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SUMMARY

The small hydraulic turbines application guidelines have been
worked out on UNIDO's initiative.

The purpose of the guidelines is to introduce the design fea-
tures of the turbine equipment to specialists engaged in utiliza-
tion of water power of small rivers.

The guidelines give a brief desciptive account of turbines
and basic turbine configurations ,the main problems and ways of
standardization of turtires.The guidelines demonstrate particular
examples of development of standard rangee of reaction and impulse
turbines.

The guidelines br:efly outline experience of standardization

and suggestions of small turbine manufacturers.
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I.PREFACE

The present guidelines worked out on UNIDO's initiative contain
information about hydraulic turbines and other equipment applied
at small hydropower plants.

In recent years rather high interest has been created in diffe-
rent sources of renewable energy due to the rise in prices for
organic fuel.Among these sources of energy the sources associated
with energy of rivers are of particular interesv.The most economic
power plants installed at large rivers are of high capacity.ln de-
veloped industrial countries the most economic sources lLiave been
either turned to accouat or are under development ,At relatively
low costs of construction of large hydropower plants they demand
large capital investments and long periods of construction.

By this reason in the countries with a high level utilization
of hydropower resources interest in small hydropower ins.allations
has been expressed again.

In developing countries the financial possibilities do not
alﬁays exists for construction of large hydropower plants.There-
fore out of renewable sources of energy in these countries deve-
lopment of energy of small rivers in the form of construction
of small hydropower installations is of principal importance .

It should be noted that small hydropower plants may be also
profitable when installed at various water control structures
associated with water sunply,navigation ,irrigation,etc.

Specific cost of energy ét small power plants is higher than
at large hydropower installations.Therefore during designing and

construction of small hydropower plants it is necessary to search
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continuously for ways of raising profitability through re:luction
of construction costs by employment of unified structural elements
by way of application of the standard mass-produced equipment.

Operating costs of cmall hydropower plants shall be reduced
to a minimum through complete automation of plant operation,em-
ployment of remote control systems and rejeciion of permancnt
onerating personnel .Reliability of the equipment and maintznance
intervals shall be high.Industrial methods shall be employed in
maintenance of the equipment .

The range of utilization of energy of small rivers and other
water control systems depends to a certain extent on the state po-
licy of stimulation of construction of small hydropower installa-
tior «.In some countries certain finacial stimuli Lave been given
in the form of gratultous loans for comnstruction of small hydro-
power installations.In these conditions construction of small
hydropower plants appears profitable to meet the demands of iso-
lated consumers and small power systems .

Hydraulic turbines insta.led at small hydropower plants will
be referred hereinafter conditionally as small turbines . At the
present time there is no limiting value of parameters of small
hydraulic turbines.Various countries and companies have variable
limiting parameters of small hydraulic turbines.

It is likely that the maximum capacity of a small turbine may
be adopted as 10000 kW though some turbine manufaciuring compani-
es cover the range of their small turbines up to 15000 kW.The mi-~
nimum capacity of small turbines may be adopted as 50 kW .
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The highest demands for small power plants are the turbines of
1000-2000 kW capacity . For reduction of their costs it seems ne-
cessary to develop standard designs of these turbines with buil-
ding blocks .

The turbines of high capacity are manufactured by custom-made
designs and this fact results in higher specific costs naturally .

The turbines of small power plants operate complete with other
equipment including generators,speed governors,control systems
&nd step-up gears.All this equipment must be standardized and
mass produced .

The purpose of the small hydraulic turbines epplication guide-
lines is to introduce the main conclusions of the theory of tur-
bines which are necessary for a better understanding and a proper
selection of turbines by specialists.The guidelines show schemes
and principles of operation of the main types of turbines employ-
ed at small hydropower plants .The guidelines present the main
principles and tasks of standardization of turbines illustrated
by particular exanples .

In conclusion stendards of turbines manufactured by different
companies are shown .,

The gzuidelines are intended for mechanical engineers without
special training in the field of hydreulic turbines .

Industrial

The author expresses his gratitude to the United Nations/Deve-
lopment Organization and managements of Voith , Voest-Alpine,Kess-
ler , Sanden , Hitachi , Bell , Ossberger , Gilbert Gilkes and
Gordon turbine-manufacturers enabling the author to familiarize

himself with manufacturing of small hydraulic turbines and to get
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necessery information tc be used in the guidelines.However infor-
mation was limited and consequently may result in some inaccura-
cies. The author will accept and tuke into account helpful sugges-

tions and remarks .
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2 .HYDRAULIC TURBINES,GENERAL INFORMATION .
2.1l.i4ain concepts and definitions .

The hydraulic turbine is a machine converting the energy of
the water into mechanical energy by use of the runner which servey§
as a8 primary mover.This energy is pasﬁed on,via the turbine shaft,
to the energy user which may be either an electrical generator
or any other machine .

A liquid at reet or in motion posesesses a store of mechanical

energy which is characterized by the specific value:

2

E=gz+% + 3 J/xg (2.1)

which is energy related to a unit of a liquid mass. Here
2 - elevation of the considered particle of a liquid above the

conditional plahe of comparison,m:

gravity , m’ sec”t ;

- pressure , N,m™2 :

g

liquid density , kgn D ;

P
Q
V - 1liquid particle velocity , msec™L ,

From the above equation (2.1) it is seen that energy E is
the sum of potential energy determined by the first two terms and
kinetic energy.

Usually for practical purposes a more descriptive expression
of energy related to a weigzht unit of a 1ijuid is applied .

2
. P V¢ , m (2.2)
H=g -+ qk + e
In this expression specific energy has the dimensions of one
meter of a liquid column .

Utilization of water power in a hydraulic turbine is reulized
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by flowing of the water from the position of high-lying energy
level {0 a low-lying energy lesvel .

Fig.l illuatrates one of the possible variants of hydraulic
turbine installations.

The water in the upstream reservoir in section A-A possesses
a higher energy than that in section B-B of the tailrace . In the
absence of the water flow the difference of specific energies in
these two sections is determined by the value

Hy = 3, - Zy (2.3)
This value is known as the gross head.

When locating the elevations the reference point is an arbitra-
ry horizontal line 0-0 .

During operation of the turbine the water flows through water
cé%eying features,the hydraulic turbine and outlet features of
the hydropower plant . Because of losses of a part of mechanical
energy of the liquid resulted from friction, ?he energy which may
be transferred to the runner wili be less than Hg .

Let us denote the inlet and outlet sections of the turbine by
1-1 and 2-2 respectively . The difference of specific energies of

the flow between these sectione is

pd 2
P v P v
1.1 4 _ -2 -2 .
H, = (zl + g * 7g ) (82 + T + T ) (2.4)

and is know as the het head.

The volume of water flowing through the turbine during one
second is known as the turbine discharge and is denoted as
Q> sec”?

Velocities V, and V, in the formula (2.4) are average values

for sections 1-1 and 2-2 and are equal to
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where Al and A2 - sectional areas , n2 .

The energy supplied to the turbine in one second and discharged

by it is
Py = 9.81QH , kW (2.5)

at § = 1000 kgn™> and g = 9.81 msec™2 .

The value Pd is the power consumed by the hydraulic turdine .

In the turbine not all the power Pd may b2 completely utilized
usefully .A part of supplied mechanical energy is converted into
heat energy because of internal friction of the liquid ,losses in
the supports and other internal losses .

The power output of the turbine is

Py =% P2,

where 'z ¢ 18 the efficiency of the hydraulic turbine which is the
ratio of the developed power to the delivered power of the turbine.

In the general case

‘2{; = bz'v ‘2 h \'2— w
where ?«v‘ volumetric efficiency
‘2“- hydraulic efficiency
'2“: mechanical efficiency
The volumetric efficiency is
(I
v: Q

whereQ;,- discharge of water flowing through the runner .In some
systems of hydraulic turbines the Cischarge through the runner
i3 less than that through the turbine becsuse a part of the liquid

flowing through the turbine passes by the runner and does not do
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any useful work .

Hydraulic efficiency
Ph
bz‘\g !d - Iv
where P =gg (Q -Q, ) H,
- the power lost due to the leakage
Py = M, W= geQH,y,
- the hydraulic power or the power transferred from the water to
the runner .
Notation:
Mh - the torque developed by the liquid on the runner ,Nm ,
@ - angular velocity of the turbine shaft , sec™! ,
ch- theoretical head showing the value of specific energy trans-
ferred to the runner blades by the liquid .

From expressions above it is seen that
H
th

Nl

The turbine shaft power is less than the hydraulic power by the
value of mechanical losses occurred in the turbire shaft bearings
and on the outer surfaces of the runner .Therefore the mechanical

efficiency is
P

h
P
The main operating parameters of the turbine are
1) Power - Py , kW ,
2) Net head - H ,m,
3) Discharge - Q , m3/sec ’

4) Speed - n , min~t
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From the shafit of the hydraulic turbine mechanical energy is
transferred to an electric generator . In some cases of applica-
tion of small turbines a direct transfer of energy to some mecha-
nical machine of the user is possible .

Th2 power P of the hydraulic unit is usually measured at gene-
rator terminals.Usually it is less than the turbine power Pt by
the value of losses in transfer and in the generator .

In turbines of small hydropower plants the trend today is usu-
ally towards the use of high-speed mass-produced electrical gene-
rators because of their relatively low costs .For their matching
with the low-speed turbines step-up gears installed between tur-
bine and generator shafts arc to be used .

It is obvious that
P =P 2:, () TR
where ¥ _— transfer efficiency
*z < genersator efficiency

During operation of the turbine at the hydropower plant the
power developed by the turbine is determined by the generator
loed and the electric power demand of the system .Depending on
different conditions the turbine power may vary within a definite
range .

During operation of the turbine at the power plant the speed of
the turbine is usually constant irrespective of the load .For va-
riation of the turbine power the water discharge is regulated by
the specisl control system .

During different periods of operation the net head may vary.Ope~
rating conditions of the turbine at the power plant are determined
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by combination of working parameters .At a fixed value of n
there are head and discharge with which the maximum efficiency
of the turbine takes place.This condition is called optimum.At
deviation from the optimum conditions the efficieucy of the tur-
bine will lower down.

2.2.5imilarity laws

The turbines are considered geometrically similsr if relative
dimensionlesas coordinates of the water passage of these turbines
are similar . To obtain the dimensionless coordinates it is ne-
cessary to find the relation of the coordinates to a certain
characteristic linear dimension,e.g the diameter D of the runner.

Thus in geometricelly similar turbines for the corresponding

points of the water passage the following condition should be

met:
i -3dem , Y35 =1dem , -%2i = idem .
D D D

Usually the water passage means the space confined between
inlet and outlet sections of the turbine through which the water
flows creatively .

Kinematically similar operating conditions of the turbine
are the conditions in which velocity vectors at corresponding
points of the flow form similar angleas with coordinate axes and
the ratio of absolute values of velocity for the whole of the flow
is constant .

let us denote peripheral velocity by-g’,relative velocity by

- ~»
J and absolute velocity by Vv .
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- -»
Then v+

.—'-""
i.e vectors V , W , U have consiructed a triangle of velocities.

-
U

Fig.2 shows triangles of velocities for fluid particles in
— — -—P
sections in front of the runner ( V. , wl » Ul) and after the
-» —p — &
runner (V2 "2 ’ UZ)’ In kinematically eimilar operating condi-
tions of the turbine triangler. of velocities are similar.ln Fig.2
the triangle of velocities for the similar operating conditions
is shown by a dashed line .
It is known that in compliance with the Euler equation
%‘ZhHu = UV - ut'ozu (2.6)
For the fulfilment of the conditions of similarity at the run-
ner inlet (Fig.2) it is hecessery that

vln = jdem , vlu = idem (2.7)

1 1
and at the runner outlet

\ \ (2.8)
_Ugm__ = idem , _u_2u_ = idem
2 2
Since
Q
U ™~nD , Vn ~ _T (2.9)
DE »

then it seems possible to express the conditions of kinematic
similarity in terms of operating parameters of the turbine .ln

conformity with (2.6),(2.7),(2.8),(2.9)

H
%'?‘\,.ﬁ;‘g jdem , %‘ = idem (2.10)

From expressions (2.10) we obtain the known similarity formulas
connecting the operating parameters of two geometrically siilar

turbines operating under similar kinematic conditions :




' an B ] Ha \’ 2‘}. (2.11)
- Ha
Q- Q(a) \l T 1" (2.12)

p-P ( ) ( - (2.13)

Let us exclude linear dimen~ions of turbines from formulas

(2.11),(2.13) .Thus we obtein at Q = C}'

N n( > )'/1'( A (7\) ( )/" (2.14)

In conformity with formulas (2.11)-(2.14) it is possible
to calculate the operating parameters of the turbine.Aside from
the known operating parameters of turbines these formulas inclu-
de relations of efficiencies as well .For practical calculations
in the field of hydrsulic turbines of small hydropower glants
it is allowable to neglect the relations of volumetric and mecha-
nical efficiencies just taking them to be equal to unity .The
relation of hydraulic efficiencies 1is usually evaluated by appro-
ximation formulag which huve a wide distribution.In particular
it may be taken that

2l =1~ (\..vl“){u-m +x(%)‘/5 ‘ | €2.15)

where

1]

Re ', ® H \/2
YR i:'(';; )(.::;)
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where‘) - temperature depepndent coefficient of kineamatic visco-

sity of water.Table I shows approximate valaues.

Table 1
l —
10%V,m2c7 L 1.3 | 1.14 | 1.0 0.9 | 0.81 l0.75
0, ¢ 10 15 20 25 30 40
4 ‘L “_J

Coefficient X in the formula $2.15) represents the snhare of
recalculated hydraulic losses.It is equal to
' X=0.6-0.75
Hydraulic efficlencyﬁuhia usually determined under different
operating conditions of the turbine during turbine model tests

on a special laboratory test rig.
2.3 Specific speed

The power develeloped by the turbine varies proportionally
to the values of the head and the discharge .The head at the
power plant is determined mainly by local conditions.ln some cases
it is possible to create high heads reaching 500-1000 m and even
higher .In other conditions only low heads up to 1-1.5 m can be
reached .

The discharge of the water utilized by the hydropower plant
depends on the river flow.The discharge of the water consumed by
turbines and the rivex flow may differ from one another in the
presence of a storage reservoir.The storage reservoir will:store

up the water during the time when the river flow is higher than




the discharge of the hydropower plant .The stored water is used

for power generation at the hydropower plant during the periods
of higher discharge and power .

PFrequently during construction of amall hydropower plants
it is impossible to create a high capacity storage reservoir .
Therefore the discharge at the plant is governed by the river
flow .

The water disckarge in different rivers varies over a wide
range .At the seme time this value varies frequently throughout
the year .In some periods the discharge of the river differs
markedly from the average annual discharge .Approximately it
may be noted that the turbine discharge at small hydropower plants
ranges between 0.05 and 30 m3 sec-l in different conditions .

At high-head hydropower plants water discharges are most com-
monly low.At low-head hydropower plants the discharge is usually
higher .

In the turbine runner mechanical energy of the water is trans-
ferred to the runner and the shaft .In accordance with the rela-
tion between the turbine operating parameters relative dimensions
of water passages vary over a wide range .There is a complex
quantity celled the specific speed which in many respects charac-
terizes the relation between dimensions of the water passage .

The specific speed is calculated by

)
" . v R ags MO
s = = 3 2.16
H:/., H:/" (2.16)
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where n - apeed , min~1 ,

Hn- net head , m ,

Pt- turbine power ,h.p. ,

Q ~ discharge , m> sec™! .

If the power is measured in kW,then
1/2

) ]
= 1-167 n
sk
#5/4

npP

If the head is measured in feet and the power in Br.h.p.,then
in compliance with the formula (2.16) we obtain

n' ( m,hopo) = 4.446 n’ ( ft-Brohnp.)

Formulae of specific speed is obtained from (2.I4) if we ignore
change of hydraulic and mechanical efficiencies.In these con -
ditions it may be thought that for geometrically similar turbines
operating in kinematically similar conditions the value of the
specific speed n, is constant .

Usually the turbine is characterized by the value n, deter-
mined by operating parhmeters existing under conditions of ma-
ximum efficiency .

The specific speed of modern turbines varies over a wide ran-
ge

n, = 10 - 1200
The turbine of a low value of n_ are used at higher heads.At

s
lower heads speedy turbines with a high value of n, are applied.

2.4 Reduced parameters of turbines

The specific speed is a complex measure showing the relation
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of operating parameters in optimum conditions .1t is evident that
the coefficient n, does not depent on dimensions of the turbine
and is constant for all geometrically similar turbines .

Under actual conditions the operating parameters and dimensions
of geometrically similar turbines vary within wide limits . For
comparison of turbines and characteristics of their operating con-
ditions the so called reduced parameters controlling the opera-
ting parameters of geometrically similar turbines with D (diame-~
ter) = 1 m and running under the net head H = 1 m have found
wide use .

If in similarity formulae (2.11),(2.12),(2.13) we assume

D' =1 m and Hr'1 =1 m , ther we obtain the reduced values

' np
n.‘- = e— ” mi -1 (2017)
T W, Am "
Q; = Cj i, w (2.18)
2*\Vn, Vm
P
p' = _* A , W (2.19)

where h;;- reduced speed,
3; - reduced discharge,
Eil- reduced turbine power.
In formulae (2.17),(2.18),(2.19) the ratio of volumetric
and mechanical efficiencies is taken to be equal to unity .Coef-
ficient m = 2]./‘2," .
is the ratio between hydraulic efficiencies of the considered

turbine and its tested model.The formula (2.15) may be used for

]
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calculation of m .In approximate calculations m=1 is allowable.
The reduced values h;, 0;: ’ P‘h".[ are constant in kinemati-

cally similar conditions.These values are defined by model tests.
From formulae (2.17),(2.18),(2.19) it follows that

4

ni Ve o (2.20)
ﬁ >

Q = Q37 2 \u_ \m | (2.21)

n=

s 3
Pt Pt'r D H /"m/" (2.22)

' / /
From the known values Wr, G'I: Pt‘! obtained from model tes’s
it easy to calculate the operating parameters of the geometrically
similar turbine of any dimensions running under any specified

head.
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3.CLASSIFICATION OF TURBINES
3.1 Classes of turbines

First let us consider classification of hydraulic turbines
in terms of distinguishing features of hydraulic action.From the
formula (2.4) and determination of the net head it is seen that
the change in mechanical energy of the fluid occurs in the turbine.
As it tsker place potential and kinetic energies also change .In
terms of hydraulic action all the turbines may be divided into
two classes:l) impulse andsreaction .

In terms of hydraulic action the distinctive feature of im-
pulse hydraulic turbines is that there is no change in potential
energy in them when the watcr gives up iis energy to the runner .
The water pressure at inlet and outlet of the runner and during
movement through runner passages is constant and in most cases
is equal to the atmospheric pressure .

In impulse turbines the available energy of the water flow at
the inlet of the runner is in the form of kinetic energy.Movement
of the water in runner passages tak:s place with a free surface
contacting the ambient air .In some types of impulse turbines the
energy takes place at inlet and outlet sections due to variation
of elevations 2, and 2, .

Among impulse turbines having applicetions at small hydropower
plants the following three types are worth mentioning:l)Pelton
turbines,2)Turgo turbines,3)Banki-Mitchell turbines .

In reaction turbines when the water gives up its energy to the

runner the change in potential and kinetic energy occurs.In this




)
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the change is characterized by the following conditions.During
operation of the turbine the runner passages are completely filled
with water.There are no free surfaces with constant pressure in
cptimum and nearby conditions. The spesces filled with ve-

pour may be formed in operating conditions followed by cavitation .

At the present time two types of reaction turbines find appli-
cation at hydropower plants including small hydropower stations:
1)Francis turbines,2)Kaplan turbines,

Thus five types of turbines find application at small hydropo-
wer plants.Each type of turbines is efficient within a certain
range of operating parameters .

Each type of the considered turbines in its turn may have some
variants differing from one another by relative dimensions of

runner passages and other elements of the water passageway .

