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INTRODUCTION

The guidelines contained in the present study relate to
hydraulic turbines and other equipment applied at small hydropower
plants.

In rcecent years, as a result of the rise in prices for
organic fuel, considerable interest has been created in differeant
sources of renewable energy, in particular those asscciate! with
the energy of rivers. The most economic power plants installed on
large rivers are of high capacity. 1In developed industrial coun-
tries the most economic sources have been exploited or their
development has been undectaken. Although their construction
costs are relatively low, large hydropower plants demand large
cepital investments and long comstru:tion periods. Hence renewed
interest in small hydropower installations has been expressed in
countries with a high level of utilization of hydropower resources.

In developing countries the financial possibilities do not
always exist for construction of large hydropower plants. The
development of energy of small rivers through the construction of
small hydropower instsllations is therefore of primary impor-
tance. It should be noted that smsll hydropower plants may also
be profitable when installed at various wsater control structures
associated with water supply, navigation, irrigation etc.

Specific energy costs at small power plants aere higher than
st large hydropower installstions. During design and ~onstruction
of smsll hydropower plants it is therefore necessary to sesrch
continuously for ways of raising profitability through reductioa
of construction costs by using unified structural elements and
standard mass-producad equipment.

Operating costs of small hydropower plants should be reduced
to 8 minimum through complete automation of plant operation,
employment of remote control systems and rejection of permanent
opersting personnel. Equipment relisbility should be high, with
regular maintenance intervals and the use of industrisl methods in
equipment maintenance.

The exploitstion of the energy of small civers and other
water control systems depends to e certain extent on State
policies designed to stimulate construction of small hydropower
irstsllations. 1In some countcies financisl incentives have been
given in the form of concessionsry loans for construction of small
hydropower installations. Under such conditions, small hydropower
plents appesr to be profitable means of satisfying the demand of
isolated consumers and small power systems.

Hydrasulic turbines installed at small hydropower plants will
be referred to hereinafter as small turbines. At the present time
there is nno limiting velue for pscrameters of small hydraulic
turbines, various countries and companies having varisble limiting
pacrameters.
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The maximum capacity of a small turbine may be adopted as
10,000 kW, although some manufacturing companies include units of
up to 15,000 kW within the range of their small tucbines. The
minimum capacity of small turbines may be sdopted as S0 kw.

The highest demands of smell power plants are for turbines of
1,000-2,000 kW capacity. To reduce turbine costs it seems neces
sary to develop standard designs based on building-blocks.

Turbines of high capacity aeacre manufactuced according to
custom-made designs, thus resulting in higher specific costs.
Turbines of small power plants operav.. complete with other equip-
ment, including generators, speed governors, control systems and
step-up gears. All such equipment must be standardized and mass
produced.

The purpose of the following guidelines on the applica’ion of
small hydraulic turbines is to introduce the main conclusions of
the theory of turbines required for a better understanding and a
proper selection of turbines by specialists. The guidelines show
schemes and principles of operstion of the main types of tucbines
employed at small hydropower plants, and present the main princi-
ples and tasks of standacrdization turbines through specific
examples. Standards of turbines manufactured by dif.erent com-
panies are also described.

The guidelines are intended for mechanical engineers without
specisl training in the field of hydraulic turbines.

A special word of thenks is addressed to the United Nations
Industriel Development Organization and the managements of Bell,
Gilbert Gilkes and Gordon, Kessler, Hitachi, Ossberger, Sanden,
Voest-Alpine and Voith turbine manufacturers, which enabled the
avthor to familiacize himself with the manufacture of small
hydraulic turbines and to obtain the necessary information for use
in the guidelines. Nevertheless, since information was limited,
the text may not be wholly free from inaccuracies. The author
will accept and take into account any helpful suggestions and
cemarks .




1. HYDRAULIC TURBINES: GENERAL INFORMATION

A. Main concepts and definitions

The hydraulic tucbine is a machine that converts the energy
of water into mechanical energy by using a runmer that serves as
primary mover. This energy is passed nn, via the turbine shaft,
to the erergy user, which may be either an electrical generei>r or
any other machine.

A liquid at rest or in motion possesses a store of mechanical
energy which is characterized by the specific value:

E=¢2+E+ v2 (J kg‘l) (1
2

which is energy related to a unit of a liquid mass.

72 - Elevation of the considered pacticle of & liquid sbove the
conditional plane of comparison (m)

g = Gravity (m sec=?)
P = Pressure (N m-?)
- Liquid density (kg m=3)
V = Liquid pacticle velocity (m ser” 1)

From the abo-. equation () it is seen that energy E is the
sum of potertial eneryy determined by the first two terms and
kinetic energy.

Usually for practical purposes a more descriptive expression

of energy related to a weight unit of a liquid is applied.

2

H=2+P + ¥ (m (2)
re 28

In this expression specific energy has the dimensions of one
meter of a liquid column.

Utilizstion of water power in s hydraulic turbine is achieved
by the water flow from a high-lying to s low-iying energy level.

Figure 1 illustrates one of the possible vaviants of hydrau-
lic turbine installations.

The water in the upstresm reservoir in sertion A-A possesses
a higher energy than that in section B-B of the tailrsce. 1In the
absence of the water flow the difference of specific energies in
these two sections iz determined by the value

Mg = 2y Zg €))

This value is known a3 th. gross head.
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when locating the elevations the reference point is an arbi-
trary horizontal line 0-0O.

During operation of the turbine the water flows through water
conveying channels, the hydraulic turbine and outlet channels of
the hydropower plant. Because of losses of a part of mechanical
energy of the liquid resulting from friction, the energy which may
be transferred to the runner will be less than Hg.

Let us denote the inlet aend outlet sections of the turbine by
1-1 and 2-7 respectively. The difference in specific energies of
the flow between these sections is

2 2
P v P v
Ho o= (Zy + 2+ 1) - (294 242 (4)
n 1 2 ~
g 28 4 2g

and is known as the net head.

The volume of water flowing through the turbine during one
second is known as the turbine discharge and is deaoted as
Q w3 sec‘l.

Velocities Vi and Vp in the formula (4) are average
values for sections 1-1 and 2-2 and are equal to

where Ay anc Ay = Sectional areas (m2).

