are inavailable, asphalt, peat etc. will

be of interest as waterproofing materials.

For filled da.ms use of cheap masses is desired. In most cases the

masses are not sufficiently compact, and a watertight core is required.

This core is made of impermeable material or of a compact material (con-

crete, wood, asphalt).

Filled dams for small power-plants are suitable where the dam profile is

long, and in combination with other types of da.ms to increase height

of swell. It is necessary that all the possible filling masses are

available in the vi cinity of the dam si te.
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1. Rock fa cing
2. Pit run ear t h
3. Impermeable ma teria ls
•  Semi - permea ble mater ia ls

Fig. 22

Rockf ilt Dam with mora ine core

Fig. 23

Common denomi nators for the da.ms

Foundation on rock is unnecessary unless for Ambursen da.ms, however the

ground shoul d be cleared to hard ground for all da.ms (Filled dams, Gravity

dams ). Spillway is necessary, especially for filled dams because this type

of dam has little resistance against overflow . For filled.dams the spillway

shoul d be separately made, and to prevent overflow , freeboard should

be placed an adequate distance above HWL ( l m).

Free board
(0 - 2 m )

Concrete Dam

Fig. 2



- 22 -

Free board
(3 - m )

/ Ea r t h da m

ex cave t ed or bla st ed ga te

Fig. 25

To reduce overflow, flood-gates may be installed. This reduce the

height of the freeboard, while simultaneously, less areas are overflowed

dur ing floods. In many cases, reduced freeboard may reduce the cost of

the dam to such an ext ent that the gate is profitable for this reason

only.

The following is a summary of the most important advantages and di s-

advantages for the various main types of dams. Enclosur e6 shows in

principle the cost of the various dams. It must be noted that the

topography , in most cases, determines the type of dam.

Enclosur e7, 8 , shows in principle Rock-Filled Dam wi th moraine core,

Gravity concrete dam, Ambur sen dam.

Type of dam Advantages Disadvantages

Gravity dam of Simple construction. Needs High upward pressur e. Incalcul able
triangular section little skilled labour . May factual force conditions. Needs

be founded on loose ground much concrete (low dams may be
in some cases. walled of stone in mortar).

Ambur sen dåm Needs little concrete. Reinforcing. Needs skilled
(flat slab deck Small upward pressur e. labour . Shoul d be founded on rock.
dam) 5-15 m

Rockfilled dam May be placed on thick Needs material deposits in the
> 5 m layer of gravel. Cheap vicinity of the dam. Separate

for big dams. spillway, must not be flooded.

Earth dam May be placed on loose Crest level on l m above HRV.
< 10 m ground. Reasonable cost Needs stone cover on upstream

of materials. face.

Wooden dam Cheap and simple construe- Limited dur abil ity. Needs much
< 4 m tion. May be placed on maintenance

ground of sand and stone.
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Gates

Stop logs give an inexpensive cut off of small apertur es. The logs

are pushed down in vertical folds, as shown by figur e26 .

I I
I I
I I
I I
I I
I I
I I

Ba rr ier of beams
E mergency ga t e

Fig. 26

Beam rertical flang

Barriers of Vertical Beams are sui table for long and low apertur es.

The beams (wooden) are placed vertically in series.

°Ba rr ier of vert ica l bea ms

Fig. 27

Slidegates of wood or steel are easy to handl e. These gates usually

give a better protection against floods, because of their possibilities

for greater dephts. Great lifting power is required, and this may

entail expensive capstans.
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1. Cross beams
2. Skin pla te
3. Worm gear opera t ing hoist
4. Ha ndweel

i ..

Sl idegat e

Fig. 28

To close greater apertur es, Fixed Roller Gates usually replace

Slidegates.

Trash rack

A trash rack is necessary to prevent trash etc. to destroy the turbines.

It is often constructed of flat, galvanised steel bars spanning from top

Fla t
galvanised
s teelbars

/
EPA
E=aEI--==--- I

==dc=-:3 L - - -

Narrow footpath

Tras h ra ck

Inlet canal/

Reservoir

to bottom and inclines at 2:1. The

inclination, and the narrow footpath

not more than 0,5 m above the water at

the top, have by experience been found

to give the best performance with re-

gard to cleaning off ice and trash

(fig. 29). The water velocity through

the rack shoul d be less than l m/s.