3.2 Reaction turbines

3.2.1 Francis turbines

Francis turbines find extensive application both at large and
small hydropower plants . They are characterized by a large vari-
ety of designs and proportions of dimensions of the water passage .
Fig.3 shows a scheme of the water passageway of the modern verti-
cal shaft Francis turbine.The water from the penstock or fromthe
low-pressure supply line enters the spiral case: (5) . The inlet
connection piece of the spiral case is displaced with reference

to the turbine axis which makes it possible to whirl the water
flow with relation to the turbine axis . The dimensions of the

spiral case are selected to provide a uniform circumferential
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water supply of operating devices arranged in series . Radial
sections of the spiral case vary in shape and in size lowering
down as the distance from the inlet connection piece goes up.The
commonly used shape of the spiral case is circular as shown in
Fig.3 . At places of smaller sectional sreas their shape changes
for oval .

From the spirsl case the water flow enters the stay ring 2
(Fig.3) which comprises a fixed-vane system with similar or diffe-
rent-in-form vanes.One of the vanes of the stay ring at the end
of the spiral case is of & specific shape and is called a nose of
of the spiral case .The stay ring makes for strength and rigidity
of the spiral case and associated structures .The stay ring does
not perform any hydraulic functions .If strength conditions are
satisfied ,it is allowed to do without the stay ring .

The wicket gate assembly (3) located downstream of the stay
ring represents a row of similar-in-form cylindrical gates arran-
ged circumferentially and spaced evenly .In most designs the ga-
tes are rotated about their pivots at the same rate within the
range provided by the design .The 1limiting position of the vanes
when ajacent gates are in full coatact blocking the water flow
from the spiral case corresponds to s full closing .During opening
of the gates the discharge through the turbine and the power increase
(See formula 2.5 ) .Thus the wicket gate assembly is an operating
device capable of hydraulic power control .

From the wicket gate assembly the water enters the runner (4)
and gives up its energy . Pig.4 shows a meridionsl projecture of the

water passage of one of the variants of the runner .The crown 1 of
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the runner connected to the turbine shaft and the shroud 2 are
made integral by blades 3 arranged circumferentially and spaced
evenly .Surfaces of blades and the surfaces of the crown and the
shroud form a water passage of the runnei.Surfaces of blades are
of a complicated three-dimensional shape .

From the wicket gate assembly the water enters the runner ,
gives up its energy and changes the direction of its motion along
the axis of the turbine .

In modern hydraulic turbines relative dimensiona of the runner
vary within wide limits. Frequently the typical dimensions of
the runner are adopted to be the maximum diameter of the leading
edge of the blades denoted as D1 (see Fig.4) .Diameter D2 of the
runner outlet is determined by the maximum diameter of the trai-
ling edge of the blades.Width of the runner water pasesage 1is
determined in many respects by the height Bo of the wicket gate
asgembly .Relative dimensions BO/ Dl and D2/ Dl to a large ex-
tent depend on the specific speed n, .In modern Francis tur-
bines Bo/ D - 0.08-0.35 , D, / D) - 0.65-1.2 ,The lower values
are typical of low-speed high-head turbines whereas the higher
values are representative of high-speed low-head turbines .

From the runner the water enters the outlet water passage
which directs 1t to the outlet structures of the hydropower plant.
Fig.3 illustrate the outlet water passage consatructed in the
form of a bent draft tube.The draft tube consists of a conic
diffuser (1,a),a bend (1,b) of a circlular inlet section and
a rectangilar outlet section and a diffuset(l,c) of a rectangular

section.The described classical form of the draft tube is typical
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of large hydraulic turbines.But the the given form may be also
used in small hydraulic turbines.Besides in the latter case 1t
is possible to use simplified straight conic draft tubes .

The draft tube allows to use the gross head of the hydraulic
turbine more completeiy.ln this case a major portion of the ki-
netic energy of the water flowing from the runner is used .

From the draft tube the water enters the tailrace .The kine-
tic energy with which the water leaves the draft tube is not
used in the turbine .Therefore it is wise to have a large outlet
sectional area of the draft tube with the aim to reduce the loss-
es of kinetic energy .Experience recommends the specified dimen-~
sions of outlet sections of draft tubes .

The role of the draft tube in the turbine grows up particu-
larly in low-head hydraulic turbines .

Thus the described above scheme of the Francis turbine water
passage finds application at large vertical-shaft hydropower in-
stallations .It is also used at small hydropower plants.However
for small hydropower plants some simplifications may be intro-
duced which result in reduction of the turbine efficiency but
at the same time these simplifications reduce the cost of instal-
lation .

Now let us consider some practicable and applied variant .

3.2.2 Turbine with single-gate control

There ere suggestions associated with simplifications of tur-

bine designs through .the system of power and discharge control .




In the scheme described above the function of control was per-
formed by the wicket gate assembly through adjustment of gates
in synchronism.However the given design is sophisticated.During
variation of opening of the gates the change of water circulation
takes place at the runner inlet which has a pronounced effect

on power .

Fig.5 illustrates the scheme of the turbine with the single -
-gate assembly .In this case the control is realized by one gate
only the rotation of which changes the discharge and the spin-
ning of the water flow at the runner inlet .

Fig.5,a shows the scheme of the single-gate control suggested
by Reinfenstein.In this case the gate is installed at the inlet
section of the spiral case .Under optimum operating conditions
the gate does not produce appreciable hydraulic losses .Variation
of the gate position results in higher losses and reduction of
efficiency .

Fig.5,b,c illustrates the scheme of control suggested by
Kviatkovsky .In this case smaller losses take place when deviating
from optimum conditions.it loads differing considerably from op-
timum ones the Kviatkovsky scheme of control ensures appreciably
higher values of c¢fficiency .The gain reaches 10 per cent and

above ,FPig.5,c shows the variant with the unloaded gate .
3.2.3. Open flume turbines

For small capacity hydraulic turbiues operating under low
heads an open supply of the water to the turbine (Fig.6) finds

application .In this case there is no spiral case at the inlet .

—






- 33 -

It is replaced by an open rectangular flume with a free water le-
vel.The stay ring is also omitted.The wicket gate assembly is ..
controliable .

Naturally this design is more straightforward and cheaper.How-
ever here the conditions of water supply to the wicket gate assem-
bly are worsened which adverse.y affects operation of the runner .

The hydraulic efficiency of such turbines is lower .

Fig.6 shows another simplification of the design with regard
to the draft tube .The draft tube in height is less than optimum
dimensions .The bend of the draft tube is incomplete .There is
no straight diffuser at the outlet .

All these alterations compared with a classical design re-
sult in reduction of efficiency and reduction of the cost .Sim-
plified designs find application in the turbines of small capa-~
city .

An open flume without a spiral case may be found in horizon-
tal-shaft turbines (Fig.7).It is seen that the draft tube is
provided with a bend at the inlet and a straight diffuser.The
design of such turbines is simple and its cost is relatively

low .

3.2.4 Horizontal-shaft turbines in drum

At higher heads the use of open flume Francis turdbine is im-
possible .In this case horizontal-shaft turbines with a d4drum
in front of the turbine find application .

Pig. 8 illustrates the scheme of the turbine with a pressure
tank to which the water ie supplied through the penstock.From the
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the tank the water enters the wicket gate assembly.The draft
tube is arranged integral with the pressure tank .

Fig.9 shows another configuration .Here the turbine shaft
is brought out to a dry space through a bend of the draft tube .
The design of the pressure tank is simplified as compared with
the variant described above .

It is obvious that some other arrangements are feasible .

3.2.5.Kaplan turbines .

Kaplan turbines find wide application at large and small hy-
dropower plants.A classical arrangement of the water passage
(Fig.10) differs considerably from that of Francis turbines.

The inlet features incorporate a spiral case(l),a stay ring(2)
and a wicket gate assembly (3) .Relative dimensions and the shape
of the water passage are peculiar .

Radial sections of the spiral case of the vertical-shaft tur-
bine are of a trapezoidal shape . In plan a epiral section of
the water supply line has a smaller wrapping angle.As a rule
spiral cases of vertical-shaft Kaplan turbines are made of con-
crete .

The difference between water passages of Kaplan and Francis
turbines is observed at the runner . In the Kaplan turbine (Fig.l0
the water flow turns after the wicket gate assembly and assumes
the axial direction . Near the runner the water flows between
two surfaces of revolution which are close to cylindrical in form.

The runner of the Kaplan turbine consists of a hub.4 and

blades 3 . There is no shroud in the runner .
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The main distinguishing characteristic of Kaplan turbines
resides in the fact that the runner riay be provided with adjus-
table blades.Axes of rotation are normal to the axis of the tur-
bine .Usually the design of the turbine and the runner provides
a means of rotation of all blades in syncronism during operation.
Thus owing to simultaneous rotation of the wicket gates and bla-
des of the runner it is possible to maintain the high efficiency
of the turbine over a wide range of operating conditions .

In simplified esigns the turbines with fixed gates and ad-
justable blades or with adjustable gates and fixed blades are
used . Characteristics of these turbines as compared with Kaplan
turbines with double control are worse when deviating from opti-
mum conditions .

For small hydropower plants vertical-shaft Kaplan turbines
mey be made of a simplified design similar to Francis turbines .
In particular the water may be supplied to the turbine through
an open flume (Fig.ll ).Relatively short straight draft tubes

are used . Some simplifications of the governor are feasible .

3.2.6.Horizontal bulb turbines

In recent years horizontal bulb turbines have found wide appli-
cation for low-head small hydropower plants.The deeign solutions
are rather numerous.

Fig.12 shows the scheme of the horizontal bulb turbine with

an S-shaped draft tube .In the upstream section there is a etream

lined bulb which houses one support of the turbine shaft .The
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wicket gate assembly is conical with adjustable or fixed guide

vanes .

The runner is of an axial type with adjustable or fixed bla-
des.At the inlet the draft tube is provided with a cone diffuser
which is followed by an S-like section with a variable curvature
of the mean line .,

The turbine shaft is brought out to the dry space through the
draft tube bend .

Direct-flow bulb turbines with a straight draft tube find
some applications. From .he shaft through a gear transmission
housed in the bulb the energy is transferred via the vertical
shaft to the generator installed in the dry room.

Axial bulb turbines are also employed for installations with

vertical or inclined exis .

3.3. Impulse or free-jet turbines

The classes of turbines described above are reaction turbines
in which during transfer of mechanical energy from the water
to the runner both potential and kinetic energy change .Dﬁring
operation the water fills all the passages of the turbine com-
pletely .Under normal caviation-free conditions there are no
free eater surfaces inside the turbine .

The hydrasulic action in impulse turbines differs radically
from that of reaction turbines.Here in inlet passages of the
turbine the whole of the store of mechanical energy of water is
converted into kinetic energy of a free jet .

During interaction of a jet or several jets with the .unner

blades energy transfer takes place .
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There are many different designs of impulse turbines.Below
we'll describe the designs which are of interest from the stand-
point of their application at small hydropower plants .

As a rule impulse turbines are used at hydropower plants
characterized by high heads and low discharges.The inlet passage
of the turbine terminates in the nozzle set from which the wa-
ter discharges.

According to the known law of free flow to atmosphere
the water velocity

| vE e \/13‘*“ (3.1)
where "P- coefficient of velocity equal to 0.98-0.99 for high
quality nozzles.

Under the head H_=500 m’\,j, =98 meec”

1000 m V‘=138 msec™ L.

1 and under the head

Thus the discharge
Qs V& h = ‘Pfi \jtaHn (3.2)

Here &.- jet area.

The water discharge entering the runner under a constant
head is determined by the area of the nozzle opening.The control
of power and discharge is effected by nozzles with variable ope-
ning area ranging from the maximum value to zero .

The power develuped by the impulse turbine is

Pt =3.84 QH, Y, = 9.3 \r;‘i q’fj?t “:/u

It is obvious that the power which may be developed by the tur-
bine depends on the head and the opening of the nozzle .Depen-

dence of power on the runner is not explicit.Here only the effect

of efficiency is observed .
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3.3.1.Pelton turbines

Pelton turbines characterized by a relatively simple design
find the most extensive application among impulse turbines.

Fig.1l3 illustrates the scheme of the water supply nozzle
(1-needle,2-casing) .The form of the needle and the nozzle plays
an important part for operation of the turbine because this
form determines hydraulic losses of the jet .With an unfavourable
form of the needle and the casing cavitation and associsted
cavitation failure occur on their surfaces .

For control of the water discharge the needle moves back and
forth up to the complete closing when the discharge is equal to
zero.

Pelton turbines are used under high heads.Water supply is rea-
1lized through long penstocks .When controlling the discharge by
the nozzle additional loads may take place in the penstock due
to pressure rise .A quick closing of the nozzle results in a
hydraulic hammer in the penstock due to braking of a large mass
of water . For reduction of the hydraulic hammer it is necessary
to lengthen the time of closing of the nozzle which is not possi-
ble in all cases . |

During operation of the turbine a quick generator load shedding
may take place .To avoid .exessive acceleration of the runner
it is necessary to block the water supply to the runner ,Because
of a strong hydraulic hammer the nozzle is incapable of such ope-
ration.Therefore some designs provide for deflectors .

Pig.13 shows the scheme of a jet deflector .When the deflector
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enters the flow the direction of tle jet chan-
ges and the jet passes by the runner .

Fig.14 shows the scheme of the deflecting device which may
cut off and change the direction of a part or the whole of the
Jjet .

During a speedy change of the turbine power the deflector
servomotor shifts the deflector to the required position for a
short period of time (2-3 seconds) ensuring the required power
with the invariable discharge through the nozzle .Simultaneously
the nozzle servomotor moves the needle to the required position.
A full travel of the needle may take mup 30-40 seconds.During mo-
vement of the needle the deflector is withdrawn gradually from
the jet and at the end of iis motion has no effect on the flow.

The scheme of the Pelton runner is shown in Fig.15.The runner
is & disk provided with blades and fitted on the shaft .The
blades are arranged circumferentially and spaced evenly.The bla-
des have the form of buckets and are symmetric about the plane
normal to the turbine axis .The jet from the nozzle enters the
jet splitter and is divided into two parts acting on the bucket
surfaces.During flowing of the water along curvilinear surfaces
of rotating buckets velocity of the water changes both in megni-
tude and direction.Due to the change of momentum of water
the force and the torque are created at the bucket thus rotating
the runner .

During rotation of the runner a successive action upon runner

buckets is realized so that the kinetic energy of the jet is
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used completely . For this certain conditions with regard to
dimensions of the runner ,dimensions of buckets and their number,
rotational speed and veloclity of the water in the jet must be
satisfied.

The high efficiency requires careful and meticulous develop-
ment of bucket geometry and accurate making .

The runner rotates in the air and is always located above
the tailwater level .

Pelton turbines may be mounted horizontally or vertically.
One runner may be provided with several nozzles.An increase in
a number of nozzles results,all other things being equal,in pro-

portional raising of power.

3.3.2 Banki-Mitchell turbines

For the first time this idea was introduced by Banki and Mit-
chell who evolved the design independently.Later some modifica-
tions were introduced to the design e.g.by Ossberger Turbine
Fabric Co.of Weissenburg,Federal Republic of Germany.

Fig.1l6 shows the design of Ossberger turbine.The horizontal
shaft houses the runner (1) with evenly spaced cylindrical bent
blades (2).The water supply to the runner blades is effected
through a rectangular nozzle the width of which is equal to that
of the runner .Some designs provide for a guide vune (3) in the
upstream section of the water supply line by which it is possible
to control the water discharge from zero to the maximum value.

Thus the power of the turbine is controlled .
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Fig.16
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The water flows through the runner twice,first from outside

and then from inside.During the first cycle 70-75% of the avai-
lable energy of the flow are used and the rest portiwn is uti-
lizea during the second centrifugal cycle .

Amcng impulse turbines Banki-Mitchell turbires are characte-
rized by highest'specific speed.It is well known that an increase
in specifié speed of Pelton turbines provided with one nozzle
ng= 25-30 is associated with raising of losses and lowering of
the efficiency.A change to a multi-nozzle design for small tur-
bines is inexpedient becsuse of higher costs and complicated
maintenance .

The 19w_11mit of application of Francis turbires with regard
to t§%§%§§iﬁ is 80-100.At ns'<80-100 the efficiency falls down
substantially .

Thus the zone of ng from 30 to 80-100 cannot be covered by
Pelton or Francis turbines .

For turbines of small hydropower plants Banki-Mitchell tur-

bines may be used in the mentioned range of the specific speed,

3.3.3 Turgo turbines .

One of the variants of impulse turbines is the Turgo or in-
clined-jet turbine . The design has much in common with the
Pelton turbine.Fig.l7 shows a flow diagram of the design .

Similarly to the Pelton turbine a nozzle with an adjustable
needle is used in the design of the Turgo turbine.here the wa-

ter supply to the runner is realized at a certain angle di to
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the plane of rotation of the runner .

The runn~-r consists of blades rixed to outer and imnner disks .
The blades are of a complicated bucket-line shape the optimum
dimensiona of which are determined by laboratory studies .

During interaction of the jet with the blades the mechanical
energy is transferred to the runner . -

Manufacturing methods of Turgo turbines are more simple as
compared with Pelton turbines .

Investigations demonstrate that the optimum range of applica-
tion of Turgo turbines is at n'=30-60 with one nozzle available.

Turbines with two nozzles also find application.




4.TUKBINE CHARACTERISTICS
4.1 Power characteristics

Operating conditions of the turbine at the hydropower plant
are determined by characteristics of the power consumer and
characteristics of the turbine .When the hydropower plant ope-
rates in the power system where the power consumption may vary
permanently and continuously the operating conditions of the
turbine change so that the amount of power demand and power sup-
Ply is equal.

A hydraulic turbine is an energy converting machine which by
its design features and potentialities provides a means for
stepless control of power generation over a relatively large
range .However qualitative characteristics of the turbine during
operation under different loads expressed in terms of efficiency
vary over a wide range.

Since power developed by the turbine is

Pe =9.840u, 7, (4.1)
then under a costant head the dischnarge through the turbine has
an appreciable effect on the power .
For Francis and propeller-type turbines the discharge is con-
trolled by variation of the gate opening 8, - Usually L signi-
fies the diameter of a circle tangent to two adjacent gates

and in this case it contacts one of the gates at the trailing

edge .
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During operation of the turbine at the Lydropower plant the
change in the head with time is possible but these changes are
relatively slow .

In its turn the efficlency ztdepends on operating conditions .
of the turbine .

The complicated interrelations between main operating para-
meters of the turbine may be established only by the results
of model tests of the turbine in the laboratory.

The model of the turbine shall possess geometric similarity
with the full-size turbine with regard to all elements of the
turbine water passage beginning from the water passage inlet
to the outlet of the draft tube.

During power tests of the turbine in steady-state conditions
of the test rig the following characteristics are measured simul-
taneously :

1) Net head - Hn’

2) Discharge - Q ,

3) Rotational speed - n ,

4) Hydraulic torque on the runner - M,

During the change-over from one condition to another all the
measured values may vary over a wide range .For creation of con-
ditions suitable for comparison of turbine characteristics the

latter are reduced to unified conditions .

The reduced turbine parameters are calculated by
' P

D H

n

! ny

N, =
| ¢ qu:

- G Py = (4.2)

1=t -

Q
v* JH,
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These formulae differ from formulae (2.17),(2.18),(2.19) by the
fact that at the reduction of characteristics to the turbine
with D =1 m and H = 1 m the hydraulic efficiency Z“ts not
scaled .

The turbine model tests are carried out over a wide range
of variation of operating conditions at different opening a,
of the wicket gate and different blade position ‘f of the
Kaplan runner .

Fig.18 shows the hill diagram of the Francis turbine.Here
the curves. of constant opening of the wickeu gate assembly
s, = const are plotted on the ni - Qi coordinates and the
curves ‘2"0: const are plotted as well .

During operation of the turbine at the power planti the rota-
tional speed is masintained constant .In this case if the
head is assumed to be constant then ni = const .

0f particular interest are the characteristics showing
P%l versus Qi at ni = const.Fig.19 illustrates the typical
characteristics of the Francis turbine .It is seen that
an increase in Qi through opening of the wicket gate results
in a rise in power Ptl up to certain iimit .With further in-
crease in opening of the wicket gate a, and in discharge Qi
the power Ptl decreases.This is because of a rapid decrease
in efficiency.Fig.19 shows also '2 tvarying with Q1 .