The energy supplied to the turbine in one second and dis-
charged by it is

Pg = 9.81QH (kW) (s)
where . = 1,000 kgm-3 and g = 9.81 m sec™2.
The value Py is the power consumed by the hydraulic turbine.
In the turbine not all the power P4 may be completely uti-
lized usefully. A part of supplied mechanical energy is converted

into heat energy because of internal friction of the liquid, los-
ses in the supports and other internal losses.

The power output of the turbine is

Py = "t Pd

where - is the efficiency of the hydraulic turbine which is the
ratin of the developed power to the delivered power of the turbine.

In the general case
- M . !
J v h ' m
where 'y - Volumetcic efficiency

“y, - Hydraulic ecticiency
‘m Mechanical efficiency




The volumetric efficiency is

%

Q

where Q. is the discharge of water flowing through the runner.

‘v

In some systems of hydraulic turbines the discharge through
the cunner is less than that throuza the turbine because a part of
the liquid flowing through the turvine passes by the runner and
does no useful work.

Hydraulic efficiency

where Py = ;g (Q - Qy) Hp (the power lost due to the leakage)

Pp = Mp - = “gQeHep (the hydraulic power or the power
transferced from the water to the
cunner) .
Notation:
My, = The torque developed by the liquid on the rurner (N m)

Angular velocity of the turbine shaft (sec-1)
Theoretical head showing the value of specific energy

transferred to the runner blades by the liquid

Non

Hen

From the expressions above it is seen that

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

The main operating parameters of the turbine are

Power = Py (FW)

Net head - Hy (m)
Discharge - Q (m3 gec-1)
Speed = n (min~1)

From the shaft of the hydraunlic turbine mechanicsl energy is
transferred to an electric generstor. 1n some cases of applica-
tion of small turbines a direct transfer of energy to some mechan-
ical machine of the user is possible.

The power P of Lhe hydraulic unit is usually measured at
generator terminals. Usually it is less than the turbine power
Py by the value of losses in transfer and in the generator.
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In turbines of small hydropower plants the trend today is
usually towards the use of high speed mass-produced electrical
generators because of their relatively 1low costs. For their
matching with the low speed turbires step up gears installed
between turbine and generator shafts are to be used.

It ts obvious ‘hat

P =Pt ‘¢ 1R

where "pg = Transfer efficiency
‘g = Generator efficiency

During operation of the turbine at the hydropower plant the
powr = developed by the turbine is determined by the genecator load
and the electric power demand of the system. Depending on dif
ferent conditions the turbine power may vary within a definite
renge.

During operation of the turbine at the power plant the speed
of the turbine is usually constant irrespective of the load. For
variation of the turbine power the weter discharge is regulated by
the special contenl system.

During diff€erent periods of operation the net head may vary.
Operating conditions of the turbine at the power plant are deter-
mined by the combinatio. of working pacameters. At a fixed value
of n there is s head and discharge at which the turbine operates
with maximum efficiency. This condition is called optimum. At
deviation from the optimum conditions the efficiency of the tur-
bine will be lower.

B. Similarity laws

The turbines are considered geometrically similar if the
relative dimensionless co ordinates of the water passage of these
turbines are similar. To obtain the dimensionless co-ordinates it
is necessary to find the relation of the co ordinates to a certain
characteristic linear dimensicn, for instance the diameter D of
the runner.

Thus in geometrically similar turbines for the corresponding
pointa of the water passage the following condition should be met:

X, Y, Z,
-3 s idem, _1l = idem, ) : idem
D D D

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

Kinematically similear operating conditinons of the turbine are
the conditions in which velocity vectors et cocrresponding pointse
of the flow form similar angles with co ordinate axes and t.-
tatin of absolute values of velocity for the whole of the flow
ronstant .

) t.et us denot. peripheral velocity by ﬁ, crlative velocity by
W and ahzalute velorcity by V.




Then V = W + U
that is, vectors 17, ;l. ] have constructed a triangle of velocities.

Figure 2 shows tciangles of velogitiei for fluid particles in
sections én front gf the cunner (Vy, W;, ﬁl) and after the
runaer (V2, 62, Uz). In kinematically similar operating
conditions of the turbine triangles of velocities are similar. 1In
figure 2 the triangle of veloclities for the similar opersting con-
ditions is shown by a dashed line.

~

Figure 2. Triangles of velocities for fluid particles

It is known thst in compliance with the Euler equation
EpHy = UiV, = UpVpy (6)

For the fulfilment of the condiiinans of similacity at the
runner inlet (figure 2) it is necessary that

v v
1® . jdem, _lU = jdem 7
Ul Ul

end at the cunner outlet

Vim - idem, Y2u - idem (8)
UZ UZ
Since ‘
'Q
U-ab, VgL (9)
02

then it geems possible to express the conditions of kinematic
similarity in terms of opersting parameters of the tucbine. 1In
conformity with (6), (7), (8) and (9)

0 » idem, L . idem (10)
nD r\D3
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From expressions (10) we obtain the known similarity formulas con-
necting the operating pacameters of two geometrically similer tur-
bines operating under similar kinematic ccnditions:

'H;!112 :';:112

n* =nd 1 _h (11)
D Hn. [Eh'
2 vz otz .
Q =0 0 _n! | B v (12)
lD’ “n' '!h’hx r!;
PR Pt
, '3/ * 3/ *
pr by ot Dz 322 (13)
t t - D . " n n
U e ¢ he ‘m
Let us exclude linear dimensions of turbines €£rom formulas
(11)-(13). Thus we obtsain at = °
' Y1/ Cags b o ".'l
a' = n EE 1/2 ?ﬂ 5/4 2& 5/4 m 172 (14)
.Pt, .“n. ;nh. ;fn-

In conformity with formulas (i1)-(14} it is possible to cal-
culate the opecating pacameters of the turbine. Aside from the
known operating psrameters of turbines, these formulas in-lude
celations of efficiencies as well. For practical calculstions in
the field of hydraulic turbines of small hydropower plants the
celations of volumetcic and mechanical efficiencies may be taken
to be equal to unity. The relation of hydraulic efficiencies is
usually evaluated by spproximation formulas which have & wide dis-
tribution. 1n particular it may be taken that

M=o (1= ) (12K e X Re 1/5 (1s)
ae‘

Be . -* (D72 'Hi1/2
R; D’ H'

where - is the temperature dependent coefficient of kinematic vis-
cosity of water. Table 1 shows approximate values.