To prevent ice on the bars it shoul d
, 3

- be di ved in areas with frost, because

ice on the bars increases the head loss.

Fig. 29
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General layout

The power plant's layout depends on its size and the location of

turbine, generator and transformer.

The building has to have ventilation, light and, in some cases, lifts

and cranes.

Figure 29 shovs the constructional principle of a small power plant.

The foundation is made of concrete, and is secur ely fastened to the

ground. Walls and roof may be built of localy available materials

(i.e. wood, stone etc.), but the wall where the switch gear is erected,

has to be built in some incombustible material, as for example brick.

In industrial ized areas it may be convinient to use concrete-elements

or metall-plates (aluminium, iron). In Norway, where ext ensive use of

small power-plants is practicable, the possibility of producing standard-

ized buildings is beeing considered.

When constructing small power-plants use of mobile cranes should be

prefered.

The building ought to be made as small as possible. This can be achieved

by placing part of the equipment, as transformer and ventilator, in the

open.

To make control and replacement of defective parts easier, the roof or

one of the walls shoul d be easily moveable. This permits easy access

for the trucks to the stationary equi pment.

Where it is possible, turbine and generator ought to be placed on a

frame, which should be secured to the foundation. Repair is simplified

when removal of the whole frame is possible. With such timesaving devices

it is also possible to reduce the loss of energy.

Enclosure 6 shows· the total costs of a power-plant with building, turbine,

generator etc.



NORWEGIAN WATER RESOURCES AND ELECTICITY BOARD

Const r uc t ional arrangment of pow er plant

1. Franc is t ur bine
2. Va l ve
3. Generat or
• Sw itchgear
5. Transformer ( I f poss i b le i t should st ay in t he open )
6 . Pipe
7. Wal ls of sheap ma ter ia l s ( wood , br ick )
8. Roof , easy movable
9. Crane ( not necessar y )

10. Grid
11. Frame ( meta l )
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(j)

Const r uc t iona l ar rangment of a pow er plant

1. Franc is t ur bine
2. Va l ve (Bu t t er f ly valve )
3. Genera t or
4 .  Sw it chgear
5 . Tr ans f ormer ( I f poss i b l e i t should st ay i n t he open )
6 . Pipe
7. Wall s of sheap ma ter i a l s ( w ood , br ick )
8. Roof , easy mova ble
9. Crane ( not necessar y )

10. Gr id
Mt , r ar e ' meta l )

Fi g . 29 \
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ROCKFILL DAM
WITH MORAINE CORE
SCALE 1: 200
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Wooden pipe for power plant in Norway - Diam. 1500 mm , easy condit ions

Impr egna t ed t imber

St eel pipe Diam. 750 mm

A nchor blocks

Pi l lar w it h asphalt ic pas teboard
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The operation strategy of small scale power projects-is usually

based on experience, sometimes supplied with snow surveys in

the catchment area.

As small power-plants often have limited reservoir capasities,

it is only possible to plan the operation strategy for short periods

ahead. For this purpose hydrological analysis is not generally used.

yti1s ing hydrological models

A brief outline of the traditional use of hydrological data for planning

and operating hydro power stations has been given in the previous

chapter. During the last years, however, the use of mathematical

hydrological models as a supplement to the traditional hydrology,

has been introduced.

Frequently representative hydrological series are not available for

power plants in small catchments. Observed series often represent

much larger areas than the small catchments concerned, and may even be

measur ed in another river system. In some projects, however, there

has been installed a temporary discharge station representing the

small catchment, but only a shortterm serie is available, perhaps

only one or two years of record. In this latter case representative

data excist, but the observation period is too short.

Both of these hydrological data problems can be handl ed with the help

of a hydrological model which simulates runoff series for the catchment.

Where representative observations are completely mi ssing, the model must
C,

be cal ibrated by other available data. The conditions in the model are

then changed in accordance wit h:the. differences between t he calibra-

tion catchment and the catchment to be developed. When short term

observations excists, the model is calibrated to extend these data to a

longer serie.

A common type of such hydrological models are precipitation-runoff-models

where a simplified catchment is described by mathematical expressions.