It is obvious that operation of the turbine at G, >0

l

T WMoy
is inefficient because it is not associated with a rise in

power .Usually the results of model tests determine the
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conditions in which the turbine has the msximum value of

‘the reduced power .The limiting conditions with regard to

power beyond which it is not recommended to operate the tur-

bine are frequently assumed as 0.95 B;’Imax'ln Fig. 18 there -
is a dashed line beyond which the turbine operation is ineffi-
cient within the range of high Q;.This is a power limit line .
From the standpoint of the design this limit is realized by

the limiting opening of the wicket gate assembly .

In principle the propeller turbine hill chart does not
differ from the Francis turbine characteristics .The difference
resides in the fact that the area Q; in the characteristics
with the high efficiency is considerably less in propeller
turbineé .

The propeller turbine is a variant of the Kaplan turbine
with fixed blades of the runner .The propeller characteristics
vary with the blaue positiéﬁ‘f .During opening of the runner
blades the field of the characteristics covering the high effi-
ciency shifts towards higher values of Qi .

Thus ,with variation of the fixed position of the runner
blades and with other unchanged structural elements it is pos-
sible to enlarge the field of turbine application .

Fig.20 shows the characteristics of the Kaplan turbineflt
was derived from generalization of all propeller characteristics

at different blade Po8ition ,The characteristics of the haplan

- tfurbine demonsrate the optimum relationship between the blade
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position and the opening of t;.e wicket gate a - The design of
the Kaplan turbine provides for stepless control of the wicket
gate opening and the blade Pposition./ith double control of the
Kaplan turbine results in a wide range of values Qi at which
the efficiency is high .
In modern practice of use of Kaplan turbines at small hydro- -
power plants the design in which the wicket gates are fixed
and the runner blades are adustable finds application as a vari-
ant.Sometimes _-the turbines with such mode of control are
called Tomman turbines.The region of high efficiencies of such
turbines is wider than that of propeller turbines and is ner-
rower than that of Kaplan turbines.
The simpliest design of the axial-flow turbine includes
the fixed wicket gates and fixed runner blades.Power and dis--
charge control under the constant head is excluded .The turbine
can operate in either mode only .
The power 1imit curve is not plotted on characteristics of
Kaplan turbines .Usually an increase in Qi during operation of
the turbine is limited by cavitation conditions.At high values ‘
of Qi differing considerably from the optimum values cavitation
factor € rises up rapidly .Therefore in conformity with the -
operating conditions of the particular power plant the maximum
value Qi is determined by cavitation-free conditions of opera-
tion .

1t was noted above that the power developed by the Pelton

turbine may be controlled by the change of water discharge
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supplied by the nozzle.By variation of the needle position it
is possible to change the discharge from zero to the maximum
limiting value governed by the design .

Now let us consider the Pelton turbine hill chart an example
of which is shown in Fig. 21 .

First,let us pay attention to the fact that in Pelton tur-
bines the optimum reduced speed ni'4340 min'l .With variation
of ni the efficiency reduces rapidly .

Second,with variation of the turbine discharge with the help
of the nozzle needle the efficiency remains high over a wide
range of operating conditions .

Third,at constant opening of the nozzle the value Qi =const
irrespective of the value ni .

The Turgo turbine characteristics with an inclined nozzle
(P1g.22) ave almost similar to those of the Pelvon turbine .
The difference lies in higher specific speed due to higher va-
lues of Qi . Similarly to the Pelton turbine the reduced speed
in optimum conditions is about 39-40 min~t .

Fig. 23 illustrates characteristics of the Banki-Mitchell
turbine manufactured by Ossberger Turbine Fabric Co. The dis-
tinguishing characteristics of this turbine are the ability to
control the discharge over a wide range .The water supply noz-
zle of the turbine is divided into two sections the relative
width of which is equal to 1/3 and 2/3 of the full width res-

pectively .Each section is provided with a vane 3 driven inde-

pendently (Fig.16) .One section may be closed for the flow
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while the other one may be full or partially open. 1n this case
it is possible to exercise the step-control of the discharge
when the maximum discharge of the turbine is 3/3,2/3,1/3 of
the limiting value .Additional control is realized by rotaticn
of the vane .,

As it may be seen from Fig.23 this mode of control ensures
the high efficiency over a wide range of discharge ' and power

variation.

4.2. Comparison of turbines by their characterietics

Operating conditions of the turbine at the power plant are
determined by the generator load in the power system and by the
conditions existing for operating paremetrs.lIt is obvious that
in the general case appreciable changes in the net head and
discharge governed by the river flow and some other conditions
may take place at the hydropower plant . Cross correlation of
water conditions of the power plant witk the power delivered to
the sysiem is the function of the turbine governor .The main
idea is to ensure the most efficient utilizatior of water re-
scurces .

From above characteristics of turbines of different types
it is seen that the efficiency varies with the change of opera-
ting conditions.These changes differ from one another in tur-

bines of different types.

Let us compare the turbines by the value of efficiency for
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operating conditions corresponding to the optimum value of ni
for each type of turbines.Fig.24 shows the characteristics
obtained at Hn = const and n = const for the relative value
of power.lt is assumed that the maximum power of all types of
turbines is similar.

Here the objectives to be pursued are the qualitative analy-
sis only because the turbine characteristics within each type
also differ from one another.From the plotted qualitative
curves it follows that the turbines of different types respond
differently to variation of power .From this standpoint the best
turbines are Pelton 1 and Xaplen 2 turbines.The characteristics
of Francie turbines 3 are lower.Propeller turbines 5 exhibit
the most unfavourable characteristics .

From the compared characteristics it is seen that for axial-
~-flow hydraulic turbines the most efficient means of control
is variation of the runner blade pogition(Tomman turbine 4)com-
pared with operation of the wicket gate assembly (Propeller
turbine 5). |

The modern Banki-Mitchell turbine 6 has adequate control.
performances.However the maximum level of efficiency in these
turbines is lower than that of reaction turbines.

Further the dependence of power characteristics of turbines
of different types on the head may be traced.As it may be seen

from these characteristics variation of the head entailing the

change of ni at n=const produces an effect on the efficiency .
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The analysis of characteristics demonatrates that with a incre-
ase in the head above the optimum value a decrease in ni takes
place followed by a fall of the efficiency .The reduction of the
head results in an ircrease in ni .Here the efficiency falls
down drastically especially after a certain value observed
within (0.4-0.7) Hopt for different turbines .

Kaplan turbines possess the best performances.ln these tur-
bines the value of efficiency remains high over a wide range of
head variation .

In Francis,Pelton and Turgo turtines the efficlency decreases
rather reapidly with decline of the head .

The distinguishing features of different types of turbines
govern the conditions of their application at hydropower plants .

Unier plant operating conditions where variation of the power
and the head is likely to take place over a wide range it is
expedient to use Kaplan turbines with double control.The con-
traction of the load variation range may result in the justi-
fied application of Tomman or propeller turbines.Operation into
the permanent load makes it possible to use uncontrollable tur-
bines with fixed gates and blades.

Control possibilities of Pelton,Turgo'and Banki-Mitchell
turbines are rather efficient.All these turbines maintain high

values of efficiency over a wide range of loads .

4.3.Cavitation in hydraulic turbines.

Under certain conditions operation of the turbire at the

hydropower plant may be accempanied by cavitation irn the flow .

o
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It has been known that water temperature at which evapora-
tion takes place 1s pressure dependent .At low pressure vapour
bubbles may be formed in the water flow even at the relatively
low water temperature which is equal to the surrounding tempe-
rature .

In conformity with the fluid motion law the zones of lower
pressure in the turbine water passage occur at the point of the
highest velocity.At this very point the bubbles are most likely
to be formed.If the bubbles are numerous the optimum conditions
of the flow about the surfaces are violated which results in
higher losses and a decrease in efficiency .

Cavitation includes the formation of gas cavities in the flow
which are collapsed after the bubbles are flown to the zone of
higher pressure.Condensation in progress at that time is accom-
panied by instantaneous hightening of pressure and local tempe-
rature elevation .A nonstationary rapid process of formation
and collapse of cavitation caverns is accompanied by high-fre-
quency wavy effects resulted in pressure fluctuation ,vibra-
tion of units and air noise .

During a long period of operation intensive cavitation
may bring about the pitting of the material of the runner and
other elements of the unit .

Thus for normal prolonged operation of the turbine the con-
ditions shall be created under which cavitation would not take

place in the flow and the failure of stream-lined elements

and a decrease in efficiency should not be resulted therefrom .
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In reaction turbines cavitation may develop in runner blades
(profile cavitation),in gaps formed beuween outer surfaces of
the blades of axial-~-flow turbines (gap cavitation) and in the
space behind the runner during deviation from optimum operating
conditions of fixed-blade turbines (space cavitation).

In impulse turbines cf Pelton and Turgo types cavitation
may develop in the needle of the nozzle assembly if its geometry

is unfavourable .

4,4.Cavitation characteristics

Experiments demonstrate that usually cavitation takes place
in the water passage where pressure is equal to or below the
pressure of saturated water vapour Pv‘ Dynamic rarefaction of
the flow depends on the kinetic head which in its turn varies
directly with the turbine head .

Thoma's sigma in the dimensionless form is

H
e = Isv (4.3)
Hn
which shows the value of dynamic rarefaction in the turbine.
At cavitation-free operation of the turbine the minimum pres-
sure in the flow should not be less than the pressure Pv.There-

fore it is necessary to meet the condition

B-Hg — @H, > Hy (4.4)

where B - atmospheric pressure,

H' - guction head which is counted off from the downstream

water leve) to the horizontal plane conncted with a certain
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turbine element,
‘4‘} ::F%'//Q %

In axial-flow vertical-shaft hydraulic turbines the repre-
sentative elevation of the turbine is usually the pivot of run-
ner vlades (Fig.1l2), in vertical-shaft Francis turbines it is
a mid-plane of the wicket gate assembly (Fig.4) and in horizon-
tal-shaft turbines it is the highest elevation of the runner
blades (Fig.ll).

Cavitation coefficient € is determined during model tests
of hydraulic turbines in cavitation test units provided with
a system of water circulation around a closed path.lnside the
test unit a vacuum pump lowers down atmospheric pressure PB: 923
to the level at which cavitation in the turbine is at its high-
est and the efficiency falls down .As a result of the test
the critical value of turbine cavitation coefficient is calcu-
lated ¢ = B-Hs-MHe

Hwn

by the known measured values of operating parameters .

Cavitation tests of turbine models are carried out for dif-
ferent operating conditions of the turbine over the whole anti-
cipated rangé of operation .0On the basis of test results cavi-
tation characteristics of turbines are constructed with the
curves @ =const plotted on the turbine hill charts (Fig.18) or
they are constructed in the form of individual characteristics
(Fig.25).

The analyeis of cavitation characteristics of the turbines

shows that the coefficient @ depende on operating conditions.
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In particular 6 increases with an increase in Qi at ni =const

(Pig.25).

4.5 Cavitation-free conditions of turbine operaticn

A%t the hydropower plant the turbine shall be installed so
that nc cavitation takes place in the turbine in any operating
conditions .For this purpose the type of the turbine and its
series shall be selected for the specified ranges of head and
power variation.Besides the suction head Ha shall be defined
for the turbine .

From the formula (4.4) it follows
Hs <B ‘“1' = GHn (4.5)

The atmospheric pressure B depends on local conditions con-
nected with location of the turbine above sea level.lLoreover
B depends on climatic conditions in which the reduction of the
atmospheric pressure below the average value by 0.35-0.45 m
of water column is possible .

The pressure Hv of saturated water vapour is within 0.08-
~0.43 of water column at water temperature 5-30°C.

Por particular conditions of turbine instellation B and Hv
are usually fixed by the mean level.

The suction head H’ is selected at the stage of designing
proceeding from the conditions of the powerhouse layout and

construction features.For small hydropower plants the efficient

range of values H, is within 2-6 m .Average design values H'
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are 1-3 m.1t is obvious that the particular value HB depends
on dimensions of the turbine as well .

The formula (4.5) shall be guided to satisfy cavitation-free
operating conditions of the turbine .When selecting the turbine
type it should be remembered that the higher the head Hn the less
the value @ of the turbine must be .

For turbines operating under low heads the limiting values &
may reach 1.5-2.For high-head turbines @ =0.03-0.04.

Cavitation coefficient ddependa on geometrical dimensions
of the turbine water passage and in particular on dimensions
of the runner passage .

The axial-flow hydraulic turbines characterized by high spe-
cific speed and the highest values ni and Qi among reaction
turbines feature the highest coefficientG:.The Francis turbines
have lower values ni ,Qi and® in the range of optimum opera-
ting conditions.The Kaplan and Francis turbines in their turn
possess different proportions of dimensions of the water passage
each variant of which forms a series of turbines.Among Kaplan
turbines several series may be distinguished.Each series is cha-
racterized by the optimum field of application .Francis turbines
are similar to those of Kaplan turbines in this respect .

Each series of turbinee has a limitation of the field of
application on the maximum head imposed by cavitation-free

operating conditions of the turbine .lnstallation of the turbine

at the hydropower plant with the head exceeding the maximum
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value results in the necessity to locate the turbine with high
negative values Hs i.e results in a deep setting of the plant
and an increase in the construction cost.

The suction head is determined by the following formula:
v
HS =40°' 900 - Ks S Hv\ (4.6)

where V - tail water level with respect to sea level , m,
Ke - safety factor .
The safety factor Ks is introduced into the design formula
to raise the guarantee against cavitation.
It was stated above that € is determined by the model cavita-
tion tests through the value of the cavitetion coefficient of

Gst =

Hn (4.7

at which the change of power characteristics takes place under
the given operating conditions .These operating conditions
may be specified with some errors.

When passing from the model to the full-size turbine a certain
disturbance of similarity of flows connected with the scale
effect takes place .Usually in large turbines @ is of a higher
value than that in the model .

Under conditions corresponding to the critical value € ca-
vitation develops in the turbine.In full-size turbines installed
at hydropower plants it may bring about the pitting in the run-

ner.

-
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On the basis of the abovementioned the safety factor K'
the value of which depends on the series and type of the tur-
bine and power is introduced.On the basis of existing structu-
res it may be determined that

K' = 1.1-2.0

It is recommended to raise the value Keup to 2.5 Tor complete
elimination of cavitation.Application of cavitation-resistant
materials makes it possible to reduce the value K'.

It should be noted that an increase in the safety factor

bring about either a deep setting of the powerhouse or the use

of low-speed turbines and enlargement of their dimensions.
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5. STANDARDIZATION OF TURBINES
FOR SMALL HYDRO APPLICATION

5.1I. Objectives of Standardization

The construction of small hyiro power plants involves high
specific costs., Intensive applicetion of unified mess-produced
elements both in civil works and electromechanical equipment .
would make smsll hydro power plant more competitive,

Recent renew=2l of interest im developing hydropotentiasl of
small stream flows3s at the same time calls for upgrading their
economic viability both in construction and operation.

At present it is still hard to delineate with an adequate
accuracy the limits of application of the definition"smell
hyiroelectric plant™ and "small bydroturbine®”. Purther deve-
lopment of smsll hydro sources will determine more accurately
both the minimum and meximum unit capacity fields,

Let'us regard the units with installed capacity of
50 kW £ Pté JO000 kW to be the units for smell hydroapplica-
tion.

Depending on the site conditions, the smell hydro power
plants can develop the heads in the range of Iam < Fl, < I1000m
which will be feasible for practical application. .

The zone of operating parameiers for small hydroturbinecs

can be determined from the following formuls

Pig. 26 gives this zone in logarithmic coordinates.

. A
Since Cozl-ln-loa~ Qt&l?t -Zoga

taking an averaged value of .Zt s, we are obtaining the lineear
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relationship between '{. and @ for I% = const. im logorithmic
coordinates.

The problem of small hydroturbine standardizetion consists
in development of a number of series end sizes of turbines
which could be effective tool in exploitation of water resourse
for any combination of H, , A ena § ritting into the zone
shown in Pig, 26.

Finding 8 solution to the problem of turbine standardiza-
tion will allow development of type-design for turbines, uni-
fication of structural elements as wellas charge over from
custom-made approach to series production. All this would

enable the cost of equipment and delivery time to be reduced.

5.2. Line up of Series of Reaction Turbdbines

One of the major problems in stendvrdization of small hydro
turbines 1s to'establish the practicaeble line up of turbine
series. The experience gaimed in the hydraulic turbine egineer-
ing icdicates that the field for potential application of
reaction turbines can be covered by two types- I) Francis
turbine, 2) exial flow turbines, The axial flow turbines are
used in the low-head zone. Francis turbines find spplication
in the high-head zone. ,

The turbine chsracteristics including parameters'\l,ﬁ‘.é{

under the optimum operating conditions, depend on the rele-
tive dimensions of the water passage, with the relative dimen-
sions of the runner having a tangible effect. Replacement of

the runner results in a considersble chenge of energy end ca-

vitation characteristics.
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Each series of turbines represents a line up of turbines
featuring different absolute dimensions with geometrically
similar water passages. All the turbines of the seme series
are assigned a specific designation.

The turbine size is normally chsracterized by the runner
diameter. In the case of Francis turbine, the diameter DI(Fig.4)
is fixed.This dimension represents the maximum diameter taken
at the inlet edges of the runner bludes. Cases are known when
the characteristic dimension is the diameter D; teken at the
runner crown or the diameter D, taken at the shroud (Pig.4).

Hence each turbine 1s characterized by the dimension and
designation.

When developing the standerd for small hydrsulic turbines,
the number of required series and a normal line up of runner
diameters should be established.

Increese in the number of series and sizes of the turbines
covered by the standard, allows selection of the effective
turbine practically for any operational paremeters. But manu-
fecture of a wide range of the turbines would decrease produc-
tion efficiency and increase the cost of equipment involved. 1

The number of standard types should not be extended beyond
the economically justified limits,

Let'us dwell on some general concepts that should serve as
guidelines in tackling the problenm.

As mentioned ebove, each series of turbines hes s limited J
field of application with regerd to the hesad to provide cavi-

tation-free performance.

Deep setting is not economically justified for the small X
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hydro power plants. It seems that F{s=-- 2 m might be taken
as the limiting suction head.

The relationships between the limiting values of KS 6 and
the head Hn have been plotted for various suctior hesds accord-
ing to the formula:

KJ@’:—%H‘—, {ng(Ksé)? KOQ(B"Hs)'&’SHn
(Pig.27). n

The minimum value of cavitation coefficlient sigme Ef
gecured for the high-head Francis turblines, is equal to asbout
0.03 on the 5% output margin line and st the optimum values of
h_: + If the cavitation safety factor is assumed to be KS =
I.I5 - 1,20, then Mg = 400 m would be considered the limit-
ing head for smell hydraulic turbines. Increase in the limit-
ing head to 500 m at the assumed safety margine will result in
e deeper setting of the hydroplant and }48= -T7.5. But such
a 3olutions is not practicable,

Let'us 1illustrate ome of the possible eslternatives for se-
lection of the number of series and the field of applicstiomn
for each series (Fig.27).

It is assumed that for the 1imiting velue of the cavitation
coefficient sigme 6'*wh1ch is characteristic of the turbine,
the minimum suctior head should not exceed H, = -2 m, Teking
a minimum cavitetion coefficient é{= 0.03 end safety factor

K

range 1I5-340 m, It is further assumed that the limiting head

= 1.2, we will secure the highest head series for the head

of the next series for ‘45= -2 m is equal to the limiting

head of the preceding series for Fk= 2 m. Then the ratio

of the limiting cavitation coefficients 1s I.5 i.e.

6"M:4.Sdn
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Following this reasoning it is necessary to have 8 series
of Francis turbines for the head range }{s= 340-20 m. The
limiting heads and cavitation coefficients ere given in
Table 2,

Table 2
Series ¥8 F7 F6 F5 P4 3 F2 PI
mex ” 20 30 45 70 IO 150 260 340
Hpftn 7 10 15 25 3 50 80 115

n
4; mex 047 0.32 0.22 0.145 0.095 0.065 0,043 0.03

Pive series ol Kaplan turbines should be available for the
head range les 30 - 6 m.The 1imiting heads and cavitation
coefficients are given in table 3.