Teble 1. Approximate velues of hydrsulic efficiencies

106, m2 -1 1.3 1.14 1.0 0.9 0.81 0.75

t, °C 10 15 20 25 30 40

Coefficient X in the formula (15) represents the shace of
recalculated hydranlic losses:

X206 -0.75
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.ydraulic efficiency -y 1is wusually determined under dif-
ferent operating conditions of the tucbine ducing turbine model
tes.s on a special laboratory test rig.

C. Specific speed

The power developed by the turbine varies proportionally with
the values of the head and the discharge. The head at the power
plant is determined mainly by local conditions. In some cases it
is possible to create high heads reaching 500-1,000 m and even
higher. 1In other conditions only low heads up to 1-1.5 m can be
ceached.

The discharge of the water utilized by the hydropower plant
depends on the civer flow. The discharge of the water consumed by
turbines and the river flow may differ from one another ir 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 hydropuwer plant ducing the periods of
higher discharge and power.

Frequently during coanstruction of small hydropower plant: it
is impossible to create a high capacity storage reservoir. There
fore the discharge at the plant is governed by the river flow.

The water discharge in different civers varies over a wide
range. At the same time this value varies fregquently througuout
the year. In some periods the dischacge 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 bydropower plants water discharges are most cam-
monly low. At low head hydropower plants the discharge is usually
higher.

In the turbine cunner mechanical energy of the water is
transferced to the crunner and the shaft. 1In accordance with the
relation between the turbine operating parameters relative dimen-
sions of water passages vary over a wide range. There js a com
plex quantity called the specific speea which in many respects
charactevizes the relation between dimensions of the water jassage.

The specific speed is calculated by

172 172
Q!
ng = e L yes MUY 116}
Hslb u'!/lt
n n
where n - Speed (min 1)
H, - Net head (m)

Py - Turbine power (hp)
Q - Discharge (m3 sec 1)

If the power is measured in kW, then

172
] t
n, - ‘. = 1.167 n
[ " Hslb skw

n
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1€ the head is measured in feet and the power in hp, then in com-
pliance with the focmula (16) we obtsin

ng (m, hp) = 4.446 ng (ft, hp)

Pormula of specific speed is obteined from (14) if we ignore
change of hydraulic and mechanical efficiencies. In these condi-
tions it may be thought that for geometrically similar tucbiues
operating in kinematically similar conditions the value of the
specific speed ng is comstant.

Usually the turbine is characterized by the value ng deter-
mined by operating parameters existing undec conditions of maximum
efficiency.

The specific speed of modern turbinmes varies over a wide range

ng = 10-1,200

[y

Turbines with a low value of ng are used at higher ' ads.
At lower heads speedy turbines with a high value of ~, are
applied.

D. Reduced parameters of turbines

The specific speed is a complex measure showing the relation
of operating parameters in optimum conditions. It is evident that
the coefficient ng does not depend on dimensions nf the turbine
and is constant for sll geometrically similar turbines.

Under actual conditions the operating parameters and dimen-
sions of geometrically similar turbines vary within wide limits.
For comparison of turbines aend characteristics of their operating
conditions the so-cslled reduced paremeters controlling the opera
ting perameters of geometrically similar turbines with D (diam
eter) = 1 m and running under the net head H, = 1 m have found
wide use.

1€ in similarity formulss (11)-(13) we assume D' = 1m and
H; = 1 m, then we obtain the reduced values

ne - RO 1 _ min—l (17)
1 172
H m
n
@ =. 9 L a3t (18)
1 2 172 172
H
n
P
Pey 2t 1w (19
/ /
o? “: 2 32

where ni + Reduced speed
Qi » Reduced discharge

P;I s Reduced .urbine power
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In formulae (17)-(19) the ratio of volumetric and mechanical
efficiencies is taken tu bo egual to unity. Coefficient

m oS .h

is the catio between hydraulic efficieucies of the considered tuc-
bine and its tested model. The formula (15) may be used fur cal
culation of m. In spproximate calculetions m = 1 is allowable.

The reduced values np, Qi. Pil are constant in kinematically
similar conditions. Thesc values are defined by model tests.

From formulae (17)-(19) it €ollows that

172

n = Ei_fﬂ_. nl/? (20)
D
nld o172 172 (21)
Q = QID H“ m
2 372 1372
= P* 2
Pt Ptl D" H ®m (22)

From the known values nj, Q1. Pt] obtained from model tasts it
is easy to calculate {he operating parameters of the geometcrically
similar turbine of any dimensions running under any specified head.
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I1. CLASSIFICATION OF TURBIMNES

A. Classes of turbines

First let us consider classification of hydraulic turbines in
terms of distinguishing features of hydrsulic action. From for-
mula (4) and the determination of the net head it is seen that the
chunge in mechanicsl energy of the fluid occurs in the turbine.
As it takes place potential and kinetic cnergies also change. 1u
terms of hydrasulic action all the turbines may be divided into two
classes, impulse and reaction.

The distinctive festure of impulse hydraulic turbines is that
there is no change in potentisl energy in them when the water
gives up its energy to the runner. The water pressure at inlet
and outlet of the runner snd during movement through runner pas-
sages 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. Move-
ment of the water in runner psssages takes plsce with a free sur-
face contacting the ambient sir. 1In some types of impulse tur-
bines the energy takes place at inlet and outlet sections due to
vacistion of elevsations Zj and 2.

Among impulse turbines having applications at small hydro-
power plants the following three types asare worth mentioning:
Pelton, Turgo and Banki-Mitchell turbines.

In reaction turbines when the water gives up its energy to
the crunner the change in potentisl and kinetic energy occurs under
the following conditions. During operation of the tucbine the
runner passages are completely filled with water. There sre no
free surfaces with constant pressure in optimum and nearby con-
ditions. The spaces filled with vapour may be formed in opersting
conditions followed by cavitation.

At the present Lime two types of reaction tucrbines, namely
Francis and Kaplan turbines, find application st hydropower
plents, including smsll hydropower stations.