This type of model is able to transform observed precipitations data

into a simul ated runoff serie. As an example, the Norwegian SNSF-model
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and a practical application i ll ,be briefly described.

In the SNSF-model the catchment area is devided into subbasins of

different character, (fig. l ) ,  and the water transfer through each

subbasin is simul ated by a system of tanks. Consequently one set

of parameters describes the main structure of the catchment, and a second

set of parameters describes the individual properties of the subbasins.

The catchment area is also devided into different altitude zones for

computation of areal precipitation and snowmelt, which resul ts in a

third set of parameters describing the topography and climate of the

catchment. These three sets of parameters make it possible to define

a fairly representative model of a Norwegian catchment.

When planning four small hydro power plants in a river nearby Oslo vi th

a catchment area of l 65 squarekm, a practical application of the SNSF-

model was done (fig. 2). Since there were no available runoff data for

the river,the model was calibrated with data from a nearby river system

(A) and then transformed to the river concerned (B) by using information

about topography, climate and use of land. The calibration was carried out

wi th precipitation data from ganging station no. 1 and no. 2. When

simul ating the runoff for river B, precipitation data from stations no. 2

and no. 3 were used . By this method an artificial runoff series of 20 years

lengt h wvas simul ated for river B. This series was then used dur ing the

planning of the four power-plants.

During operation of hydro power systems, hydrological models can also

be used to give valuable runoff prognoses. With an updated model the

hydrological conditions in the catchment are known and expected input to

reservoirs and plants can be simulated with the help of quantitative

weather forecasts. This method has so far not been applied to the opera-

tion of power - plants in small catchments.
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WATER SUPPLY AND ENERGYPRODUCTION

Dy_'l'._Jensen._ - ----------------

In mountanious countries like Norway , water supply often is based on

water with high static pressur e. This frequently has a head which

make use of pressure reduction valves necessary. The valves will

prevent use of expensive pipe materials in the distribution net-

work. In Norway, maximum hydrostatic pressure is not allowed to

ext end 70 m.

The energy will be killed in the pressure reduction valves. To pre-

vent this one shoul d aim to use turbines and thereby reduce the pressure

and produce energy. In addition to the powerplant with stationary

equipment, it is the reinforcement of the penstock to adapt it to

the static pressure and occasional on/off switches, which makes the

additional costs.

To lower the cost one shoul d use mechanical and electrical equipment

manufactured in great series. The turbines can be altered pumps,

which will have approx. 30 %of the usual turbine cost, but with an

unfavourable efficiency curve (seefig. l).

However, the pointed curve is no hindrance, because the flow through

the pipe often remain constant. The distribution reservoir takes the

2ly hourly variations.

When it comes to service and maintenance, the pump is favourable.

It also has a relatively high r.p.m. which does not require a gear

to raise the r.p.m. to suit the generator. When looking at the effi-

ciency curve it is obvious that the pump must operate on constant

flow. Load variations must therefore be arranged by 1oad-divertion

by simple adjustable water resistances.
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An_example_showing_the_combination_of water_supply_and

small_p e r_plants,

Figure 2 shows an existing water supply plant where the inlet is placed

at c.l. 800 (800 m above sea-level) and the distribution reservoir at

c.l. 230. Four reduction valves are instal led from c.2. 800 to c.1. 230.

An examination has proved it possible to replace these with two tur-

bines. One of these is supposed to be altered pump. The annual

energyproduction are expected to be 1,8 GWh and the total additional

costs are estimated to 1,70 mi ll.kr 1. 1.79 (US $ 1 = 5,05 NRr), this

means O,9l4 Nkr/kWh . The cost does not include taxes.
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In this case it was necessary to use the existing ductile iron pipe with

diameter 200 mm. An average flow of 0 ,08 m3/s will give the best

result compared to head loss and energyproduction, but this flow is

only 45  % of average discharge. The annual production coul d be5 ,6 GWh

if the energyprouction had been tak.en into consideration when the

water supply plant was constructed. The pipe would be changed from

Ømm 200 to Ømm 400 , and the total additional cost would be 3 ,83 mill.kr.

(See III in table 1.)