Table 3
Series K5 K4 K3 K2 KI
Hn <10
G mex L7 I.I2 0,75 0.5 0,33

The illustrated above procedure for selection of the number
of series and the head range for each series is nct the only
possibly way,

When assigning the number of series and specific speed for
each series other conditions are also teken into considera-
tion. A tangible role is played also by the practical expe-
rience of the company working out the standard, The large-size

turbine manufacturers have accumulated considerable experience

|
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in development of highly efficient turbines for large-scsale
installation, which meet the different operational conditions.
In some cases, ithe number of developed series of Francis snd
Keplan turbines exceeds the figures given in the example.

Increase in the number of series allows selection of s more
efficient turbine in terms of energy and cavitation characte~
ristics for each specific case.

The exceedingly small number of series improves the manufsc-
turing process but in some cases it has a negative effect on

the quality of equipment.

5.3. Normal Line up of Dismeters

Each series consists of a number of turbines with geometricsl-
ly similar water passages, that differ from each other by the
nominal dimension which is the diameter Dy of the runner.

Let us dwell on some general aspects related to the selec-
tion of a normsl line up of the turbine dimensions,

Suppose that a series of turbines for which the hill chart
is available, has been selected for certain rated values of
the turbine power Q and head Hn . Select the rated point
on the 5% output mergin 1line of the hill chart (Pig.I8). Then
according to formula (2,I9) and teking into considerstion that

‘ '
%: 9.81 0. N t

the diemeter D. of the runner can be calculated. It will be the

I
minimum size of the runner which will provide the specified
power output (curve I, Pig,28). Should & bigger size of the
runner be taken for the same power output the rated point at

/
the h.11 chart would shift to the zone of lower values of GE .

N
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Given in Pig. 28 are performance characteristics for turbines
of various sizes, Curve 2 corresponds to the turbine with a
larger-size runner.

When running the turbinme, its power output may very within

wide limits depending on the load demend and flow availebi-
1lity. The generator cespebilities hinder "he output increase.
A heavy power drop decreases the efficiency value. As seen
frrom Fig,28 the average value of ef:‘:::ier:clz 2‘ Ml> ’81,.‘
within the power variation range P, - R . It implies
that at a bigger diameter of the runmer the turbine governing
18 less effective., The bigger, the difference in the runner
diameters the bigger is the value A 'Zt (Fig.28).

If the power regulation resnge and the alloweble decrease of
A‘L_are specified it is possible to dete;mine the deviation of
diameter for two runners adjacent in terms of their size:,
Similar work can be conducted for all series of Prancis and
Kaplan turbines.

The following conclusions can be drawnup basing on the

current experience of the turbine engineering -

K _.Dﬂil
I. Ratio o Dn

lies within I.05-I,2 (where D1 and D, ere diameters of the
runners of two adjacent turbines)

2, Por the values of K, upto I.07
adequate close correspondence of the designed turbine with
its optimum operational conditions is provided

3. the lower value of K, should be taken
for larger size turbines.

4. KD can be raised to 1.12-I,I5 for very

]
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small turbines,
5. higher values of KD are asllowable for
Kaplan turbines.
It should be noted that the power variation when changing
over to another dismeter under the assumed conditions is pro-
portdonal to K% i.e.

e,nﬂ /en = K.:

It means that the meximum power varies by I.I - I.44 times,

5.4. Fleld of Application of Turbine Series

Supplementary charts intended for preliminary selection of
the turbine series and size as well as other operstional para-
meters must be plotted basing on the development of a standard
line up of turbine series and diameters.

Let us consider some genersl concepts which serve as the
basis for the required plotting.

We assume thet there is a hill chart of the model turbine
on which the given series is to be based.

Pirst we take the mode of operation lying on the line of
optimum value Y?;c as the design one, For th? Frencis turbine,
it is practical to take the design value Cl:c lying on
the 5% output mergin 1line or close to this zcne. Foz further
computations we assume that the values réc. and Gtc are
known for the given series.

Neglecting the difference in efficiency of the model end

life-size small hydroturbine, from (2.17) and (2.18) we have

!
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from this it follows that ,
log Hy=-21ag (O D, )+2 log
togh= - op (2 ) 3 Lot
It is seen from these cquations tha* for DI = const, the
relation B.n(Q)is of a linear nature in logerithmic coordinstes.
The lines DI = const form a family of parallel lines inclined
at an angle of KA = G.I"c'tsz 63.43" to the axis eog Q.

Relations Bn (Q) forn

const are 8lso of a linesr nsture

in logarithmic coordinates. The lines n = const form a family
of parallel lines inclined at an angle of ﬁz srctg §- = 33.69°
to the axis log Q.

In Pig.29 is shown, as sn example, the field of application
for ome series of Francis turdbines. The model characteristic
with "1’.-.= 68 min~T G}:s 0.75 2> 5T 6= 0.07 1n the
design moie of operation is taken as the input data. It shows
also the lines of the contimuous turbine output.
re logH,:= EOZTP'}WZ' ~ £og Q,
the lines of Py = ctonst are inclined to the axis &)3 a at en
angle of - 45° in logerithmic coordinates.,

At the same time, the scale {03 “S is plotted on the ordi-
nate, which can be used to determine the allowable suction
head.

In the study case, the field of application is limited by
the suction heads H = - 3 to 6 m, turbine power IO00-I0000 kW
and runner diesmeters Dy = 0.45-I.3 m.

Preliminery selection of the basic turbimne operstional

perameters can be made basing on the nomograph Fig.29. For

example, the diameter DI, speefx and suction heed Hg can be
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determined from the specified head and power. But the values
DI’ n, HB obtained by such 2 way may turn out to be unaccep-
table.

The runner ddameter may not correspond to the values which
have been covered by the standardized line up. The roﬁative
speed may differ from the synchromous one. When adjusting the
values DI and n obtained from the nomograph, to the nearest
recommended magnitude, the operational conditions tend to. dhift
from the design point. But the nomograph Fig.29 can not be used
to assess 1f the obtained deviations are permissible or not. {

In this connection it is good practice to construct firat
the nomographs identifying the field of potential application
for the turbines of the given series whose dimensions corres-
pord to the standsrdized dimensions and the speed is synch-
ronous.

It should be noted that the curremnt practical experiences
with the turdines for small hydro application accept both direct
coupling of turbines and generators and step up gearing.

The direct coupling finds always application when the tur-
bine has a high synchronous speed which allows & high speed
generator to bs used. At low values of n, the turbines cen be
directly coupled to the generator or through step up gear. |

At direct coupling and 50 He frequency, n = 1500, I000, 750,
600: 500, 428;6, 375, 333, 300 min "; at 60 Hz frequency
n = 1200, 900, 720, 600, 5I4, 450, 400, 360, 200 min~I,

A cheaper step up geering calls for development of s !
stenderd 1ine up of gesr sizes with the fixed transmission

ratio. Thus applicstion of high speed generators along side
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with step up gearing will govern the standard line up of tur-
bine speeds that differ from the synchromous ones.

Further we will discuss the methods for identifying the
field of application for turbines of the given series, whose
size and speed correspond to the standard line up,

When plotting the field of applicatiom shown in Pig.?29,
rather definite operational conditions with fixed wvalues nic& Qic
are.tak_en.As seen from the hill charts for each series of tur-
bines there is a zone where the turbine features high energy
characteristics. Any mode of operation in this zone can be
taken as the designed one. Let us 1imit the zome of favourable
turbine application by the certaim values of ni max™ n'I nin
and Q'y o0 = 9 min *

The designated turbine output under the fixed head cam be
obteined using turbines of the given series which have the
diameters Di for QImax and Di for Qi nin® Subject to the
equality of discharges, the following can be written with en

accuracy determined by the difference in efficiency under these

operationsl conditigns ’
2 Ef
Kz(-—D-l—): £
o t I mn

The ratio KD controlling the normal line up of diameters
(whose values are given above) corresponds to the ratio of the
adjusted discharges in the zone of optimum operating conditions.

The field of application for the turbine of a certain dia-
meter in the logarithmic coordinates log Q - log H, is limited
by two parallel lines inclined at an angle of 63,43° to the
axis log Q. In #ig.30 are shown these zones for the line up
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of ciameters with Ky = 1.08 from the same series of turbines.

The field of application for this series is given in Pig.29.
The field of applicatior relative to head st DI = const

and n = const depends on the magnitude of ni max and ni min®

. In the study case, is taken equal to 73 min~T and

B} mex
n} .4 cqual to 63 min~T,

) Pig.30 shows the field of effective application for the
turbines of the same seriea_but various dismeters DI = const
et n = 1500, 1000, 750, 600, 500, 426.6 min~" '

the field of epplication is 1limited by parellel lines inclined

« At n = const,

at an angle of 26.56 to the axis log Q.

5.5. General Laws for Pelton Turbines

Let us first consider some peculierities "of the Pelton
turbine operation in the zone of maximum efficienéles.

According to the formula (3.I), the velocity of a jet dis-
charging from the nozzle depends on the head. The interaction
of the jet and wheel buckets results in energy transfer to
the turbine shaft. The optimum péripheral speed of the ruhner.
circle tengent to the central 1line of the jet should be equal,
in an ideal case, to 0.5 VJ or to (0.46-0.47)V3 considering
the hydraulic losses.

As it follows from the said above

u_-_EQ“_g__z(o.ve-o.w)\j

with due regard to (3.I) we will obtain the reduced speed

' . - 6 -\r—‘
ng: \7%- -(0.46-0.4?)"5,-9—-‘{ 29 (5.1)
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So all Pelton turbines featuring good energy characteristics

have in the optimum mode of operation
nx': 39-40mmn™!

As seen from the Pelton turbine characteristic shown in
Pig.2I, the turbine efficiency tends to drop rather sharply
on deperture from the optimum values of ni.

Applying the general fcrmula (3.2) intended to determine
the nozzle discharge we will obtain the Jdischarge of the Pelton

turbine with a multi-nozzle arrangement z‘

Q=% -/in——th‘ngn (5.2)

Adjusted to DI Im and H = I m, the discharge equsls

Q}"ﬁqu‘——“' ‘IVE_S_ % (‘jr)

1
' Y &
aj =341 ZJ (.%i_)

or

(5.3)

This formula indicates that the reduced discharge depends
on the number of turbine nozzles and the ratio J/DI.
In the course of the discharge control by use of the needle,

d. varies from zero to a maximum value which governs the mexi-

mim turbine discharge.

It has to be noted that tine turbines intended for small
hydro application should not have mnre than two nozzles. Other-
wise turbine construction and its operation would get too
complicated,

The specifi:z sneed of the turbine equals

ns-.-s.ssnx'\/'z'{,i: (ue-ass)\fff(%i').
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The conducted studies show thet for djﬁ' > (‘/6 ~ ‘{) .
the efficiency tezds to Arop rather intensively. The limiting
velues of ng for the single nozzle turbime i3 36-42, while fa
the two-nozzle turbine, it comes to 54-60,

The turbine chsracteristics hecome optimum atdj{f "40":' 3}5 .
Therefore the specific speed preferable for the single-nozzle
turbine is I6-26 and that for the two-mozgle arrengement 1is

22-36 under the optimum operational conditions.

5.6. Standardization of Pelton Turbines

The turbine power is governed by the head and the nozgle
dimensions, The turbine power does not depend on the runner
diameter. In this connection, the jet diameter dJ is one of
the major dimensions of the Pelton turbine.

At chenge in the diapeter dj, the turbine power, with the
other thing being equal, tends to chenge proportionally to
a5

One of the problems to be worked out imn standerdization of
the Peltom turbine is to establish the line up of the nozzles
differing in its basic dimensions, in particular, the maximum
jet alameter.

In Pig.31 is shown the characteristic of turbine I for
various loads. It is seen that the turbine features a high
efficiency in the wide range of loads. At partial loadings
the averege operational efficiency th 2 tends to decrease
but not intensively.

It 18 evident from the formula (5.2) the relstion H,(Q) in

logerithmic coordinates is of & lincar nature for djsconst.
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In FPig.32 are plotted the lines dj = 0.02-0,25 in the
renge of possible appli€ation for the Pelton turbine with s
single-nozzle arrangemeut at the specific speed n = 25.

The lines of equal runner diameter are parallel to the lines
dJ = const. In the given case for dJ/DI = 0.1 we have Dy=I0 dj'
Thus for the entire field Q - Hh the range of runner dismeter
variation lies within Dy = 0.2 - 2.5 m.

Plotted in this ficld are 8lso the lines n = const corres-
ponding to the synchronous speed of the generator. Applying

the formmla (2.16) we obtain
9 2/ 2/
H'f(3.65£-s-)é Q 3?t 3

tog i o 5.65%)+2 Log 1 0)

Por B, = const, the lines mn = const form in logarithmic coor-
dinates a family of streight limes inclined at an asngle of
32.69° to the axis log Q.

In Pig.32 are plotted the lines of constant speed for syn-
chronous values in the range 187.5 - I500 min~I,

The field area Q -- B lying above the line n = I500 min'I is
likely to de excluded from consideration.

The 1imiting size of the runner is governed by the manufac-
turing capabilities and its maximum value must be limited.,

The manufacturers specialized in production of small hydro-

turbines can limit the DI velue by I.0 or 2,0 m.
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Assuming DI max = 1-0 m end the field of application with
respect to head is limited by 50 - S00 m we obtain a field of
application for the single-nozzle Pelton turbine shown by a
thick line in Fig.32.

It 1s seen that the msximum power here does not exceed
3000 k¥. The higher power would require a turbine with double-

nozzle arrangement. The specific speed of the double-nozzle

VT

n
82

turbine equals
s, provided

the other conditions remain unchanged (nSI - specific speed
of the single-nozzle turbine).

The field of application for the double-nozzle turbine tends
to shift to th: right as the dischirge will increase as much
as two times. The maximum power equals 5000 MW,

So, for the study case of the Pelton turbine epplication,
the practical area of the standsrdized turbine application
is 1imited with respect to the head by 50 - 500 m, with respect
to the jet diameter by 0.03 - 0,I m, with respect to the runner
dismeter by 0.3 - I.0 m, with respect to the power by 50-3000kW
for a single-nozzle arrangement and by 50-5000 k% for a double-
nozzle arrangement.

The turbine featuring nigher values of head and pc~2r mey
be custom made.The preliminary selection can be made basing on
the nomograph (ref to Pig.32).

One of the basic objectives of normelization and unification
c® Pelton turbines consists in establishment of e normal line up

of runpner liameters, nozzle sizes, wheel bucket sizes.,
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An integrated approach should find esppliceticn in working
out this problem.

The following conditions must be taken into sccount when
specifying the line up of runner d!ameters.

The turbine with certein runner dimensions can operate
within a limited head variations.

It is seen from Fig.2I that at departure of ni from the
optimum value, the cost effectiveness of the turbines decreases
tangibly. Therefore it is practica%le to iimit the operating
zone by ithe limiting velues of ni max and ni min®

Le% the area of anplication for the turbine ‘‘ith the runner
Dn be limited by the heads Hﬁin and Hgax and that for the tur-
bine with the runner D_ r by the heads BR°T and H.7.

Assumirg further that
max ™

H =

n n+4
and n is equal for both turtines, we will find thest according

the formula of reduced (unif) speed (5.1}’

Dot~ Mmex
- '

Dn N; n
For the specific case considered above, we may take

I

- _ -1
ni max = 42,5 min —, ni min = 38 min -, Then the factor of
the diameter line up _D
K —one 4448
D n

Since Dmin is taken equal to 0.3 m and Drax = I.0 m, there

must dbe N of differen%)runner gizesa where
N=LoL 2t Bee 42 41,9
log Kp
Assiming N = II, then Kj = 1,128 at B} .o = 42,6 min~

- 38 min~T.

1 snd

ni min
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Thus we obtain a normal line up of runner sizes determined

from the formule

D, 1128 D,

after rounding off

Dy = 0.30; 0.34; 0.38; 0.43; 0.485; 0.545; 0.620; 0.695;
0.785; 0.885; 1.00 m.

Let us pass over now to tiue determinatiom of the line up
of nozzle sizes.

As has been assumed above,the minimum jet size d;j min 18
equal to 0.03 m. Considering the optimum ratio dj/D given
above, we see that the maximum runner diameter to be effecti-
vely used with the given nozzle equeals

D~14djmin

For the specific case we obtain Dy = 0.43 m.

Table 4 gives the values of minimum head under which the
turbine with the diameter D and speed n should be used.

The computations sre made by the formula

H,.2 (D)
min n.Imax

In particuler, at » = I500 and D = 0.3 -~ 0.43, the area of
heads II2.0 - 292.0 m is overlapped (see Fig.33).

The maximum jet dismeter for the study srea is determined

to secure the optimum rastio:
I)ml '7 jD ///// i0
L] ~ may ~
/djm ) di

Assuming at the same time that d = 0,043 m,

3 mex
Thus for D = 0.3 - 0.43 end n = I500 the nozzle should be

applied which provides a maximum jet diemeter of 0.043. Closing

of the nozzle down to dj = 0.03 m will result in 1ischsrge irop
. 2
._a___.l"" - (——d—{—-"'“-——‘ z2.05
Q min ¢G'nnn !




600

Hn_q \
m -
700 - . \

500 {2

400 -

300

&

290

L1

100

11

50

30

0,02

- 10t -

|



- 102 -

which will not cause a tangible decrease in efficiency.

As findings of the Pelton turbine tests show, the sizes of
the wheel buckets have a certain correlation with the jet
dismeter. Therefore all runners operating in the study zone;
must have definite and same dimensions of the buckets.

A similar methed is used to determine the sizes of other
n0zzles, as well as the area of application for the runnéé of
different sizes operating at different shaft speeds.

An example is shown in Fig.33 which enables the nozzle,
runner sizes and speed to be determined for amy values of Hn
and Q or Pt‘

In our study case 5 standard sizes of nozzles asnd wheel
inets for I0 different runner dismeters are required for the
erea of application of a Pelton single-nozzle turbine at Hn -

50 - 500 m and P, = 50 - 3000 kW,

Table 5 gives the required combinations. It is seen that
17 standard-sizes of turbines are required to cover the entire
area of spplication given above,

A similar procedure may be applied to solve the like problem

for a double-nozzle turbine,




Table 4

NE v ' 150 f-i—ooo 70 600  G00. 428,6 375 | 333 300
I 0,3 | II,6 49,6 ° ‘ !:

2 0,34 : 13,6 ' 63,7 ° ‘ ' |

3 0,38. §'179.0 . 79,6 44,8 ' i K

4 0,43 * 229,2 01,9 57,3 f ; |

5 0,485 ! 203,6 129,6 72,9 16,7 | : B
6 0,545 ; 308,3 163,7 92,0 2,9 40,9 | ‘

7 0z 47,6 lzn.a‘ oL | 2 B9 |

8 0,695 58,9 266,2 19,7 958 66,5 | 48,9 '

9 0,785 l 339,6 :191.0 :122,2 8,9 62 47,8

10 0,835 4316  242,8 j155.4" 107,9 ' 7,3 60,7 | 47,9 |

1 1,00 S50 509,90 I08,4 I8 IOL,2 774  6L,2 49,6

- €0T -
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Table 5
) mex[| 0.043 | 0.055 |0.07 |o0.085| .10
D
0.3 +
0.034 +
0.38 + +
0.43 + +
0.485 +
0.545 + +
0,62 + +
0.695 + +
0.785 + +

0.885
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6. SOME EXAMPLES OF S>TANUARDIZATION

6.I. Normalization of Small Hydraulic
Turbines in USSR

For the first time in the world practice the normslization

and standardization of smaell hydraulic turbines were realized
in the USSR in the first years efter the second world war to
meet the demands of the National Eccnomy and Power Industry as
well to cope with the construction of small hydroplants on a
mass scale.

The mess production of small hydroturbines was preceded
by the work on developemnt of respective standerds end unifics-
tion of turbine constructions.