Thus five types of turbines find application at small hydro-
power plents. Each type of turbine is efficient within a certain
range of operating parameters, and may have variants differing
from one another by relative dimensions of runner passages and
other elements of the water passagewsy.

B. Reaction turbines

1. FPrancis turbines

Prancis turbines find extensive applicetion both at large snd
small hydropower plants. They sere chearacterized by s 1large
variety of designs and dimensions of the water passage. Pigure 3
shows a :urheme of the water psssageway of the modern vertical-
shaft FPrancis turbine. The water from the penstock or from the
low. pressure supply line enters the spiral case (5). The inlet
ronnection piece of the spiral cese is displaced with refecence to
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thke turbine axis which makes it possible to whicl the water flow
in reletion to the lurbine axis. The dimensions of the spira?
case are selected tc privide a uniform ciccumferential water
supply of operating devices .crenged in series. Radial sections
of *he spiral case vary ir shspe and in size diminishing as the
distsnce from the inlet conneciion piec. e goes up. The commonly
used shepe of the spiral case is ciccular as shown in figure 3.
At places of smaller sectional ares their shape becumes oval.

From the spiral case the water flow enters the silay rving 2
(figure 3) which comprises a fixed-vane systen with vanes which
are similar or diffecent in form. One of the vanes of the stay
ving at the end of the spiral case is of a specific shap. and is
called a nose of the spiral cease. The stay ring makes for strength
and rigidity of the spirel case and associated structucres. The
stay ring does not perform any hydraulic functions. 1f stcength
conditions are satisfied, it can do without the stay ring.

The wicket gsate assembly (3) located downstream of the scay
cing represents a row of cylindrical gates similar in form,
srranged ciccumferentislly and spaced evenly. [n most designs the
gates are rotated about their pivots at the same rate within the
range provided by the design. The limiting position of the vanes
when adjacent gates are in full contact blocking ihe water flow
from the spirsl case corcesponds to & full closing. During
opening of the gates the discharge through the turbine and the
power increases (see formuls 5). Thus the wicket gate assembly is
an operating device cepsble of hydraulic power control.

From the wicket gate assembly the water enters the tunner (4)
and gives up its energy. Figure 4 shows a meridional projection
of the water passage of ore of the vsariants of the runner. The
ccown 1 of the runner c¢r-- :~*od to the turbine shaft and the
shroud 2 are made integral o ades 3 arranged circumferentially
and spaced evenly. Surface blades and the sucfaces of the
crown end the shroud form a w...r passage of the runner. Surfaces
of blades are of a complicsted three dimensional shape.

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

In modern hydrsulic turbines relative dimensions of the run
ner vary within wide limits. Frequently, the typical dimensions
of the cunner are adopted to be the maximum diameter of the lead
ing edge of the blades denoted as Dy (see figuce 4). Diametar
D2 of the runner outlet is determined by the maximum diameter of
the tcailing edge of the blades. Width of the runzer water pas
sage is detecmined in many rtespects by the height By of the

wicket gate assembly. Relative dimensions Bp/Dyp  and  D/D0p
to a large extent depend on the specific speed ng. In modern
Francis turbines Bp/Dy = 0.08 0.35, D»/D] = 0.65 1.2, The

lower values are typical of low speed high head turbines, whereas
the higher velues are representative of high speed low head tur
bines.
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Figure 4. Meridional projection of runner wster passage
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From the runner the water enters the outlet water passage
which directs it to the outlet structures of the hydropower
plant. Figure 3 illustrates the outlet water passage constructed
in the form of a bent draft tube. The draft tube consists of a
conic diffuser (1,a) a bend (1,b) of & circular inlet section and
a rectangular outlet section, and a diffuser (1,¢c) of a rectangu-
lar section. The described classical form of the draft tube is
typicel of large hydraulic turbines. 8ut the given form may also
be used in smsll hydraulic turbines. 1In the latter case it is
possible to use simplified straight conic draft tubes.

The draft tube allows the use of the gross head of the
hydraulic turbine more completely. 1In this case s major portion
of the kinetic energy of the water flowing from the runner is used.

From the draft tube the water enters the tailrace. The
kinetic energy with which the water lecves Lhe draft tube is not
used in the turbine. Therefore it is wise to have a large outlet
sectional area of the draft tube to reduce the losses of kinetic
energy. Experience recommends the specified dimensions of outlet
sections of draft tubes.

The role of the drsaft tube in the turbine increases particu-
lrrly in low- head hydraulic tucrbines.

Thus the above described scheme of the Frencis turbine water
passage finds application at large vertical shaft hydropower
instsllatinong. Tt is also used at small hydropower plants. How-
ever, for small hydropower plants some simplifications may be
introduced which result in reduction of turbi e efficiency, but at
the same time these .implifications reduce the cost of installa-
tion.
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Now let us consider some practicable and applied vaciants.

2. Turbine with single-gate control

Simplification of turbine design through the system of power
and discharge control has been suggested. In the scheme described
sabove the function of coatrol was performed by the wicket gate
assembly through adjustment of gates in synchronism. However, the
given design is sophisticated. During veriation of opening of the
gates the change of wster circulation takes place at the runner
inlet with & pronounced effect on power.

Figure S5 illustrstes the scheme of the turbine with the
single-gate assembly. 1In this case the control is realized by one
gate only, the rotation of which changes the discharge and the
spinning of the water flow at the runner inlet.

Figure S5 (a) shows the scheme of the single-gate control
suggested by Reifenstein. 1In 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 los-
ses. Varistion of the gate position results in higher losses and
reduction of efficiency.

Figure 5 (b, c) illustrates the scheme of control suggested
by Kviatkovsky. In this case smaller losses take place when
devisting from optimum conditions. At loads differing consid-
erably from optimum ones the Kviatkovsky scheme of control ensures
sppreciably higher values of efficiency. The gsin reaches 10 per
cent and above. Figure S (c) shows the variant with the unloaded
gate.

Figure S. Scheme of turbine wth single gate assembly

3. Qpen-flumz tuchines

For small-capscity hydrcaulic tucbines operating under low
heads an open supply of the water to the turbine (figure 6) is
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used. In this case there is no spirel cease at the inlet. 1t is
repleced by an open rectanguler flume with a free water level.
The stay ring is also omitted and the wicket gate assembly is con-
trollable.