III The scheme planned for energyproduction:

I-II The two possible powerstations:

I II ITI

Average flow ' /s 0 ,08 0 ,08 0 ,20

Head hydrostaticpressure ID 356 214 514

Max . output kW 163 63 820

Annual production GWh 1 , 30 0 , 50 5 ,6

Types of turbines Pelton Al tered pump Pelton

Average efficiency % o , 86 0 ,69 0 , 86

The cost of mechanical and

electrical equipment mi ll.kr 1 . 1 . 79 0 ,72 o ,4o 2 , l40

Total cost mi ll.kr 1 . 1 . 79 1 ,03 0 ,67 3 ,83

The cost per kW kr/kW 6 . 320 10 . 630 4 . 670
+ Nkr=10O r e) 6 , 7Annual costs" (1 r e/kWh 11 ,2 5 ,7

o . . : %years depreciation time, a 7 interest rate and 1 o annual maintenance.

(US $ 1 = Nkr 5 ,05)

These examples shows that it is economi c favourable with a simi lar

utilization of the energy instead of using pressur e reduction valves

in water supply plants.



PROCEEDINGS REGARDING PLANNING, OFFICIAL TREATMENT AND IMPLEMENTATION.
___ _ by_O._Gunnes _

Because of the large number of schemes, a pre-feasibility study,

comprising plants up to 10,000 kW, i ll be carried out for the

whole country. This study is undertaken y the Norwegian

Water Resources and Electricity Board (NVE) which is the official

body for water resour ces and electricity matters in Norway.

The study starts with a topographical and hydrological investi-

gation based on available hydrological data and maps in scale

1:50,000. The office work is combined with a field visit and

di scussions with the local staff, in order to get a more realistic

impression of the projects than map studi es can give. T he pre-feasi-

bility study gives a brief assessment for each project regarding hydro-

logical data, reservoir data, waterways (pipes, shafts, tunnels etc.),

head, installed capacity, energy output and cost estimate.

This registration makes it possible for each county to make a schedul e

for wanted development of hydro-power.

With basis in such a schedul e, the local electricity bodies may

apply to the NVE for of icial financial support for further plan-

ning. Such support may be given on special conditions.

Whetherfinancial planning support is given or not, the next step is

to develop a more comprehensive feasibility study. This study has to

include a far more comprehensive technical investigation, beside reports

considering jur idical matters (water rights), ecological and environmental

consequences etc.

This feasibility study is the basis for an application to the

NVE, and further to the Mi nistry of Oil and Energy, to get appro-

val for implementation of the planned scheme.

In most cases, except pure reconstruction of old plants in their old

shape, applications according to the water-right laws have to be pro-

duced. Similar applications according to the electricity law are re-

quired if the voltage is higher than 1,000 V.
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Appr oval s r egar di ng t he wat er - r i ght s ar e f i nal l y gi ven by t he

Mi ni st r y of Oi l and Ener gy , or by t he Par l i ament ( l ar ger pl ant s ) , ·

whi l e t he el ect r i ci t y appr oval i s gi ven by t he NVE.

The det ai l ed st u di es and desi gn , t oget her wi t h pr epar at i on of t he

f i nanci al ar r angement s , nor mal l y pr oceed par al l el wi t h t he f or mal

appl i cat i on t r eat ment .

The f easi bi l i t y st udy , as wel l as t he det ai l st udi es and t he desi gn ,

ar e car r i ed out by Nor wegi an consul t ant s , or i n some cases by t he

el ect r i ci t y bodi es t hemsel ves . ( Some of t he bi gger or gani sat i ons

have est abl i shed t hei r own desi gn and const r uct i on of f i ces .)

The f i nanci ng of hydr o- power i s nor mal l y ar r anged by l oan .

No const r uct i on may begi n unt i l t he f or mal appr oval s ar e gi ven .

A number of Nor wegi an cont r act or s have an out st andi ng exper i ence

r egar di ng wat er - power const r uct i on , and most of t he wor k i s under -

t aken by t hese cont r act or s .

The manuf act ur i ng of hydr aul i c- mechani cal and el ect r i cal equi pment i s

al so domi nat ed by Nor wegi an compani es , al t hough t he i nt er nat i onal

compet i t i on i s f ar har der her e t han f or t he ci vi l wor ks .

Bot h f or t he ci vi l wor ks (cont r act or s ) and f or t he mechani cal /

el ect r i cal equi pment , a t ender pr ocedur e i s usual .