In the first instance, a lic% of short-term and long-term
demands for small hydrsulic turbines was dreawn up. This 1list
served to work out the line up of turbine types and sizes,

At the second phase, the selected systems for most widely
gpread stendard sizes underwent detailed development. The design
development covered construction of not separate turbines but
the whole turbine series. There came possibllity of unifying
separate parts and components for a number of turbine standard
sizes. As a result completely normelized constructions have
been developed.

Standardization helps to reduce the size, weight and cost of
the ejuipment. The turbine constructions are more adaptable to
the requirements of mass-production process, Specielised produc-

tion of turbine equipment can be set up at several factories,
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6.T.T. Nomenclature of Reaction Turbines

The range of heads for reaction turbines is limited by H, =
I.5 - 250 m. The asrea of application for resction turbines in
terms of specific speed lies within n = 60 - I000.

Bach turbine series is characterized by the specific speed
n, related to the optimum operastirg conditiors, When the operat-
ing conditions depart from the optimum ones, the efficiency drops.
If an sllowable value of efficiency loss is specified, the tur-
bine of a certain series can be run within a certain range of
specific speeds.

When the allowable efficiency loss is I - I,5% it is possibdle
to develop a set of 10 turbine series. Out of this number, 7 will
be of the Prancis type. The specific speeds of two neighbouring

geries sre related by the approximate ratio:

If 3-4% efficiency loss is allowed,a 1ine up of 5 series will
do and at 6-7% efficiency drop a line up of 3 series is suffi-
cicent.

But selection of the number &f series, as indicated above,
depends not only on the efficiency drop condition. Cavitetion-free
operation is the most critical consideration.

The following ranges of allowable suctiom heads have been
adopted for the Prancis and Ksplan turbines in developing the
nomenclature for the small hydraulic turbines: Hs =0 =3
(for Prancis turbine) Hy=T1-2m (for Kaplan turbine).

In compliance with these restrictions it has been found ths?

a bigger number of series are required to meet the cavitation-
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free conditions. For example, the Francis turbine requires
nine series within the range of o, = 80 - 300 at the specific

speed ratio of two neighbouring series

N5, (net) = 120y,
the Kaplan turbine requires five series,

Increase in the number of series will reduce the msgnitude
of efficiency loss but the number of standard sizes tends to
increase.

The adopted nomenclature contains I2 series of resctiom tur-
bines. Out of this number 8 turbine series are of Francis type
and 4 series are of Kaplan type,

At the initial phase of practical application of small hyd-
raulic turbines it was found feasible to reduce the number of
geries to six (four series are of Prancls type and two series
are of Kaplan type). But it entails an appreciable effeciency
loss to 3-4%.

As indicated above, one of the major odbjectives of small
hydroturbine standardization 1s tc fix the set of nominal tur-
bine diameters making up a single series., To achieve better
conformity of the turbine to the specified conditions and higher
efficiency, the set of nominal dismeters should have a close
interval, while the value of the set denominator KDshould be
lower,

The optimum conditions are met at KD = I.05 - 1.075. To cut
down the number of standard sizes, the denominator KD can be
raised to I.II but it entails about 2% loss of average operat-
ing efficiency.

At the initiel stage of small turbine normilization, e higher




value of K, = I.I9 was adopted. “hen changing over from one

size to the next larger one, the power incresses as much as
I.192 = I1.4I6. The following line up of diameters is adopted
for Prancis turbines DI = 0.,30; 0.35; 0.42; 0.50; 0.52;: 0.71;
0.84; I.00 m.

For propeller and Kaplan tﬁrhines:

D, = 0.33; 0.46; 0.59; 0.80; I.00; I.20; I.40; 1°0 m,

I

In the practical application of axial flow turbines pre-
ference would be given to the propeller turbines beceuse of
their simple construction and lower cost. The blade pitch used
to be set proceeding from the conditions of epplication which
ensured a high operating efficiency.

It may be noted that the construction of standardized turbi-
nes can provide for e minor change (about t 3%) in the runner
diemeter without disturbing the construction of mejor components
end overall dimensions. Such a measure allows the loss of an

sverage operating efficiency to be tangibly restricted for s
relatively high ratio Kj.

6.I.2. Reaction Turbine Configurations

Though great experience has been accumulated in designing
engineering and manufacture of large-size hydiraulic turbine
its transfer to the esresof small hydraulic turbines without
considerable amendments is not possible.

Or to be more exact’the designs which are peauliar to the
small hydro turbines have such a specific character that they
should be singled out in a separste group of hydrsulic turbines.

Since the cost-effectiveness of small hydroplants is tangibly
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lower than that of large-scale hydro power developments, efforts

should be taken to cut the cost of hydroelectric plsnt inelud-

ing reduction of the equipment cost.

There are two possible ways.

. First the cost of turbine equipment cen be cut through the
development of cost-effective designs unification and applica-
tion of cost-effective manufacturing processes. Here feasible
simplifications in design and manufacturing process will result
in lower cost of equipment without detriment to the energy and
cavitation characteristics of the turbines.

Secondly, use of such types and configurations that don't
find application in the large-size installations.

Departure from conventional designs ani simplification in
configuration and manufacturing process would give the turbines
somewhat poorer in quaslity but much cheaper.

Prom the view point of orgaaization of cheap turbine msnu-
facture, it is practicable to limit the number of turbine desigis.
The first alternative of nomenclature covered the following

turbine configurations.

I) Vertical-shaft open-flume turbines with elbow-type, or
straight draft tube directly connected to generator shaft
or through step up gearing.

2) Horizontal-shaft turbines in steel case with frontal water
supply and sheft passing through draft tube elbow for

P, upto I000 kW,

3) Horizontal shaft spiral turbines for Pt upto 2500 kW,
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6.1.3., NOMENCLATURE OF IMPULSE TURBINES,

First let us consider the nomenclature of Pelton
turbines, The jet diameter is taken as the paresmeter
conirolling the turbine power, Normalization of the jet
line up is one of the major problems.

If the magnitude of efficiency loss allowable
for the Pelton turbine is taken equal to about 7%, the
maximum power output of the turbine can be established
within 0,25-0,1I of its full power to be obtained et
the maximum nozzle opening.From this condition 1t
follows that:

dy,(n+I) = 2d4,n

Such a high value of the jet diameter line up ra-
tio stems from a flat curve of the Pelton turbine, At
this ratio only three jet diameters dJ=O,O25; 0,05;0.1I0m
can be obtained in the area of practical interest,

It is desirable from the view point of manufacture,
but not economically viable because it causes the extra
consumption of metal, In the limiting case when instal-
ling the turbine, the capacity of which four times as
much a8 required,its linear dimensions will be twice
and the mass eight times more than those of the turbi-

ne designed for the given parameters,




Taking into consideration feasibility analysis, the

following line up of water jet diameters is taken:
dj=0.02530.036;0.050;0.065;0.082;0.10m.

The range factor varies from I.44 to .22,

When selecting the line up of runner diameters
the minimum value DI/dj = I0 is takem,

For the smallest turbines with dj=0.025m the grea-
ter ratio values are taken, reaching the value of
DI/dJ=20.

As a result the following line up of runner dia-
meters is obtained:

DI=0.036;0.050;0.65;0.82; I.00; I.20m

For H =40-250m and P;=I0-500kW resulting in
Q=0,0I2-0.4 m>/sec. and n=250-750min’

The norpalization of the Tourgo turbines is based
on the same principles as that of the Pelton turbines.
For normalized Tourgo turbinea dj=0.025—0.2m,
DI=O.21g§4m. These turbines may be applied in the range

H,=50-400m and P4=TI0-4000kW.,
The ar=a of application of the normalized Ranki-

Mitchell turbines lies within Hn=IO-IGOm and Pt=5-300kwo

6.2, SMALL TURBINES OF VOITH COMPANY

(Federal Germany,Austria)

The Company developed the standard line up of hydraulic
turbines of small hydro application, which includes the




following types of units:

a) Pelton turbines for high heads;
b) Francis spiral turbines;
c¢) Prancis open flume turbines;
d), Axial flow turbine of tube,pit ard bulb type;
Standard hydraulic turbines cover the following range
of operational parameters:
H =2-400m; Q=0,05-80 m3/sec;
Py = 50-I0000kw,
The Francis turbines with the capacity P,> 2000kw and
axial flow turbines with the capacity Pt>'5000kw are
custom-designed,

6.,2.I. PELTON TURBINES,

The Pelton turbines are applied in the high he¢ad range

and relatively low discharges:
H,=40-400m; Q=0,05-1,3m3 /cec, -

The advantages of these turbines are:

I) better efficiency in comparison with the Francis
turbines in the said area of application;

2) high efficiency in tle wide range of loads;

3) simple in design;

4) relatively low cost of installation,.

The standard design provides for the turbine with two
nozzles, The area of application of each standerd size 1is
determined by the head dischrrge ratio .

Single nozzle turbines are applied at:

Q=0,05-0,161>/sec,, H, =100-400m;
Pt=50-500kw;




Double nozzle turbines are applied at:

Q=0,06-I,3m3/sec.; H =40-400m; P, =50-4000kw.,

A competitive alternstive of Francis spiral turbine
may be used for the rarge of:

H = 40-I50m; Q=0.I-0,8 m3/sec;

The following standard line up of runner diameters is
taken:

D= 0,305;0,340;0,385;0,430;0,485;0,545;0,610;
0,685;0,770;0860;0,97Om(KD=I,I23) when speed

n= I500;1000;750;600;500; 428 min:t

Highlighting the design pecrliarities it should be
noted, tkst the runner is made in two elternatives:

I) wheel buckets are cast integrally with disk and
hub;

2) buckets are bolted to the disk,

The runner,cast as & whole piece,is cheaper than that
assembled, But at the same time the second alternative
allows replacement of buckets, The cast alternative is
applicable cnly for small diameters of runner and in case
of high specific speed,

The configuration of wheel buckets is established by
means of extensive 1laboratory tests,

The single nozzle turbine case consists of a welded
frame and a cover, flanged along the horizontal parting
joint, The double nozzle turbine cover is of two parts as well .

The seals are mounted on the shaft, coming out from
the case,

The turbine shaft bearings are oil-lubricated, On~ of




them takes up the axial thrust, The bearings intended for

high loads, have the water cooling system,

The turbine is mour ced over the outlet pit into
which the waste water is discharged. The outlet pit is
lined with strong and hard steel plates,

Special néedle nozzles are used to supply water to the
runner and convart the pressure energy to kinetic energy
without losses,

The particular attention is paid to the proper water
supply and its distribution among them in the double nozzle
turbines.

The Pelton turbines are equipped with the speed gover-
nor providing the following methods of regulation:

I) nozzle control;

2) deflector control;

3) dual control - by nozzle and deflector.

The water discharge is controlled by needle travel,
The hydraulic force acting on the needle, always tends to
close.the nozzle,

This force is equalized hydraulically or mechanically,
Du: to this, the relatively smell force is needed for the
needle travel, At the nozzle closure the pressure increases
in the penstock, The pressure build up amounts up to fifty
percent at the small hydroelectric plant with small-dieme-
ter penstocks,

To reduce the temporary speed droop of the turbine

shaft the flywheel may be applied.
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6.2.2._ _FRANCIS SPIRAL TURBINES,

Francis spiral turbines with scroll case water supply
are used at:
H =I0-I50m; Q=0-T2-I2 m3/sec; P,=50-2000kw,

In some cases they are also used at lower hesads
as well to reduce the cost under some particular condi-
tions, They may be advantageous also for the turbines
of particualr small dimensions,

All turbines have the horizontal shafts, since the
generators with horizontal shaftfs are cheaper., Vertical
turbines are recommended only as an exlusion.,

To meet the said Q-Hn requirements the Company applies
the runners of I0 series, depending on the pressure head
and suction head,

For high head turbines in the range of H, =100-I50m-
the allowable suction head varies within Hs=—3¢4m. For
low head turbines in the range of Hn=IS—20m the allowable
suction head varies within H_=347m.

A standard line up of runner diameters ie established:

D= 0.205;0.23530.265;O.300;0.345;0.328;3;440;
0.47030,50030535350.570;04610;0465070,740;
0,790;0.840;0,895;0,955;1,015,1,085;1.1I55;
1.23031,31031.400 .

Here for small diameters KD=I.136 and for greater
diameters KD=I.066.

The turbine shaft speed n=I500;1000;750;600;500;428;
(30052503200) min,™t

The last three values are used for low head installa-




lations with Hn=4-IOm.

Thus, the company standards provide for the wide range
of various dimensions of spiral turbines,

A cost effective turbine with good cavitation-free
behaviour may be installed to meet practically any operati-
onal condition,

The following distinquishing features of the spiral
turbine design can be noted,

The turbine has a hydraulically optimum spiral case
allowing high water velocity and having the best suited di-
mensions at minimum losses, Being small in size, the spiral
case is made of steel casting, Should the dimensions increase
the spiral case is welded of plate steel,The steel welded
spiral cases are providedwith a stay ring to increase the
structural strength,

The turbines have externally controlled wicket gates,
The shifting ring is mounted either on the turbine cover side
or on the draft tube side. The last arrangement is seldom
applied,Wicket gate stems are carried in bearings, fixed
tc the turbine cover, The seal is mounted at the end, hen
designing, specific attention is paid to sealing and its
reliable service in operation. Special holes are drilled
for removal of leaks so as to eliminate the external leaks
completely.

Depending on the turbine dimensions the shifting ring
of the wicket gate assembly may be either less or more than
the diameter of stems'location,

The vane of wicket gate levers and links are made of
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special high strength steel castings,

The gate operating mechanism may be lubricated during
operation of the turbine,

The turbine runners have been worked out in hydraulic
laboratory, The company quarantees the operation of ru-

nners with the highest pcssibtle efficiency, The runners

are distinquished by the head,discharge and speed.

‘The runners are one piece casting oi steel, bronze,
aluminium bronze or chromium steel for the turbines of
any high specific speed, The runners of medium and high
gpecific speeds are made with hub and rim of steel casting
with stamped steel blades lined at the edges,

Selection of the material for the runners and spiral
case depends on the properties of water,

The runner is overhung on the shaft, Access to the runner
is quite simple should one move aside the draft tube elbow,

When the water flows  through the turbine it exerts the
hydraulic axial thrust on the runner, Due to this the tur-
bine bearing should take up the said thrust as well,

The design cf bearings is governed by the LhLrust me-
gnitude and turbine shaft speed.

The Gompeny applies the thrust ring design for ordi-
nary operation conditions, At neglegible hydraulic thrust
and speed the gself-lubrication oil bearings with fixed
position of thrust surface and without water cooling of

0il are used, At high magnitudes of axizl thrust and speed

the cooling system is arrenged, The pressure lubrication
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is slso provided for heavily-loaded bearings.

In case the water carries abrasive bed loads the
protective rings of stainless durable steel in the zone
of wicket gate assembly are provided,

The draft tube is of an elbow shape, At the inlet
gection it has an elbow, which then changes to a straight
conical draft tube,At a considerable size of the turbines
and a small suction head the vertical draft tube becomes
very long, which causes the considerable earth moving acti-
vities, In this case the length of the tube 1s extended in
the horizontal direction., The tube cross sactions change
from round at the inlet and ito rectangular at the outlet,

To suit the type of generator bearings, rigid or elastic
couplings for the shafts of generators and turbines are
used, If the generator has slide bearings the rigid shafts
couplings are used, In the said case only one bearing in
turbine is required, For generators with rolling bearings
the elastic coupling is preferable which may make up for
slight misalignment of the assembled shafts, In this case
the installation of an additional overhang turbine bearing
is required, which may simultaneously function as the thrust
bearing, when arranging the belt drive, the turbine shaft
may have two bearings with the pulley being installed bet-
ween them, The belt drive is used to drive the speed gover-
nor,

The hydraulic turbine is controlled by the Company-
designed speed governor with a centrifugal penduium and

hydraulic servomotor. To improve the regulation stability
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flywheels are used,SimiIlar function here is intended for
gencrator rotor,Jhen mounted the Clyvheel simulteacously
may function as a half of coupling at the end of gene-

rator shaft,

When using the rigid coupling often the flywheel 1is
placed between the halves of coupling or fixed on the gene-
rator shaft,

The Company developed a specizl desizn of turbine for
installations featuring & «ide fluctustion of disclarges
throughout the year.In such cases the turbine with twin
gapiral case and two runners is used, A big size turbine
is arranged integrally with e small size turbine, The
two turbines operate together when the wster discharge
is high.The big size turbine will opernte a2lone 2t the
average diséharge eand small size turbine will run alone
at the low water discharge, In this installation at the
discharge approximating to one six of the full water dis-
charge the use of water energy takes plase with the satis-
factory efficiency.

Sometimes, the high speed operation can be specified
for the turbine,For such installations the twin turbine is
a good solution. This turbine is equipped with the twin
runner, each part of the twin runners is designed to pass
fifty per cent of water discharge, The turbine has two draft
tubes,discharging the water from each half of the runner,

6. 2 3. FPRANCIS OPIN FLUME TURBINES.

The Compeny developed the standard line up of open flume

turbines (fig.6)and recommends it for application,when
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H,=2-I0m; Q=2.5-30m>/sec; P4=80-2000kw;
These turbines cover the range of axial flow turbines.
But there are some positive factors coming out at their
application,

I) Vertical open-flume turbines have small dimensions,

2) Generator may be mounted above the maximum water
level, which is often difficult in turbines with a horizon-
tal shaft arrangement.

3) Turbines of this type have relatively low cost,
require small capital investments and cheap equipment.

4) Application of vertical step up gear allows the

use of high speed generators,

The said area Q-H, 18 covered by various six series
of turbines, Here. turbines with 1I9 normalized dimen-
sions of runners are used,

The following standard lime up of diameters is establi-
shed:

Dy= 0.8430.895;0,95551,015;1.08631,155;1.23;1.31
I1e4051,4951459;14695;14805;1,9031,99;24 0932419
2430,2441Im,

Dy up to I,805, KD=I.O658 at bigper sizes Kp=1.0494,

The Company developed the nomograph for preliminary
selection of turbine type and its dimensions for the given
design conditions,

Table 6 shows parameters according to the field of

application for series of turbines
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Table 6.
Turbine H, m Q,w’/sec. m,min.”T P, kw
P 160 2-10 1.6-16 40-200 80-T000
F 190 2-10 1,6-16 45-225 80-1000
F 225 2-T0 2-20 40-200 80-1000
F 260 2-T0 2.4-30 45-225 80-1000
F 295 2-10 244-30 50-250 §0-2000
F 330 2-10 2 44-30 55-275 80-2000

The efficiencies of adopted series of turbines are
various,The F I60 series turbine is the best in terms of
efficiency.#ith the growth of turbine specific speed the
efficiency tends to decrease both under optimum operation
conditions and especially at partial loadings. The opera-
tion of turbines is recommended at the loads not lower than
fifty percent of the maximum value,

The effeciency of turbine at full gate is
about 82-85%. The magnitude of efficiency depends also on
the size of turbine and series, For .example: Under the opti-
mum operation conditions the ¥ 330 series has the efficien-
cy by two percent less end at fifty percent load it is
less by six and a half percent as compared with the F 160
series,

The efficiency of turbines may be lower at modermized
0ld hydroelectric plan.s, where some separate sections of
water passage remain non optimum,

The effifiency of single 3tage step up gear is evalu-
ated by the Conpany at about ©6,5-98,5% at full load,

The developed turbine series have satiasractory cavi-

tation characteristics.The turbines of the F I60,F I90,
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F 225 series at the recommended range of heads may have
the suction hesd up to 7m and turbines of the I 260, F 296,
F 330 up to 6bm.

The Company developed standard design of turbine insta-
llation and the main dimensions are given depending on tur-
bine types and sizes of runners,

The scope of supply includes: turhbine, step up gear,
generator and speed governor.

Turbine includes the runner, aldjustable wicket gate
agsembly draft tube elbow, shaft with bearings as well as
protective pipe and coupling,

The runner is usually cast of steel with cast-into steel
blades, The material with improved erosion resistance is
used for the corrosive medium with suspensions, The runners
have been developed experimentallyznd the Company gquarantees
the maximum efficiency and good cavitation-free characteristics.