Figure 6. Scheme of turbine water supply
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Neturally this design is more strasightforward end cheaper.
However, the conditions of water supply to the wicket gate
assembly are worsened, thus adversely affecting operation of the
tunner.

The hydraulic efficiency of such turbines is lower.

Figure 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 and
there is no streight diffuser at the outlet.

All these alterstions, compared with a conventionsl design,
result in reduction of efficiency and cost. Simplified designs
sare applied in turbines of small capacity.

An open flume without a spiral case may be found in
horizontal-shaft turbines (figure 7). 1Tt 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
relatively low.
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Figure 7. Draft tube of horizontal-sheft turbine
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4. Horizontal-shaft turbines in drum
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At higher heads the use of open-flume Francis turbines is
impossible. 1In this case horizontal-shaft turbines with a drum in
front of the turbine are used.

Figure 8 illustrates the scheme of the turbine wilh a pres-
sure tank to which the water is supplied through the penstock.
from the tank the water enters the wicket gate assembly. The
draft tube is arranged integral with the pressure tank.

Figure 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 arcsngements are feasible.
S. Kaplan turbines

Kaplan turbines are widely used at large and small hydro-
power plants. A conventional arcangement of the water passage
(figure 10) differs -onsiderably from that of Francis turbines.
The in'et features incorporate a spiral case (1), s stay ting (2)
and a wicket gate assembly (3). Relative dimensions end the shape
ot the water passsge are peculiar.




Figure 8. Turbine with pressure tank supplied through peastock

N\

2 N\

[
o
=

.

|~

Figure 9. Simplified design of pressure tank

T




- 25 -

Figure 10. Conventioral design of water passage
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Radial sections of the spiral case of the vertical-shaft tur-
bine sre of s trepezoidal shape. 1In the plan s spiral section of
the water supply line has e smaller wrapping angle. As a cule
spiral cases of verticel-sheft Kaplan turbines are made of
concrete.

The difference betweca water passages of Kaplan snd Francis
turbines is observed at the cunner. In the Kaplan turbine
(figure 10) the water flow turns after the wicket gate assembly
and assumes the axisl direction. MNesr the runner the water flows
between two sucfaces of revolution which sre neacly cylindrical in
form.

The runner of the Kaplan turbine consists of a hub (4) and
bledes (5). There is no shroud in the cunner.

The main distingu.shing festure of Ksplan turbines is that
the runnecr msy be provided with adjustable blades. Axes of rota-
tion are normsl for the axis of the turbine. Usually the design
of the turbine snd the runner provides s means of rotation of all
blades in synchronism during operstion. Thus owing to simultane-
ous rotstion of the wicket gates and blades of the cunner it is
possible to maintain high efficiency of the turbine cver s wide
cange of operating conditions.
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In simplified designs the turbines with fixed gates and
adjustable blades or with adjustable gates sad fixed blades are
used. Characteristics of these turbines as compared with Kaplan
tucbines with double control are unfavoucrable whea devisting from
optimum conditions.

For small hydropower plants verticel-shaft Kaplan turbianes
may be made of a simplified design similacr to Francis turbines.
In particular, the water may be supplied to the tucbine through an
open flume (figure 11). Relatively short straight drafi tubes are
used. Some simplifications of the governor are fessible.

Figure 11. Turbine with open-flume water supply
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6. Horizontel bulb turbines

In recent years horizontal bulb turbines have found wide
applicstion for low-head small hydropower plents. The design
solutions sre rather numerous.

Figure 12 shows the scheme of the horizontsal bulb turbine
with an S-shaped draft tube. 1In the upstream section there is a
stream-lined bulb which houses one support of the turbine shaft.
The wicket gate sssembly is conical, with adjusteble or fixed
guide venes.

The runner is of en axiel type with edjustable or fixed
blades. At the inlet the draft tube is provided with a cone
diffuser which is followed by en S like section with a variable
curvature cf the mesan line. ~“he turbine shaft is brought out to
the dry space through the draft tube bend.

Dicect-flow bulb turbines with a straight draft tube find
some applications. From the shaft through s gear transmission
housed in the bulb the energy is transferced vis the verticel
shaft to the generstor instslled in the dry room.
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Axisl bulb tucbines sre also employed for instsllations with
vertical or inclined axis.

C. Impulse or free-jet tucbines

The classes of turbines described sbove are reaction turbines
in which during tcansfer of mechanical energy from the water to
the cunner both potentisl and kinetic energy change. During
operation the water completely fills all the passages of the tur-
bine. Under normel cavitation-free conditions there are no free
heater surfaces inside the turbine.

The hydrauslic sction in impulse tucbines differs radicaily
from that of cesction turbines. 1In inlet passages of the impulse
turbine the whole of the store of mechanicel energy of water is
converted into kinetic energy of s free jet. Ducring interaction
of & jet ocr several jets with the runner blades energy transfer
takes place.

Ther: sre many different designs of impulse turbines. Below
we describs the designs which sre of interest from the stendpoint
of their agplication st small hydropower plants.

As s rule, impulse turbines are used st hydropower plants
chacsctrerized by high heads and low discharges. The inlet passage
of the turbine terminates in the nozzle set from which the water
discharges.

According to the known lew of free flow to stmosphere, the
weter velocity

Vi =+ (2gHq) 172 (23)

where 2 Coefficient of velocity (0.98-0.99 for high quality
nozzles)

Under the head Hp = SO0 m V; = 98 m sec”l, and under
the head 1,000 m Vj = 138 m sec-l.

Thus the discharge
Q = Vi = £ (2gny)1/2 (28)
where fJ = Jet srea
The watec discharge entering the trunner under s constant hesd
is determined by the area of the nozzle opening. The control of
power osnd discharge is effected by nozzles with vecisble opening

area ranging from the maximum value to zero.