The wicket gates are provided with outside control. The
gate operating mechanism is located inside the turbine cham-
ber, The operating mechanism assembly consists of thrust
ring, operating ring with levers and links and vertical
regulating shaft,

In some cases the Company makes the draft tuhe only
in the form of a steel welded elbow,from which the water
is discharged, directly into the tailrace (fig,.6).

Application of the Francis turbhines for such low heads
results in low speeds of the turbine shaft.Useof an econoric

-1)

high speed generator (500-I000min, re uires :step up gear,

The Company applies for the said purpose. the planetary
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coaxial step-up singie-stage geers with the similar di-
rection of the shaft rotation. The transmission ratio

is within the following ranges:

. P; = up to 200kw; i= 5=31¢5;
Pt = up to IOOOkw;i= 7-28;
. Py > T000kw; i= 2,7-7.3

The case of transmission gear is o0il and dust proof.
Good surface finish of runners secures the high efficiency,
Depending on power and thrust on the rumner the thrust
bearing is installed either in the gear case or separately,
when installed separately the thrust bearing is lubricated
by the automatic system, Ball bearings with spray lubrication
system are used for small step-up gear. The big transmission
gears have plain bearings and lubrication of bearings and
contact places of transmission gears is effected under the
pressure by the special oil lubrication system,

As indicated the generators with speed range 500-

1000min, T

are used in hydraulic units.Depending on the
type of turbine and head the runaway speed is ranging
from 200 percent up to 250 percent that of nominal,
. Elastic coupling is installed between generator and
step-up gear at the application of synchroneous unit;
the flywheel is fixed on the generator shart,
Besides planetary step-up gears it is allowed to use non-co-
exial vertical step-up fgears as well as trensnission gears

with the horizontal output shafts. In the last case the

horizontal shaft generator is installed,
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6.2.4, HORIZONTAL AXTAL-FLOW¥ TURBINES,

The Vocith Company, as well as most ot other hydraulic
turbine manufacturers developed the standards for hLorizontal
shaft axial hydraulic turbines with the upstream buldb arran-
gement and S-shaped draft tube (fig.12).

Wide propogation of this type of turbines stems from
certain advantages in comparison with axial vertical-shaft
turbines:

I) simpliest water passage from hydraulic point of
view,

2) small dimensions of the power house and convinient
arrangement in question,

The turbines mostly have fixed wicket gates and adjuctzble
blade runner,

The Company developed nomogravhs for preliminary selec-
tion of main parameters of turbine equipment, depending on
water head and discharge:

H = 2-I5m, Q =3-70m3/sec, P,= I00-7000kw, n=80-300miﬁ¥

The three series of turbines are recommended distinqui-

shed by the Z number of blades:’

where Z=5 H_=5-I8u, Q=7-70n°/sec, P,=200-7000kw,
where Z=4 H_=3-I0m, Q=3.5-60n”/sec., P,= 100-5000kw,
where Z=3 H =2-6m, Q=3-50m’/sec., P,=50-2800kw

The suction head of Ha= -4 - 4+6m in the operational
area,
The standards indicate the following normal line up of

runner diameters:

DI=O.96;I.O9O;I.IG;I.23:I.3I;I,40;1.49;1.5931.70;
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1.,81,1,9031,99;2,09;2,19;2,3032,4152,53;52,65;

2,718:2,92m,

Here K= 1.066 at small Dy and K = 1,049 at big D

I I°

The supply of hydraulic turbine includes tihe step-up
gear, generator and governor,

Water conveying and outlet features of turbine may be

adopted to the local conditioms,

The hydieulic turbine includes the runner,its chamber,the fixed
wicket gate assembly ,tue bend dreft tube,the shaft with a ser-
vomotor and the control rod inside,the guide tearing and the

shaft seal .

As mentioned before, the rumner has 3-5 blades made of
steel or bronze casting, which rotate in bronze bearing

housed in the runner hub.,

The runner blade mechanism, consisting of cross head,
links,levers and journals, installed in the runner hub,

The wicket gates are welded to the outer ring.

The runner chamber is a welded structure, The internal
surface is machined elong the sphere to obtain the equal
clearance among the runner blades and chember in any posi-
tion of blades, To install and dismantle the runner its
chamber is made of two halves and has a removable flange
on the draft tube side, The chamber shell may be made of
stainless steel for corrosive water with suspensions,

The wicket gate assembly i3 of a welded construction, It
consists of outer cone with flanges, gates, welded to it
and hub with removable casing,

The draft tube is very important especially in turbi-
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nes featuring high specilic speed turbines in question.
. Due to the said, the shepe of water passage
rlays a very important rvrole,

To improve hydraulic properties it is welded of many
geparate segments, To increase the rigidity of the tube
the ring stiffeners are welded to it extermally, The
inspection hatch is prcvided in the upper half,The lower
part of the tube is concreted after the final alignment of
the unit,

The turbine shaft is a steel forging with a bore o
accommodate the blade control rod, At the end of shaft
the cylinder of oil servomotor is forged. The shaft is
flanged to the runner and step-up gear shaft,

The quide bearing with o0il lubrication is inside the
wicket gate assembly hub, To prevent penetration of water
special sealing with the pipe to divert the 1leaks is
used, The 1labyrinth seel is used as well,

The second bearing of the shaft and thrust bearing
are installed in the gear tramsmission unit,

At the end of shaft, where it passes through the wall

of dreft tube elbow the seal is installed .

. The seal may be made removable
without disturbing separate parts of the machine,

The single-stage step-up cear with plain bearings is

inastalled between turbine and generator sheft,
The speed of the generator is 500mins or 750mint
The transmiassion ratio may be easily selected by the

ratio of speedsof turbine and generstor shafts and by
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the number of teeth in gesrs,

It should be noted,that the minimum turbine speed
is within the range of 95-I40min7T for the maximum size
. of the runner. For the turbines with minimum diameter the
speed amounts up to 420-750miﬁ}

The low speed shaft of the gear is below to house
oil pipes, supplying the o1l under pressure to the runner
blade servomotor., The oil head with the indicator of
runner blade pitch is i fixed at the step-up gear, The
0il pump to lubricate the gear and the o0il pump of the
governor is installed at the free end of the high speed
shaft,

The low speed shaft can be provided with a segment
thrust bearing to take up the thrust, The hydraulic unit
is provided with a standard cost-effective generator with
the speed of 500 mig. or 750 miﬁ? The maximum runawey
speed is higher than the normal one by 250-250 percent
irrespective of the head,

An elastic coupling is installed between the genera-
tor and step-up gear,

In synchronious units the required flywheel is
installed on the generator shaft in combination with the

elastic coupling,

625 VERTICAL-CHAFT KAPLAN TURBINES.

D o — G —————— ——— ————— - — - - — - -

The Voith Company offers also axial vertical turbines
of & conventianall design for low head installation,
The nomographs for preliminary selection of main

parameters of hydraulic turbines, depeuding on installation




conditions have been worked out.The following is the
recommended range of application:
H =I.5-8a, Q=2.5-45m7/sec.,P,=50-25000k¥,
n=80-500minsT
The two types of turbines, distinquished by the
number of bledes, are reccmmended:
I) 2=3, Hp=I.5-5m, Q=2.5-40m’/sec., P;=53-I500ki
2) 2=4, H,=3-8am, Q=3.0-45m"/sec., Py=100-2500x4,

The suction head in the operational area is within
the range of 1=5-Tm for turbines with 3 blades and within
the range of O-6m for turbines with 4 blades,

The szme line up of .liameters, as for the horizontel
turbines in the range of :.02;2.92m, is offered for verti-
czl-shaft turbines,A spiral supply pessage with a trapczo-
adal asymetric form of cross sections is uscd in the turbi-
ne .The configuration and -atio of §ection sizes are
clogse to those used in la-ge units,The wrapping angle
of the spiral case is aboit 2I10°.The draft tube is charac-
terized by the height of 1=2,IDy and the length of o =4.85D .

The rotation axis of the blades i3 be}ow the placne of
wicket gate assembly by the value of O.6DI.

mhe draft tube, symmztrical in plan,hzs a slight
rise of the invert of the straight diffusor (0-8)°.The
pier is installed along the axis of the diffuser.The
width -7 outle; sec?icn of the draft tube is 3.2DI, the
height is  -I,I14Dp,
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6¢3. SMALL TURBINES OF VOEST-ALPINE COMPANY
(Auetria)

The Company developed the stendards for smell hydraulic
turbines, including the following well known typesi

I) sxizl low head hydrzulic turbines;

2) Francis turbines for medium heads;

3) Pelton turbines for high heads,

The application of standard turbines is limited by
the following range of operating parameters:

H =I-I000m, Q=0,0I-75m3/sec, P, up to I5CGCki.

The custom-made design cunting in the specific requi-
rements for the structure and the cost is made for axial-
~-flow turbinzs at more than 5000k¥ capacity and for

Francis turbines operating under the head Hn>'I20m.

6.3.1, AXIAL~-FLON¥ HYDRAULIC TURRINES.

— T ——— —— —— T ———— — ——— i — — — ——— T ———— - —-—

The existing standards provide for application of
axial-flow hydraulic turbines with horizontal, inclined
and vertical shafts at low water heads, To cover the range
of the head and discharge the standards use six various
geries of turbines, distinguished by the specific speed
at I5 various diameters for every type. The standard pro-
vides for the overage of the whole of the range of applica-
tion at:

H, =I-30m, Q=I-60m3/sec.

The standard diemetersof runners are characterized by
the following vaelues:

Dy = 0,5650462;0 J1;04805C 0031400311251 425514405

Te50314803260052¢243265053490m,
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¥here Kp=I.127,

The first series of axial-flow turbines is developed
for the range:

H,=I-5m, Q=I-50m3/sec, P4 =I2-2000kW.,

The second series:
H =4-12m, Q=1.6-75 m3/sec,P,=50-8000kW,

The third series: _

H,=8-I6m,Q=I,9-70m3/sec, P,=200-I0000kW,

The fourth series:

H,=I2-22m, Q=I,9-60m3/sec, P, =200-I2000kW.

The fifth series:

H,=16-26m, Q=I,8-60m3/sec. P,=250-I2000kW,

The sixth series: A

H =20-30m, Q=1.8-55m3/sec, P =250-I3000kW.

Each series of turbines is provided with the nomo-
graphs, which allow to select the diameter of the runner
and the speed by the given values Q,H, and P; in design
conditions,

The Company considers, that the most efficient tur-
bine for low heads, is a straight flow turbine of various
configurations, The main distinquishing feature of these
turbines is the approximately straight flow of the water
through the turbine, including the draft tube, This offers
the possibility to simplify the design of the Power House,
to reduce the distance between the units and to reduce the
cost accordingly, The straight flow design of the unit

gives also an increass of the reduced discharge in optimum

conditions and an increase in efficiency at low discharges,
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Due to the high level of efficiency the possibility

of economic operation of turbine is improved with variati-

on of the head and the discharge, resulting in an increase
of power output.The Company states, that activities in
research and standartization of the straught-flow bulb
turbines allowed to make the applicetion of small weter
resources with low heads economically efficient.,

The geometry of the water passage and the runner
determines turbine characteristics.The optimization of
the water passage and characteristics has been msde on the
basis of model studies,

Depending on the specific speed of the turbine the runner is
provided with 3-7 blades. The reduction oi their number
causes the growth of reduced discharges and the speed,

The optimum matching of turbine features anu local
conditione is reached by respective combinations of gate
and blade positions.

Under steady-state operating conditions the turbine
with fixed blades and gates is recommenced.The Tommen tur-
bine with adjustable blades and fixed gates at partial loads
has the most favourable and flat curve characteristics with
higher efficiency,than that in the propeller turbines with
fixed blades and adjustable gatesisee fig.,24).,For exanmple,
the reduction of the efficiency by four per cert In the firsat
case will taske place at QI,/Qopt=O.5 and in the second case
at~ 0,9 when operating at partial “oads,The turbine with

fixed blades of the runner has a tendency
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to vibration and noise. The final decision on the mode
of control is taken on the basis of operating and economic
conditions,

The following distinquishing features have been rea-
lized in turbine designs:

a) stainless steel is used for the main components,

b) minimum machining of welded elements,

¢c) free accessand interchangability of bearing parts,

The design of main components( including the gate and
blade operating mechanism)is unified to improve the economic
efficiency of manufacture.Such components may be used for
various applied series of turbines,

Water conveying features of the water passage inclu-
ding the inner and outer cones of the wicket gate assembly
are welded, Usually the gates are either cast of stainless
steel or welded, Depending on the head the gates are pro-
vided with one or itwo stems but in any case the stems do
not require special servicing.

The hub of the runner is usually made of steel castings.
The blades are made either of chromium nickel steel or
bronze,

The operating ring is welded of sheet stainless steel,
The draft tube is also welded,

The turbine shaft is forged with stainless steel
surfacing in the area of the sealing and the bearing,

The turbine bearing is rubber with water librication to
avoid penetration of the oil into the water, The main

quide bearing at the end of the shaft is provided with
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0il lubrication,

For various local conditions the developed standard
allows to use the following alternative arrangements of
axial-flow turbines:

I) horizontal; 2) inclined; 3)vertical;

4) with an open headrace;>) with water supply syphon.
The speed of low heazd turbines is usually low and there-
fore, the standard turbines are provided with the step-up
gear to increase the spesd of the generator and to reduce
its cost,

The free access and the low cost of structural ele-
ments are reached through installation of the turbine
and generator abeve the water level in the tailrace,

Three design alternatives of horizontal bulb turbi-
nes are manufactured, These are:

I) straight flow turbines with a straight draft
tube and a high speed asynchronous generator,which is
connected to the turbine shaft through the angle step-up
gear;

2) satraight-flow turbines with S-shaped draft tubes
and the generator,brought out together with the step-up
gear to a separate room;

3) sgtraight flow- with a double water supply line,

The dismeter of the runner does not exceed 3m,

The economic efficiency of the first type is defined
by the reange:

Hn=I.5-6m and P=50-I000kV/,

The second type of turbines is used sat ”n up to IOm

end P, up to 5000k¥.
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For the heads Hn=IO-30m in most cases vertical or
inclined units are used., In these cases the conveying
of the water is effected by means of a bend at an angle of
90-120%, The water outlet is realized by the respective .
bent draft tube, The turbine shaft in this case is brought
out to the conveying bend,

Vertical turbines are also used in combination with
the conveying line in the form of an open flume or a
concrete spiral case of T-type section., The alternative
design generators are available, In the latter case the
step-up gear with horizontal output shaft is used,

The distinguishing feature of all the alternative
desings is the stability of the water passage in the
area of wicket gate assembly and the rumner, In all cases
the wicket gate assembiy is conical,

The straight flow turtine with a double supply line
is prefarable for low sand medium capacities a free access
for servicing is provided . The water flow in these
turbiﬁee is divided into two portions between the inlet
section of the supply line and inlet section of the wicket
gate assembly, The two water conveying pipes may be placed
either in horizontal or vertical plane, The turbine shaft
is brough out to the free space between the conveying pi-
pes, The step-up gear tranaferred the energy to the shaft
of either vertical or horizontal generator,The units of
this type are manufaqtured either with horizontal or ver-

tical turbine shafts,

The most economic unit for the turbines with
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diameters of more then 3m and with the head of up to 20m
is the tulb type unit,

6.3.2. FRANCIS TURBINES,

The main type of turbines for medium heads is the Fran-
cis turbine,which finds 8 wide range of application for
various conditions,The line-up of turbine standard sizes
covers the following range of characteristics:

H, =I5-I120m, Py=250-I5000kW; Q=2-30m>/sec.

For this purpose eight series of water passages of
hydraulic units with varius specific speeds have been developed

and eleven standard diameters of runners are used,

For installations at H, more than I20m and up to
300m the hydraulic unite may be menufactured by the custom-
made design.

The standard employs the following diameters:

Dy= 04563;0633;0.7L50.8050,90;1 0031 ,J2;1,14;1 603
I,80m,

Table 7 shows the ranges of application of each
of eight series of turbines with ng =120-450,

A great quantity of various basic modcls and di-
mensions of turbines allows to ensure Operation'over the
whole range of application with high efficiency.,

For each type of turbines the range of application
has been determined and nomograph has been constructed
for selection of sizes of the runner and the speed,Usually
the trend is to install the turbine above the water level

in the tailrace.,Here cavitation model characteristics

shall be taken into account,
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Table 7

Turbine H m Q m3/sec. Py, k¥
gseries

I I5-30 2=27 250~8000

2 25-40 2,5-30 500~10000
3 30-50 2..5-30 600-12000
4 40~60 2 .5-30 800-1I5000
5 50-70 2 42=25 I000-15000
6 60-80 2 ,0-22 I200-15000
T T5~100 2 «0~20 T400-I5000
8 80~120 2 ,0-18 I500-15000

- o D — o — —— I —— - T T —— — . — — —— — — — —— T - ——— . —— - ————— p—— ——— —

The Company developed some basic typical standartized
designs of turbines,In this case the dimensions may vary
with the requirements,

The spiral case is welded of sheet steel together

with the support stay ring.In its turn the stay ring is
welded of two flat steel ringe with vanes between them,
The stay ring is availathle in all types and designs of
turbines,The turbine head-cover is made also of sheet steel
end is either integral with the stay ring or bolted to it.
The lower cover is welded and made separately.In both co-
vers the bushings of bearings of wicket gates are arranged,

The wicket gate assembly usually made caet or forged
of the stainless materials,The bearings of gates and coup~
lings of levers and links, as well,do not require servicing,

The runner is made cast or welded of chromium nickel
steel,The turbine shaft is forged,

The sealing of shaft is similar to those of sealings
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of axial flow turbines,The draft tube is welded of separate
segments,

The Reinfenstein turbines with horizontal or verticsal
shafts are recommended for very small c=pacities Pt=IO-200kw
and heads Hn=5-40m.

For heads Hn=IO-40m and capacity Pt=I20-5000kw at the
positive suction head open flume turbines are used,

Spiral packaged turbines with compact arrangement
are used at Hn up to 80m and P, up to 500kW.Here the gene-
rator of vertical turbine is installed just on the spiral
case,The shaft alignment is reduced to the maximum,The ge-
nerator bearings are made reinforced.The flywheel is pla-
ced between the generator and turbine head cover,

The spiral turbines with classic arrangement are made
with vertical and horizontal shafts,The advantage of hori-
zontal installations is the low cost of construction ele-
ments, simple maintenance and assembly of turbines and ge-
nerators and the possibility to use the standard generators

in combination with the step-up gear as well,

6+3¢3.PELTON TURBINES.,

Tbe Company developed Pelton turbines for further appli-
cation,The turbine is used for high heads and low water
discharges,This type of turbines is used for low heads
only under specific conditions, for example,at considerable
errosion, expected for the water with sand suspensions or
at an increase of danger of the hydraulic hammer,

Turbines are simple and economicelly efficient,.The

efficiency of these turbines is favourable over a wide range
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of operation,

The standards recommended the use of Pelton turbines
when:

H = 80-I000m, P,= 250-I5000kW, Q= 0.3-5m>/scc.and low
heads: Hn=2o-8m; P,=10-I50kW, Q=0,02-0.2 m’/sec.

The geometry of hydraulic elements of the runner has
been developed = experimentally,The high quality of the
runner and all water conveying structures is required to
obtain the high efficiency.

The Pelton turbines are relatively simple in design.
In modern turbines the runner is made cast of high alloy
chromium nickel steel and the buckets ere cast togetiher
with rim and hub, The conveying features, including the
penstock, are welded of sheet steel,The water discharge is
controlled by the nozzle (single control) and by the
nozzle and the deflector (double control),The nozzle
needle is driven by the servomotor,

The turbine has one or two nozzles and a horizontal
shaft,But it may be made with vertical shaft as well,

The mass-produced generators are used for small ca-
pacities,There are two alternatives existing for large
capacities: mass-produced generators with elastic coupling
between the turbine and the generator (4 supports design)
or the generator of specific design with overhang arrange-~

ment of the runner and the flywheel(2 supports design)

6,4.,SMALL TURBINES OF THE KESSIIR COLPANY(Austria)

The Kessler Company, specialized in manufacturing
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of turbines for small hydroelectric stations, as judged
by aveilable information may make small turbines of

capacity I0-5000k¥ for hydroelectric stations,operating
at heads from 2 up to 500m,

Typical designs are available for turbines of up to
I500kW capacity and for some types of turbines only up to
I000kW . .More powerfull turbines are made by custom-made
designs,

The nomenclature of the offered equipment is rather

extensive,

6,4, AXIAL-FLOJ HYDRAULIC TURBINLS.

The bulb straight flow turbines are used at Hn=I-4.5m.
The design of these turbines is conventional with a
bulb at the inlet a conical wicket gate assembly &nd an
gxial runner, The buldb is provided with a step-up gear
with an output shaft normal to the turbine axis .This shaft is
linked to the vertical shaft high speed generator.
The following line-up of runner diameters is adopted:
Dy= 1.06;1,12;1.18;1,2551,3231+4;1.5;1.6m
(preferable diameters are I.O6;I.18;I.32ﬂi5).
The speed is n=I50-333 mifiy the capecity range is from
50 to 300k¥W .,
The Company made straight flow bulb turbines
with a. S-shaped draft tube,
The bulb is arranged upstream of the conical wicket
gate assembly,The specific speed runner of the axial type is
installed in the turbine, This arrangement allows to bring

out the horizontal shaft of the turbine to the isolated
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dry space.The shaft of the turbine is linked with the

input shaft of the step-up gear.The outlet of the step-up
gear is linked with the generator shaft.,The transmission
ratio of the gear is chosen by the conditions of applica-
tion of the high speed generator.The designs with direct
connection of turbine and generator shafts sre availeble,
The flywheel is on the generator shaft.The turbine shaft

is provided with two supports, one of them is in the bulb,
The second bearing is brought out irom the water passage and
is arrangal et the draft tube bend together with the sealing.

The design provides for various alternatives of turbine
control: double control with asdjustable blades of the ru-~
nner and wicket gates and control by the wicket gate,assemb--
ly only.

The main design of the unit incorporates the horizon-
tal shaft,At the same time the Company is ready to supply the
equipment with the inclined arrangement of the axis of straght
-flow turbine with the S~shzped draft-tube as well as bulb
turbines with the vertical axis and the curved draft tube,

The following line-up of runner diameters is assumed
for bulb horizontal-shaft hydraulic turbines with tihe
S-shaped draft-tube:

Dy= 0.5;0.6;0 ,72;0.85;7.0;1,15;1,3;1 A45;1.6m,
The speed of the turbine shaft:
n=75036003500; 4285 3753 3335 300; 250; 200m1 A+
Capacity range Pt=25—1200kw

at Q=I.4-ISm%/bec and Hn=2-I2m.
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The Reifenstein turbine is offered for medium heads,

It is very simple in design,The turbine shaft is vertical
. with a direct linking to the generator installed directly
on the spiral case,

The Reifenstein turbines with horizontel shafts
and straignt connection with the direct generator are also
manufsesctured,.The simple design results in the low cost,

The following line-~up of runner diamcters is adopted
for vertical turbines:

Dy=0.22550.25;0.3;0.35;,40;0.45;0.50;0,55;0.60m

The turbine shaft speed n=I5003;I000;750;600;500;428;
333;300min’ T

Capacity range P =5-200ki¥ at water discharge
Q=0,08-I.5m3/sec, and head H_ =5-40m.

The straight-flow turbines in case are elso used for
medium heads ,These turbines are characterized by a simple
and unique design,From the stand point of conveying featu-
res the turbine resembles the straight-flow axial turbine,
The water supply to the turbine is effected through the
pipe which further passes into the cise.

The turbine shaft is horizontal,linked with the
generator shaft by the step-up gear.It gives the possibi-
lity to use high speed generators,

The draft tube is with the bend at the inlet and
streight further do&nstrcam. The straignt diffuser of the
draft tube inclines at 20° to the vertical axis,which imp-

roves the general arrengrment of the unit,
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For reduction temporary nonuniform rotation of
the shaft et variations of loads the heavy flywheel is
installed for turbines of capacity up to IS0k,

The turbine is provided with the adjusteble wicket
gate sssembly, driven by the hydraulic servomotor,

For turbines of such type of the design the follo-
wing line-up of diameters is adopted:

DI=C.5;O.55;O.6O;C.65;0.7;0.75;0.8;0.35;
0,9;0.95;1,03I,15;1,3m.

The speeds of turbine shaft:

n=650;600;500;450:400;350;300;250;200;150miﬁ¥

Capacity range: Pt=50—2000kw at wgtcr discharge

Q=0,8-T0n>/sec. and head H_=8-30m,

The design of spiral turbines is distinquished by
compactness,The shaft of the unit is verticel,The flange
type generator is installed directly on the flange of
the spiral case,

The shaft is common to the generator and the turbi-
ne,The generator is of & specific design with the flywheel
and reinforced supports.The design provides for use of low
voltage generators of a specific design, The flywheel may
be supplied also together with conventional high voltage
generators,

The Company indicated the low cost of the unit because
of a louble support arrengement and absence of a intermediate
gear.

The turbines of this design are characterized by

P,=50-500kW at Q=0.145-I3m>/sec.
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6.5 BANKI-MITCHELL TURBINES OF THE
OSSBERGER COMPANY (Federal Republic of

The Ossberger Company manufacturcs small hydraulic
turbines,quite simple in design-Banki-Mitchell or divided
type turbines. For the first time this turbine was propo-
sed and studied by a Hungarian D.Banki and Australian
Mitchell, It's design has been modified by F.Ossberger,

The Banki-Mitchell divided type turbines due to their
design and hydraulic features are not effective for the
hydraulic stations with units of medium and large capa-
cities, Therefore application of these turbines is limited
ty small capacities,

At present the Ossberger Company,perhaps,is the
only Company, making = the given turbines,This company
is specialized in these turbines only .

Despite the comparatively low level of maximum effici-

ency these turbines possess certein advantages.

The Banki-Mitchell (divided type) turbine is related
to the system of impulse turbines.,During operation the
turbine runner is partialy submerged, From the conveying
structures the wster enters the runner end flowing from
the periphery to the center giving up some 70-80% of energy.
The blades are shaped so that when the water leaves
the blades the flow still possesses a consideruble emount of

kinetic energy.Flowing inside the runner the water strikes

the blade from inside again and in a centrifugal flow gives
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up the remeining 20—30740f energy.

Thus, the water jet goes through the runner twice,

Since the Banki-Mitchell turbine is an impulse one
it may be used within a wide range of heads,

The Osoberger Company has developed the nomenclature
of such turbines tc be used at:

H_=I-200m, Q=0,02-9m>/sec, Py=5-I000KY, n=50-2000mifs

The comperison with the nomenclature of standard turbi-
nes made " by the Voith Company,shows,that the range
Q-Hp, covers the renge,recommended by the Voith Company
for impulsé Pelton turbines, as well as for open flume and
spiral Frencis turbines end axial-flow vertical-shaft and
horizontal-shaft turbines,

The nomencleture includes the following line-up of
runners diameters:

D1=0.330,45045;046;0,8;1.0;1,25m,

Thus,the eight standard sizes of turbines offered by

the Company, cover rather wide range of application by

Q‘Hno

6.5.2_DESIGN FEATURES

The turbine shaft is horizontal,The water is conveyed
either by horizontal or vertical supply pipe.

The runner is provided with two disks between which
the blades are welded circumferentially end spaced evenly,
The runner is divided into three equal parts throughout
itswidth by means of intermediate disks,Thus, the runner
consists of three isolated sections,similar in inner con-

figuretions,




-

’ - 145 -

The blades of the runner are made of sheet steel
of constant thickness; they are of a cylinder configura-
tion with a single-valued curvature.,Depending on the size
the runner mey have up to thirty blades.

Due to a cylinder configaration of blades the runner
is not subjected to axial thrust during operation,

The runner is all-welded,After the finish machining
it is balanced,

The water is conveyed to the runner through the
adjustable nozzle of a rectangular section, The vane insta-
lled in the rectamgular nozzle changes the flow area from
maximum up to zero when it turns.The vane pivot is selected
to reduce the hydraulic moment with respect to the axis,

The opening of the water conveying line is divided
into the two sections in width by a special partition in
ratio I:2, The quide vane in each section may turn inde-
pendently.

Therefore the flow area may be full open by 2/3 or
I/3 end the runner may take either full discharge or two
thirds or one third of it., During partiel discharge only
the rgspective part of the whole width of tke runner ope-
rates,

Thus a step-like variation of water discharge is rea-
ched,

The guide vanes may be used for a full blocking of water supply
end turbine shut off at heads up to 50m, At greater heads
the installation of stop valve between the penstock and

turbine is required.
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Both quide vanes may turn independently with the
help of control levers, connected either with the system
of automatic or manual control,

The main turbine bearings are fit with standard
self-adjusteble roller bearings.

These bearings are advantageous if the weater or con-
densate do not penetrate inside them,At the same time the
rotor is aligned in relation to the turbine casing. The
sealings of bearings do not require any servicing,

The lubrication material is changed in bezarings once
a year,

Despite the fact, that the Banki-Mitchell turbine is
an impulse turbine at medium and . low heads (Hn< 35m) the
draft tube is installed for more efficient utilization of
the head, It is considered necessary to have the possibi-
lity to control the pressure in the draft tube especially
in turbines with a wide range of control.

The simple air valve, controlling the vacuum in the
turbine casing, helps to solve the said task in the way,
that a emall head of one meter only, may be used with the
optimum efficiency, The draft tube,made completely of steel,
with a bend reduces the cost of constructionfor low-head
installations in particular,

Due to the above noted design distinquishing features
the efficiency of the Banki-Mitchell turbines remains high
in a wide range of discharge variations , The maximum effi-
ciency up to 84-88% is observed in medium and large units,

which 18 lower than in modern specific speed turbines,
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However the high efficiency not less than 80% is
quaranteed throughout the range of control from I/6 to I
of the maximum discharge.The turbine has a very flat charzc-
teristics curve.It gives a considerable advzntage for
installations,where the river flow decreases considerably
during a number of months,

The Banki-lfitchell turbines of the (Ossberger Company
ere supplied together with all necessary accessories,If the
turbine is used to drive synchronous or ssynchronous genera-
tor a step-up gear is applied, In units with synchronous
generators the flywheel is instelled to reduce temporary
nonuniformity.The governor is belt driven,

In low capacity installetions all supplying equipment
is installed on a single frame and supplied as a complete
get,

The Banki-jiitchell turbines are also uged for direct
connection with other units, . The said turbines find
application te drive the high heed centrifugal pumps,

In conclusion it may be noted, that in conformity
with information ,supplied by the Company,the said turbi-
nes have a number of advantages:

I) a simple design and manufacture procedure resul-
ting in relatively low cost;

2) high efficiencies (more than 8C7) are observed in
a2 wide range of discharges (0.I67-1);

3) complete automation and simple servicing;

4) quaranteed period of reliable operetion is about
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30-40 yeers,
All the abovementioned allows to consider the given
turbine competitive in relation to other modern economic

turbines,

6.6, _SKALL TURBINES_OF THE_ BELL_COMPAN

(Switzerland) -

The Bell Company is =2 branch of Lkscher Wyss Company,
releted to the Sulzer group. In the field of hydreulic

turbines this Company is specialized in designing and ma-
nufacturing of hydraulic turbines for small hydro plents.
Bearing in mind particular interest to small hydraulic
turbines, which has been created recently,the Company

has developed the standard line-up of hydraulic turbines;
covering the operating range Hp=2-800m,Q = 0.06_-86m3/éec.
P,=I00-2000ki. and in this case the axial flow turbines are
intended for application at H, =2-25m, Q= 5-86m3/sec.

Francis iturbines at H,=6~I50m, Q=0.3-6 m3 /sec, Pelton

turbines at H_=50-800m, Q=0.06-0.8m°/sec.

The following conditions were taken into consideration
when developing the nomenclature:

I) optimum utilization of the existing scientific
researches and designs;

2) supply of complete electromechenical equipment
ready for operation,

3) application of simple hydraulic solutions for
atandard basgic designs to reduce the cost and speed up

the supply.

4) quaranteed service by the resident offices of the
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Company throughout the world,

The unit cost per one kW of hydreulic turbines, of
capacity below IQ0kY is relatively high.

The turbines with capacities higher 2000k are manufac-

tured by custom-made designs,

6.6.,I. RANGE OF APPLICATION OF AXIAL TURBINES.

. —— — ——— - —— y— - — —— — — T ——— —— ——— — T ——— — —— — - —— — -

Standardized axial hydraulic turbines are used at
H,=2-I5m, Q=2-38 m>/sec. P,=I00-2000kd.

The nomograph,developed by the Compeny for preliminery
selection of axiel hydrsulic turbines, is compiled for a
wider range

H =2-25m, Q=4.8-86m>/sec, Py=100-~ I0000 ki,

i.e the turbines supplied by custom-made designs are
also included here,

The following normalized line-up of diameters of runners
is proposed:

Dy=1.0; I.2; I.43 T.65; 1.9:;2.2; 2.5;2.8;3.2;3.6m
At heads up to 4.8m the recommended range of design conditi-
ons is within the limits:
n} =150-200mifiy , Q}=2.4-30 m>/sec. Wiith the
growth of the head the design conditions move to the
lower range of discharges under cavitation conditions,

For standardized turbines the suction head is within
the limits Hy= -2 ++2m,

For example, at Hn=25m the range of design conditions
with respect to dischange at variation of Hg in the given
limmts, is at

QI= 008"1 mB/SQC .
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From tnis it is inferred, that the Company utilized
several types of water passages in axiel hydraulic turbines

to cover the range of application,

beb.2, DESIGN FEATURES.

The Bell Company uses only axial-flow horizontal-shaft
turbines with a S-shaped draft-tube for low heads, As for
the genercl arrangement of units these horizontal-shaft tur-
bines, do not differ from the similar designs of other com-
panies,The main basic design is the design with the adjustab-
le wicket gate assembly and blades, This is the double cont-
rol with ensures the optimum utilization of water resources,

In case of simplified operating conditions and regnla-
ted water discharge the propeller turbines with fi:xcd blades
of the runner and the edjusteble wicket gate zssembly or the
turbines with the fixed wicket gate assembly and adjustable
blades of the runner are used, It simplifies the turbine and
the governor.The simpliest alternative is the turbine with
the fixed gates and blades, Its application is possible at
constant water discharges and loading, But the stert-up of
such turbine by all means requires a certain controllable
device at the inlet,

The space of thc turbine bctween the inlet of the bulb
and inlet of the S-shaped draft tube is mede of metal and is
not concreted, The given design facilitetes construction and
repair,

The turbine bearing of the shaft is in the bulb, l'ere
the 0il head is also installed to feed the oil to the run-

necr gervomotor,
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The turbine bearing takes up the axial thrust as well,
There is no second turbine bearing.The turbine shaft is
rigidly connected with the shaft of the step-up gear,
Therefore the gear supports aci{ as the second turbine
bearing.

The S-shaped draft tube is provided with the straight
diffusor with an inclined axis at the outlet,The alter-
native arrangements of the turbine in which the whole of
the draft tube is in the horizontal plane are possible,

The wicket gate assembly is coniczl with the
gate supports in the buldb 2nd .in the outer shell,The
governing system includes the levers in gates, links
and & shifting ring driven by the servomotor,

A1l horizontal turbines are provided with a one-stage
step-up gear and a high speed generator.The flywheel is
mounted in the generator shaft,

Comparison of various governing sycstems shows, that
a decrease in efficiency by 20% takes place in turbines:

- propellef type at 0,85 Qmax;

- with fixed gates at 0.35 Q max;

- with dual control at 0.2 Q max,

The number of blades in the runner, depending on spe-
cific speed, varies from 3 to 5,

The number of gates in the wicket gate assembly 1is
sixteen.

Turbines with fixed wicket gate, assembly require the
additional stop device,

Depending on the value of the head two types of

installations of horizontal turbines arc recoumnended,
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At low heads the open headrace 2.4Dy wide is epplied,

The power House is integrated with the dam,

At high heads the penstock of I.4Dydiameter is used.
Here the Power House 1s separated from the dam,

The width of tailrace - 2Dy,

The width of Power House with one unit - 3,6D;.

The length of Power House slong the axis of the unit
-8D1.

Apart from the given arrangement the Company offers
other possible alternatives:

~ with a horizontal shaft and with a draft tube,
having a vertical diffusor at the outlet;

- with an inclined shaft of the unit with the gene-
rator installed above the turbine and the bottom of the
headrace and the tailrace are approximately at the same
level;

- verticel unit with an open flume,with & bulb and
conical wicket gate assembly and a bent draft tube;

a) with the generator installed sbove the upstream
water level;

b) with the generator,installed in the pit under the
bend of the draft tube,

The small hydraulic turbines, supplied by the Company,
are provided with automatic control.iIt includes:

I) electric system of the sutomatic start-up;

2) hand control;

3) remote control of automatic operastion;
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4) 1local or remote control of the governor,

The following devices ensure the reliable operstion:

I) The devices ensuring the closing of the gates at
any time under the action of the speciel weight suspended
to the shifting rings

2) A mechanical centrifugal pendulum which elimina-
tes the possibility the speed rize;

3) Automstic devices preventing any undersirsble
operating conditions,

Apert from the hydraulic turbine the Company also
eupplied-the governor,

The electronic speed governor is a pert of the gover-
ning system,which meintains the a.c, frequency, produced
by generator for an isolated line or the power grid,

The electronic speed governor includes the hydraulic
actuator (the main distributing velve, the main servomotor,

the o0il supply system).

6.7.SMALL TURBINLS OF THE SANDEN COLPANY

— . —— ————— ————— - T —— T ———— G~ — S ————— - ——

(Norway )
The Sanden Company, which is a part of Xverner
amelgamation is a lesding enterprise in Norway in designing
and menufacturing of turbines for small hydroelectric
' stations.
The renge of standerd hydraulic turbines of the Company
covers:
H,=3-1000m, Q=O.CS—30m3/sec. P =I00~-I0000K, .

The raznge of high heads is covered by Pelton turbines

of stendard design, adjusted to local conditiong.The seme
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is true to Frencis turbines with the capacity, exceeding
I000kd .
For up to IOOQklWi capacity there are standard turbines
with the predeveloped design.
The axial turbines are recommended for the renge:
H, =3-18, Q=3-27m3/sec. P,=200-2800kW. -
Francis turbines ar= used at H =4-400m, Q=0.4-25m3/sec.
P4+=I00-I0000KW,
Pelton turbines cover the range :

H_=80-1000m, Q=0.05-2m3/sec., Py=I00-I0000kW,

6.7.1 SPIRAL FRANCIS TURBINES

The spiral turbines are manufactured by the basic
design,To cover a wide renge of application by the head
and the discharge with the high efficiency the Company
uses twelve geries of preliminary worked out and tested
runners,The water passages of one series are approximately
geometrically similar,The main products asre standardized,
but some modifications of sizes depending on the head and
discharge are possible,

Table 8 shows the ranges of application of turbines
of various serious,The following is the normal line-up of
diameters: .

Do= 0.330.35;0.45 0.45; 0.5; 0.65 0.7; 0.83
0.9; I.0; I1.2; I.4; I.6; I.8; 2.0m.

The Company esdopted the diemcter D, as the typical

dimension sf the turbine at the outlet of the runner,

The design operating conditions of the turbine are

ensured at the suction head Hg= -2 + +25m at the upper
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boundary in respect to the hcad and Hg= 6.,5¢ 7.5m at the
lower boundary in respect to the head.

By information presented by the Compcny the efficiency

. of turbines at Do=Im is as follows:

I) type C-9I.Tx; 2) type H-92,3%; 3) type N-92%.

The turbines of the spiral type are mzde with horizon-
tal and vertical shafts.

The pcrts of turbine at the inlet and outlet may be
changed and their design may be adopted for specific condi-
tions of the particular instzlletion,

In the stendard turbines with the horizontzl shafts
the runner is arranged overhang on the generator shsft, In
vertical installations the turbine has its shaft and bea-
ring,

In low speed and low capacity turbines less than
5000kii a step-up gear between the turbine and generztor
is allowed.