The pnwer develnped by .e impulse turbine is

PQ_ = 9 81 Q"“"t = 9.81 2‘1/? ijnt“z/z

It is obvious that the power which may be developed by the turbine
depends on the head end the opening of the nozzle. Dependence of
power on the runner is not explicit. Here only the effect of
efficirncy is observed.
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1. Pelton turbines

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

Figure 13 illustcates the scheme of the water supply nozzle
{1-needle, 2-csasing). The form of the needle and the nozzle plays
sn impoctant part for operation of the turbine because this form
determines hydraulic losses of the jet. With an unfavoursdle form
of the needle and the casing cavitstion and sssociated cavitation
failure occur oa their surfsces.

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

Pelton turbines are used under high heads. Water supply is
provided through long penstocks. When controlling the dischacge
by the nozzle additionsl loads msy take place in the penstock due
to pressure rise. A quick closing of the nozzle results in s
hydraulic hammer in the penstock due to braking of & lsrge mass of
water. For ceduction of the hydrsulic hawmer it is necessary to
lengthen the time of closing of the nozzle, which is not possible
in all cases.

During operation of the turbine a quick generstor load
shedding may take place. To avoid excessive accelerstion of the
cunner it is necessary to block the water supply to the runner.
Because of & strong hydrsulic hsmmer the nozzle is incapable of
such operation. Therefore some designs provide for deflectors.

FPigure 13 shows the scheme of a jet deflector. When the
deflector enters the flow the direction of the jet changes and the
jet passes by the runner.

Figure 13. Water supply nozzle

{
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Figure 14 shows the scheme of the deflecting device which may
cut off and change the direction of a part or the whole of the jet.

Figure 14. Scheme of deflecting device

Ducing & speedy change of the turbine power the deflector
servomotor shifts the deflector to the required position for s
short period of time (2-3 seconds), ensuring the required power
with the inverisble dischacge through the nozzle. Simultaneously,
the nozzle servomotor moves the needle to the required position.
A full travel of the needle may tske 30-40 seconds. During move-
ment of the needle the deflector is withdrawn gradually from the
jet and st the end of its motion has no effect on the flow.

The scheme of the Pelton runner is shown in figure 15. The
runner is & disk provided with blades and fitted on the shaft.
The blades are arcvanged cicrcumferentially and speced evenly. The
blades have the form of buckets and are symmetric sbout the plane
normal to the turbine exis. The jet fcom the nozzle enters the
jet splitter and is divided into two pacts acting on the bucket
surfaces. During the flow of the water along curvilinear sucfaces
of rotating buckets the velocity of the water changes both in
magnitude and direction. Due to the change of water momentum the
force and the torque are crested st the bucket, thus rotating the
runner.

During rotstion of the runner s successive action upon cunner
buckets is realized so that the kinetic energy of tha jet is used
completely. FPor this certein conditinns with regard to dimensions
of the cunner, dimensions of buckets, their number and rotational
speed and velocity of the water in the jet must be seatisfied.
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High efficiency requires csreful development cf bucket geo-
metry and accurate construction. The runnec rotates in the air
and is slways located sbove the tailwater level.

Pelton turbines may be mounted horizontally ocr vectically.
One ruaner may be provided with several nozzles. An increase in
the aumber .° nozzles results, sll other things being equal, in @
proport .onal increase in power.

2. Banki-Mitchell turbines

Banki and Mitchell independently evolved the design of the
turbine which bears their name. Modifications to the design, such
ss that of the Ossberger Turbine Fabric Co. iu the Federal
Republic of Geraany, were later introduced.

Figure 16 shows the design of the Ossberger turbine. The
horizontel shaft houses the cunner (1) with evenly spaced cylin-
dricel bent blades (2). The water supply to the cunaner blades is
effected through a rectenguler nozzle the width of which is equal
to thst of the runner. Some designs provide for & guide vane (3)
in the upstresm section of the water supply line, by which it is
possible to control the water discharge from zero %o the msximum
value. Thus the power of the turbine is controlled.

Figure 16. Design of Ossberger turbine
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The water flows through the runner twice, first from outside
and then from inside. During the first cycle 70-75 per cent of
the svailable energy of the flow is used and the remaining portion
is used during the second centrifugsl cycle.

Among impulse turbines Baaki-Mitchell turbines have the high-
est specific speed. It is well known that an increase in specific
speed of Pelton turbimes provided with one nozzle mng = 25-30 is

associated with increased losses snd lower efficiency. A change
to s multi-nozzle design for small turbines is unsatisfectory

be-suse of higher costs snd complicated maintenance.

The lower limit of application of Frencis turbines with
regard to the specific speed is 80-100. At ng < 80-100 effi-
ciency falls substantially.

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

For turbines of small hydropower plents Banki-Mitchell tur-
bines may be used in the mentioned range of the specific speed.

3. Turgo turbines

One of the variants of impulse turbines is the Turgo or
inclined-je* turbine. The design has much in common with the
Pelton turbine. Figure 17 shows a flow disgram of the design.

FPigure 17. Flow diagram of Turgo tucbine




As with the Pelton turbine, a nozzle with an adjustable
needle is used in the design of the Turgo turbine. The water sup-
ply to the runner is provided at a certain angle 7} to the plane
of rotation of the runner.

The runner consists of blades fixed to outer an ~ner
disks. The blades are of a complicated bucket-line sh. che
optimum dimensions of which sre determined by laboratory stul .-.

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

Manufacturing methods of Turgo turbines are simpler than
those of Pelton turbines.

Investigations demonstrate that the optimum range of applica-
tion of Turgo turbines is ng = 30-60, with one nozzle avail-

able. Turbines with two nozzles are also used.
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III. TURBINE CHAKACTERISTICS

A. Power chsractecistics

Operating conditions of turbines at the hydropower plant are
determined by chsracteristics of the power consumer snd character-
istics of the turbine. Wwhen the hydropower plant operates in s
power system where power consumption mey vary permanently and con-
tinuously, the operating conditions of the turbine change so that
the amount of power demand and power supply ste equsal.

A hydraulic turbine is an energy-converting machine which by
its design features and potentislities provides a wmeans for step-
less control of power generstion over a relstively large range.
However, qualitative characteristics of the turbine during opera-
tion under different loads expressed in terms of efficiency vary
over a wide range.

Since power developed by the turbine is
Py = 9.810Hn'\t (25)

then under a constant head the discharge through the turbine has
an sapprecisble effect on the power.

For Francis and propeller-type turbines the discherge is con-
trolled by variation of the gate opening 8;. Usually ag sig-
nifies the diameter of a circle tangent to two adjscent gates, and
in this case it contacts one of the gates at the trailing edge.

During operation of the turbine at the hydropower plant
changes in the head with time are possible, but they are relative-
ly slow.

The efficiency ny depends on operating conditions of the
turbine. The complicated interrelations between the main opera-
ting parameters of the turbine may be established only through
model tests of the turbine in the laboratory.

The model of the turbine must possess geometric similarity
with the full-size turbine with regard to sll elements of the tur-
bine 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 measucred simul-
teneously: net head (H,); discharge (Q); rotational speed (n);
snd hydrsulic torque on the rtunner (Mp).

During the change over from one condition to snother all the
messured values may very over a wide range. For creation of con-
ditions suitable for compavison of turbine cheracteristics the
latter sre reduced to unified conditions.

The reduced tucrbine paremetars are calculated by

M R - . ’ z P (26)

= 2D Q Qe P
1 R tl
T b2 (Mo 1/ o? ":/2
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These formulae differ from formulae (17)-(19) because in the reduc-
tion of characteristics to the turbine with D = 1 m and Hy = 1 m
the hydraulic efficiency ". is not scaled.

The turbine model tests are carried out over a wide cange of
veriation of operating conditions at different openings ay of
the wicket gate and different blade positions ¥ of the Kaplan run-
ner.

Figure 18 shows the hill diagram of the Francis turbirne.
Here the cnurves of constant opening of the wicket gate assembly
a9 = const are plotted or the ny - Qi co-ordinates and
the curves np = cons®. are plotted as well.

Figure 18. Hill disgram of Francis turbine
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During operation of the t-rbine at the power plant the rota-
tional speed is maintained constant. In this case if the head is
sssumed to be constant then ny = const.

Of particular interest are the characteristics showing
Py1  versus Q at n; : const. Figure 19 illustrstes
the typical churacteristécs of the Francis turbine. It is seen
that an incrcease in Qp through opening of the wicket gate
results in a tise in power P{y wup to a certsin limit. With
a furthet increase in opening of the wicket gate ag and in dis-
charge Qp the power Pyy decreases. This is becs o of
s rapid decresse in efficiency. Figure 19 also shows "y v rying
with Q.

It is obvious that operation of the turbine at Q' ., Q' is
tnefficient because it is not associated with a rise in ‘%S&er.
Ususlly the results of mndel tests determine the conditions in
which the turbine has the maximum value of the reduced power. The
limiting conditions with regard to power hevond which it is not
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recommended to operate the turbine are frequently assumed as
0.95 P’ . In figure 18 there is a dashed limne beyond which
turbine msgeration is inefficient within the range of high QJ.
This is a power limit line. From the standpoint of the design
this limit is reached by the opening of the wicket gate assembly.

Figure 19. Typical characteristics of the Francis turbine
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In principle the propeller turbine hill chart does not differ
from the Prancis turbine characteristics. The difference is that
the area Qi in the cheracteristics with high efficiency is
considerably less in propeller turbines.

The propelier turbine is a variant of the Kaplan turbine with
fixed runner blades. The propeller characteristics vary with the
blade position t. During opening of the runner blades the field
of the characteristics covering high efficiency shifts towards
higher values of Qi.

Thus, with variation of the fixed position of the runner
blades and with ~ther unchanged structural elements it is possible
to enlerge the field of turbine application,

Figure 20 shows the cHsracteristics of the Kaplan turbine.
It was derived from generalization of all propeller characteris-
tics at different blade position. The characteristics of the
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Kaplan turbine demonstrate the optimum relationship between the
blade position and the opening of the wicket gate ag. The
design of the Xaplan turbine provides for stepless control of the
wicket gate opening and the blade position. With double control
use of the Kaplan turbine results in a wide range of values Qj

at which the efficiency is high.

In modern use of Kaplan turbines at small hydropower plants
the design in which the wicket gates are fixed and the cunner
blades are adjusteble finds application as a variant. Sometimes
turbines with such a mode of control are called Tomman turbines.
The cegion of high efficiencies of such turbines is wider than
that of propeller turbines and narcrower than that of Xaplan tur-
bines.

The most simple design of the axial-flow tucrbinre includes
fixed wicket gates and fixed runner blades. Power and discharge
control under constant head is excluded. The turbine can operate
in either mode only.

The power limit curve is not plotted on characteristics of
Kaplan turbhines. Usually en increase in Q' during operation of
the turbine is limited by cavitation conditions. At high values
of Q' differing considerably from optimum values the cavitation
factor - rises rapidly. Therefore in conformity with the operating
conditions of the particular power plant the maximum value Qi is

determined by cavitation-free conditions of operation.

It was noted above that the power developed by the Pelton
turbine may be controlled by the change of water discharge sup-
plied by the nozzle. By variation of the needle position it is
possible to change the digcharge from zero to the maximum limiting
velue governed by the design.

Let us now consider the Pelton turbine hill chart, an exemple
of v .ich is shown in figure 21.

First we note that in Pelton turbines the optimum reduced
speed nj 140 min-l. With variation of ni the efficiency
declines rapidly Second, with variation of the turbine discharge
by means of the nozzle needle the efficiency remasins high over a
wide range of operating conditions. Third, at constant opening of
the nozzle the value Qi remains constant irrespective of the
value nj.

The characterigtics of the Turgo turbine with an inclined
nozzle (figure 22) are almost similar to those of the Pelton tur-
bine. The difference lies in higher specific speeds due to
higher values of Qi. As with the Pelton turbine, the reduced speed

in optimum conditions is about 29-40 min-l.

Figure 23 illustretes charscteristics of the Banki-Mitchell
turbine manufactured by Ossberger Turbine Fabric Co. The distin-
guishing characteristics of this turbine are the ability to con-
trol the discharge over a wide range. The water supply nozzle of
the turbine is divided into two sections, the relative widths of
which are respectively equal to 1/3 and 2/3 of the full width.
Bach section is provided with an independently driven vane (2)
(figure 16). One section may be closed for the flow, while the
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other one may be full or partially open. 1In this case it is pos-
sible to exercise the step-control of the discharge when the max-
imum discharge of the turbine is 3/3, 2/3 or 1/3 of the limiting
value. Additional control is realized by rotstion of the vane.