At very low heads the vertical turbines with an open
fldme are applied to reduce the cost.,

Some design and manufacture featuresa should be noted,

The spiral case in sheet steel is welded to the stay
ring. The gates of the edjustable wicket gate assembly are
welded of stainless steel, The levers and links are of conven-
tional rolled stecel, The bearings of gates are self-lubri-
cated, F|

The turbine covers arc made of shcet steel, Stainless

steel is welded in the plzces of lazbirynth seals,

In turbines with the fixed wicket gate assemhly the
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Turbine series
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welded gates zre supplements to the stay venes,

The runner is a welded construction.The blades ere
stamped of plate steel, The materinl of the runner is
stainless or low-alloy carbon steel,The smallest runners
may be cast of nickel~aluminium bronze,

The runner is fitted to the shaft hydraulically.

It allows a simple assembling and dismantling of the given
connection,

Therefore this method eliminates the use of the key
or some other device loosening the shaft and entailing
fatique of the metal,

The runner has removable rings of a slit seal on the
drive and driven disks.

The case of the shaft seal is of a welded construction.
Within the limits of the seal the shaft is plated with white
metal,The seal does not actually require servicing. There
is drainage pipe running from the seal,

The air is supplied behind the runmner through the seal
case and holes in the runner hub,

The draft tube consists of an outlet bend and a coni-
cal diffusor. To prevent cavitation failure the stainless
steel is used at the inlet of the bend,

The turbine installations,which always operate in the
big low voltage system and which are not designed for fre-
quency control may be fitted with the control system , These
control devices are aimed at hend and automatic control or

remote control of the start-up loading and shut down of the

turbine,
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The automatic control is not designed for speed
control,when the unit operates for the isolated line,
But it ensures adequate connections with output loads
and with water level regulator,

The installations, which operate to the isolated line,
require the application of the speed governor.The speed
governor is designed for automatic speed control,depending
on the output developed by the generator.

Depending on the turbine type and its dimensions the
governor may be either hydromechanical or electrohydraulic,

In order to determine whether the characteristics of
the installation will be stable in the isolated line, the
data and sizes of the penstock or the headrace are required,

Tne turbine shut off valve is usually installed just
in front of the turbine,The throttle valves are used for
heads up to I160m.Closing valves are effective with the
auxiliary, compensating weight or when gelf-closing.The
opening is effected by a servomotor.

The spherical getes are used et heads, exceeding ItOm,
The opening and closing are effected by the water control sys-
tem or the oil pressure plant,

At low heeds, at the hydroelectric plants with short
penatocks,the shut off valve in front of the turbine may

be omitted,

6.7.2_FRANCIS TURBINES IN DRIN, .

— . s -

This type of the turbine has no definite designation,

It differs substantially from the spiral hydraulic turbines

mainly by water conveying features,
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Eight standard sizes were developed for these turbines,

Table 9 shows the main operating parameters,

Table 9,

! ) ] : 2

Iv v ' vi = VII' VIIL

Hm | 8-25 | 8.2~ 18,5- | I0- . I3- I6-  22- 28-
. . 34 40 755 55 82 105 IIO
2,2- , T.4- I,2- ' 0,9- : 07- 0,55- 0.,4- 03I-
3.6 3,0 2,5 'I.8 I,55 T,2 0.8

1,4~ ! #.0- 2.8-  3.6- 2.3- 4.5  2.8- 3.9-
Heom . 6,5 = 6.5 6.5 6.5 6.5 6,5 6.5 6,5

n, | 380 . 280 :280 235 235 I55 155 120

All the dimensions of these normalized turbines are
determined, Probably only 5 runners of various specific
speeds were used. The normal suction head shown in the table,
is allowable at the nominal head and the minimum value H, ~
at the maximum head,

The maximum efficiency of the given turbines is within
the range from 85% to 90%,which is considerably less, than
in turbines of the spiral type.

The water is conveyed to the turbine through the tube,
which is connected to the cylindric drum.The axis of drum
coincides with the sxis of the turbine and the water conve-
ying is mormal to the axis,

The cylindrical drum is welded of ordinary carbon steel

and provided with the convex ~ bottom,The hatch and drain
valve are also provided,

The adjustable wicket gate assembly is provided with

cast gates. The levers and links are made of carbonm steel,




- I6C -

The gate bearings are self-lubricated,The turbine cowvcrs are
made of carbon steel,The lining of stainless steel is
welded to the cover in the area of the runner seals .

The seal at the cuter disk of the runner is removsble,

The runner is welded.The blades are stamped ef plate
steel,The material of the runner is stainless steel or
plzin carbon steel.Small runners are cast of bronze,

The runner is pressed into the shaft,It is provided
with the replacsble sealing rings.

The box of the shaft sealing is of a welded construc-
tion.In the area of the sealing the shaft is plated with
white metal, The leakages from the sealing are designed
to be draincd.The air is supplied to the runner through
the box of the sealing and special passages in thc runncr
hub,

In the installations, which always operate for power
grids and wnich do not require the application of frequency
regulators the ordinary system of turbine control, including
the hand, automatic and remote control of the start-up,
loading and shut down 1is used,

The hydroelectric stations, operating for the isolated
line periodically or constantly,require the installation
of speed governors,The governor is designed for automatic
control of speed, depending on the generator lozding,

In this case the hydromechanical speed governors are
used,

The shut off valve is usually installed just in front

of the turbine.The butterfly valve is used in all normrlized
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hydraulic turbines,Either self-closing throttles or throt-
tles with balancing load are used, The throttle valve

ig fitted with o0il servomotor,.

The axial hydraulic turbines of the Senden Company
are provided with horizontal shafts and S-shaped draft
tubes,

The nomograph for preliminary selection of the axial
turbine includes information on normalized designs,.The
normal line-up of diameters of runnérs with the 0.2m pitch
is established:

Dy= T1.05T.25T.431.651.852,052.2;2.,4m

It is recommended to use the normalized turbines at

H,=3.5-I8m; Q=3.5-27m>/sec, Py=400-3000ki,

The two types of axial turbines are produced:

I) witn the fixed wicket gate assembly and runner
blades;

2) with the fixed wicket gate asgsembly and adjustable
runner blades,

The turbine is not provided with the speed governmor
if it operates for the interconnected power grid, The
turbines operate without servicing.

The first type of turbines is used at the hydraulic
stations with relatively constant discharge and head, when
it is not necessary to control power,

The second type of them is used at the satetion with
variavle discharge and power control, Theee turbines are

characterized by a good level of efficiency in the range
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of discharges from 40% up to I00% of the full maximum dis-
charge.

The following are the main components of the turbine,

I) a butterfly valve;

2) an inlet element with the quide bearing and the
wicket gate assembly;

3) a runner;

4) a draft tube with the quide bearing;

5) a governor,

The valve housing and valve disk are welded of plate steel,
The disk is installed on the two eccentric supports with
stainless journals and self-lubricating bushings.There is a
rubber sealing ring, adjusting the stainless sealing ring

of the valve housing.The sealing may be regulated when the valve
is closed and if necessary, it may be replaced without
dismantling the valve,The valve housing is flanged to the
inlet secticn of the turbine,The connection with the pen-
stock is usually welded,

The disk is controlled by the hydraulic cylinder,the
0oil to which is supplied from the governor,The piston
shifts the valve for the opening.The throttle is self-clo-
sing,i.e, it is closed autcmatically when the oil is drained
from the cylinder,

The inlet section of turbine is of a welded construc-
tion.the blades are welded to tne outer shell and the bulb,
The sliding pearing of the turbine shaft 1s arranged in the
bulb.,The bearing is water lubricater, does not require water-

-proof seals, and is insensible to impurities and solids
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in the water,

Durinz the start-up and shut down of the turbine

the lubricating water goes to the bearing through the
! bypass,

The part of the inlet section which adjoins the
runner,is made of stainless steel,

The draft tube is flanged to the inlet section,

The inlet section of the tube acts as the runner chamber

and is made of stainless steel, The rest of the tube is

welded of ord nary plate steel.The configuration of the tube is
favourable from the standpoint of hydraulics.Therefore during
operation the high efficiency and the minimum vibration are
observed .

For the purpose of disassembly of the turbine the
draft tube is divided into two flange-connected sections,
The lower section is concreted into the foundation,

The housing of the thrust and guide beaiing
ig welded to the draft tube on stiffeners.The bearing is
spherical roller type with oil lubrication and the tempe-
rature monitoring,

The draft tube is provided with a hatch to inspect
the runner and d:;aft tube,

The runner is fitted into the shaft and trensmits the
moment through friction.The runner blades may be cast of
bronze,which is well resistant to rust and cavitation,
During repeirs they may be welded up without preheating.

The runner bledes may be sdjustzble,The force,required

for adjustment of blades,is transmitted from ihc two hydra-
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ulic cylinders, housed in the thrust bearing case through
the pipe,wrapping the turbine shaft and connected to the
runn~r hub,This pipe rotates together with the shaft and
is driven by the servocylinder,The hydreulic seal with the
leakage drain to the drainage system is located at the pi-
pe outlet,

The governing system consists of the oil pressure
plant and the governor with solenoid valves, controlling
the position of runner blades and the valve disk,

The system is intended for hsnd and sutomatic start-up
putting the unit on line shut down and the remote control
of the loading,It is not intended for speed control, but
well fitted for the load and heed control,

The governing system of turbine consists of the stan-
dard parts,

The standard high speed generator is ususlly applied
to reduce the cost, Therefore the gear is installed between

the turbine and generator,

6.8 SMALL TURBINES OF THE HITACHI COMPANY
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Under the conditions of energy crisis the jiitachi Company
bezan to pay much attention to desdgning and manufacture

of small electric stations.The main obsticle in wide use

of energy of small ri-ers is the relative high cost of small
hydroelectric stations and equipment for them, For profitable
construction it is necessary to reduce the cost of eauipment,
It is possible only under the conditions of the wide standar-

tization of tne main and suxiliaty equipment,
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Tne Hitachi Company develoved the standardized ranges
of application of various types of hydraulic turbines
under conditions of small hydroelectric stations with
the range of capacities from 50 to I0000k¥. Tzble IO shows

the ranges of application of verious types of turbines,

Table IO
Type Hn, m ng
Pelton turbine 200m and 9-35
higher
Francis turbine TI0-~-600 55-400
Kaplan turbine 5-100 230-I050
Horizontal axial turbines 3~20 450-1190

- D S e —— G — G T S - —— — —— ——— T > ——— I ———— - - - = -

Below is the detailed information of separate types

of turbines,

The nomographs for preliminary selection of turbineg.
were developed for the countries,using frequencies 50 or
60c,peS. in electric lines,

It is proposed to use the normalized turbines at:
H,=20-180m; Q=0,8-25m°/secil; P,=300-I0000KH;
n=375-1000min; (for frequency of 50 cps).

The following line-up of the diameters of runners for

these turbines was taken:
D;=0.375;0.4030.425;0,45030,475;0.50;0.530;
0.,56030,60;0.63;0,67;0.71030,750;0,80304853
0.¢0;0,95;1.00;1.(b0;1,120;1,I80;T,250;1,320m
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23 normalized sizes were adopted altogether,It
should be noted that the minimum diameter at the leading
edge of the runner blade was expressed through DI.Fourteen
different models of the runner are used for the considered
range of H, and Q.

Table IT shows the rangc of application of each type
of turbine (for frequency of 50 cps.)

All in all I5I standerd sizes of turbines are recom-
mended for use,

Similar information is available and for the frequency
of 60 cps, Here I37 standard sizes of turbines are used,
The difference of the used models may be observed,

The distinquishing feature of the vertical turbines
degign is the distinet difference from conventional designs
for the lerge and medium units,

It has been possible to reduce considerably the
length of the shaft and the height of the unit through the
use of the common shaft for the turbine and the generator,
The shaft is provided with the two supports.One of them is
the radial support in the arsa of the top spider of the
generator and the other is just on the turbine cover,where
the redial and axial thrusts are taken up,

The 'stator rests just on the flange of the turbine
stay ring of the specific design,The stay ring is cast to-
gether with supports,The shells of the spiral case are
welded,The design of the hydraulic part of the unit is
conventional,The sdjustable wicket gate assembly is provi-

ded with the outer shifting ring.




Model

I05

95-
I20

I.e-
2.7

I500-

3000

750

008-
0.85

B C
I35 I50
68~ 60~
160 I50
I.0- 0.9~
2.0 2.0
750- 500~
I0000 10000
000~ I000-

600 600
oob" 005-
I.32 1.18

I65

48~
160

008-
I2

300~
I0000

I000~
500

0.475
I.32

I67 -

D, E
I70 I92
38~ 35-~
II5 62
II" 038“
I3 I.5

900~ 300~

I000 750

500 1000
1.32 00425"

0.475



JO000 450

88

009-
I4

250~
I0000

750~
500

0045-

0.425 1I.18

255
65=-
85

I4-
I8

I000

428

I.32

290

21~
76

102-
22

300~

10000

750~
428

00425-

I.25

Table II.

L )18
325 375
I8~ I9-
55 48
IOB- 200-
25 26
300- 300-

I0000 1I0000

750~ 750-
375 375

0.375- C.4-
T.I18 I.I2
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The design of the unit allows to reduce the period
of assembly considerably.For example, for turbines of
capacity 3,5 M¥ ,of the conventional design the period
of assembly usually took 75 days.This period has been
reduced to 35 days for the turbine of the normalized de-
sign,thus by nearly one half,

The assembling of such a unit may be done by a mobile
crane,

The hydraulic furbine mey be connected wiih the
generator of ome or two types;

I) synchronous generator;

2) induction generator.

The induction generator has no exciter and governor,
if the electric line is sufficiently extensive and of high
power,Thus,the induction generator allows to use the simp-
lified equipment,which results in cost reductinn, The lar-
gest generator of such type in Japen was supplied by the
Hitachi Company at the beginning of I979.Its cepacity is
T850kW.,

The turbine govermor is of mechanical or electrical
type. The electric governorsare less in size and simple
in servicing.

The mechanical governors are standardized for the
turbines of small hydraulic stations,If the induction ge-
nerator is used,then the speed is not controlled by the
gove:nor,In this case its function consists in control of
the unit, depending on variations of the upstream water

level and the load,




The properly designed control and protective equip-
ment gives the possibility of control and protection with
the minimum quality of necessary functions,

Thus the electrical part of instrumentation, protcc-
tion devices, the exciter and the electrical specd gover-
nor are installed in the commor block in the standard in-
stallations with the synchronous generator of 5000ki or
lower capacity.

Apart from the vertical turbines the standardized ho-
rizontal spiral turbines are used at:

H,=20~I00m and P4=50-I000k¥.

The hydraulic part of these units is of a conventional
design with the shifting ring of the wicket gate assemﬁly,
instelled from the side of the draft tube, One quide tur-
bine pearing and two generator bearings are installed,The
turbinc and renerator shafts are rigidly flznged,The fly-

wheel is instelled between the flanges,

The Company recommends the two types of horizontal
axial turbines for practical use at small hydroelectric
stations:

I) straight flow bulb type;

2) bulb type with an S-shaped draft tube,

There are nomographs for preliminary selection of
hydraulic turbines for the frequencies of 50 and 60 cps.

The normalized hydraulic turbines cover the following
range in relation to the hcad and discharge for the fre-

quency of 50 cps.
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H, =3-20m; Q=2-28m7/seZT; P,=TI00-5000kW,
n=214-750min7

The unified line-up of runner diameters includes the
following sizes:

Dy= 0.70; 0.7530.80;0.90;1.0051.12;1.250;
1,40;1.6031.,8032,.00m,

Altogether there ar: II normalized sizes,

Fourty eight standard sizes of axial hydraulic turbi-

nes are proposed for use to cover the said ranges in rela-

tion to the head and discharge,

6.9, SMALL TURBINES OF THE GILBERT GIIKES &
GORDON COMPANY

- —— D S — O —— G - = ———— D - — T S — —— ———

( Great Britain)

The Company menufactures various hydraulic equipment,
The turbine equipment intended for small hydroelectric
stations is one of the main products.the turbines of all
types are made with the exception of axial-flow turbines,

The approximate range by the head and capacity is
within the limits:

Hp=3-240m, P;=8-6000kW.

Seven types of water passages of Francis turbines
and five types of impulse turbines are available with the
Company to cover the said range of application,

Table I2 shows the values of specific speed for all

types of turbines,
Table I2,

ey — - ——— ———— — S > - —— . ——— - —— - - P g - —————— - ——— - w—

hd -
Type C 2 R m p, v Vv S TJ TI HCTI PELT

- —— o . . - - — - D - D — - - —————— - . - -——— > - - - - - - -

ng 3II 302 244 187 185 142 109 65 65 5I,5 65 22,6
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The runners with the highest speed are used for the
low heads within the limits Hn=2.8-4.2m. Only the Francis
turbines are recommended for the heads up to H,=3-I3m.

The FFrancis and impulse Tourgo turbines afe used for
the range of heads Hn=IS-35m. The Francis turbines are not
used for the heads higher than I50m,The impulse inclined-jet
hydraulic turbines are recommended for the heads H,=I5-400m
and the impulse bucket ones for the heads Hn=40-I200m.

The hydraulic turbines with an open flume for low
neads are of a simple design.The turbine shaft may be either
vertical or horizontal,The shaft is connected with the
step-up gear in vertical turbines; the output horizontal
shaft of which is connected with the high speed generator,
The flywheel is installed on the horizontal intermediate
shaft,

The belt drives are also used to drive the generator.
The spiral radial-axial hydraulic turbines are glso used
for low heads,The water is conveyed through the penstock,

In all cases the draft tube is straight and conical,

The horizontal shaft rests on two bearings in the spi-
ral hydraulic turbines,It is comnnected either with the
a.c, generator (synchronous generator),or witn any other

unit by means ¢f a rigid coupling.The tir'ird pearing is
added if the belt drive is used,

Tne cast or welded steel spiral cases are used for
medium heads,

Tne impulse inclined-jet hydraulic turbines are also

made for medium heads, The Company,perhaps, is the only
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one in the world, menufacturing such turbines, There are
two types - with one or two nozzles, the specific speed
of which is about 65,The turbine is simple in design and
manufacturing.

The efficiency of such turbine is higher than that
of the low speed radial-axial hydraulic turbine,In parti-
cular it is observed in the turbines with the small seal
clezrances of the runner,which wear considerably at the
pregence of abrasive suspended matters in the water, The
inclined-jet turvine is alweys charzscterized by higher
efficiencyst loads less than 5/8 or 3/4,

The double control: by the nozzle,neecdle end the
deflector is realized in the inclined-jet turbines, The
efficiert control system is particularly impertant in
long penstocks,

The impulse bucket @nd inclincd-jet hyaraulic turbi-
nes are uscd for hijh heads with the exception of small ca-
pacities,The buckct hydraulic turbines are not used at the
heads less than I00m,The bucket hydraulic turbines sre made
for the neads up to 200 meters,For high heads thege turbines
may be supplied by custom-made designs,

The impulse turbines are mainly made with one nozzle,
The turbines with two rumners are also used, For the mogt
part tne turbines with the 22,6 specific speed are applied.

The runner is ihstalled at its own bearings at the
capacity of turbines less than 750kW. The runner is arranged
at the generator shaft end at the highcr capacity of the

unit. In tnis case the supports and the cneretor shaft are
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of the special reinforced design., It allows to reduce the
cost,

The generators are of custom-made designs; they are
designed for the increase of the speed by 70-200% in
runaway conditions,

The synchronous generator, operating for the line or
the isolated load is driven by the turbine at conventional
hydroelectric stations,The generator and the governor
should be designed in the way as to ensure the required
frequéncy in parallel and isolated mode of operation . e

The asynchronous or induction gzenerators are also
used on a wider scale, Thesz generators are of a simple
design and cheaper in comparigson with the synchronous ones,
The speed is controlled by the line frequency, for which
the generator operates. The efficiency of the asynchronous
generator 1s often less than that of the synchronous one,

The Company does mnot manufacture its own governors.
The units are sub-supplied by the Woodward Company specia-
lized in making the governors during more than I00 years,
The low capacity turbines are controlled by the electric

governors,