As may be seen from figure 23, this mode of control ensures
high efficiency over a wide range of discharge and power variatios.

Figure 21. Hill chart of the Pelton ‘urbine
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Figure 22. Charecteristics of Turgo turbine
with inclined nozzle
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Figure 23. Characteristics of the Banki-Nitchell tucrbine
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B. Compsrison of turbines by their characteristics

Opersting conditions of the turbine at the power plant are
determined by the generator losd in the power system and by the
conditions existing for opersting parameters. 1In general, appre-
ciable chenges in the net head and discharge governed by the river
flow and various other conditions may take place at the hydropower
plant. Cross correlation of water conditions of the power plant
with the power delivered to the system is the function of the tur-
bine governor. The main idea is to ensure the most eflicient
utilization of weter resources.

From the above chscracteristics of turbines of different types
it is seen that efficiency varies with the change of operating
conditions. These changes differ from one another in turbines of
different types.

Let us compare turbhines according to their efficiency for
operating conditions corresponding to the optimum value of n' for
each type of turbine. Figure 24 sghows the charncteriltics
obtsined st constant H, and constant a for the relative value of

power. Tt is assumed that the meximum power of all types of tur-
bines is similar.




o' 90 90 no 20

/L .

0%

42
<+
B

b e ——

|
LU
17

/ /
A / v /
9 \ Y
e A = \ e 08
——
el = I o N
%000
uey P H vey 1% $2138129300a8Y0d sulqany ‘¢z 213




- 43

Only a2 quelitetive analysis will be asttempted because the
tucrbine characteristics withirn each type also differ from one
another. From the plotted qualitstive curves it follows that the
turbines of different types rcspond differently to vacistions of
power. From this standpoint Lhe best turbines are Pelton 1 aend
Kaplan 2 tucrbines. The charscteristics of Francis turbines 3 are
lower. Propeller turbines 5 exhibit the most uafavoursble charac-
terislics.

From the compesred charecteristics it is seen that for sxial-
flow hydraulic turbines the most efficient wmeans of control is
varistion of Lhe runner blede position (Tommen turbine &) es com-
pared with opecation of the wicket gate assembly (propeller tur-
bine 5).

The modern Ranki-Mitchell turbine 6 has adequate control per-
formances. However, the maximum level of efficiency in these tur-
bines is lower than that of reaction turbines.

The depcndence of power charsclcristics of tucrbines of dif-
ferent types on the head may also be treaced. As msay be seen from
these characteristics, variation of the head entailing the
change of n’ at constent n produces an effect on efficiency. The
anslysis oe'churncteristics demonstrates that with an increase in
the head ebove the optimum value a decresse in n’ takes place
followed by & decline in efficiency. The reduction of the head
results in an incresse in n’. Here the efficiency declines
sharply, especislly after a certsin velue observed within
(0.4-0.7) Hopt for different turbines.

Kaplan turbines ensure the best performances. In these tur-
bines the value of efficiency remgins high over a wide range of
head variation. 1In FPrencis, Pelton snd Turgo turbines efficiency
decreases rather quickly with a declining head.

The distinguishing festures of different types of tucrbines
govern the conditions of their application st hydropower plants.

Under plant opersting conditions where varistion of the power
end the head is likely to take place over s wide renge, it is
expedient to use Kaplan turbines with double control. The con-
traction of the load veriation range may result in the justified
spplication of Tomman or propeller turbines. Operstion under per-
manent l1osd mekes it possible to use uncontrolisble turbines with
{fixed gates and blades.

Peltor, Turgo end Ranki-Mitchell turbines can he controlled
rather efficiently. All these turbinex maintsin high values of
effiriency over a wide range of loads.

C. Cavitetion in hydraulic turbines

Under certain conditions npcration of th: turbine ot the
hydropower plant msy be accompanied by cavitation in the flow.

It hes been known that wster tempersture st which evsporation
takes place iz pressure-dependenl. At low pressure vepour bubbles
may be formed in the water flow cven et the relstively low water
temperature which is equal to the surrounding temperature.
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In confarmity with the fluid motion law the zones of lower
pressuce in the turbine water passage occur st the point of high-
est velocity. At this very point the bubbles are most likely to
be formed. If the bubbles are numerous the optimum coanditions of
the flow about the surfsaces sce 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 have passed to the zone of
higher pressure. Condensation in progress at that time is sccom-
panied by an instentaneous crise in pressure and local temperature
elevation. A non-stationary rapid process of {ormation and col-
lapse of cavitation ca.erns is accompsnied by high-frequency wave
effects cesulting in pressure fluctuatiom, vibration of units and
eir noise.

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

Thus, for normal prolonged operation of the turbine con-
ditions must be created under which cavitation would not take
place in the flow, while avoiding the failure of streamlined ele-
ments and a deccease in efficiency.

In reaction turbines cavitation may develop in cunner blades
(profile cavitstion), in gaps formed between outer surfaces of the
blades of axiel-flow turbines (gap cavitation), and in the space
behind the runner during deviation fcom optimum operating condi-
tions of fixed-blade tucrbines (space cavitation).

In Pelton and Turgo impulse turbines cavitation may develop
in the needle of the nozzle assembly if its geometry is unfavour-
able.

D. Cavitstion characteristics

Experiments demonstrate that ususlly cavitation takes place
in the water pessage where pressure is equsl to or below the pres
sure of saturated water vapour P,. Dynsmic rarefaction of the
flow depends on the kinetic head, which in its turn varies
directly with the turbine head.

Thoma's sigms in the dimensionless form is

- . _8V (27)

which shows the velue of dynsmic rerefaction in the turbine.
At cavitation free operation of the turbine the minimum pres
suce  in the flow should not be less than the pressure P,.

Therefore it is necessary to meet the condition

B - Hy - “Hy > Ay (28)

where B : Atmospheric pressure.
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Hg is the suction head, which is couated off from the down-

stream water level to the horizontsl plane connected with a cer-
tain turbine element, and

Hy = Py/lg

In axisl-flow vertical-shaft hydraulic tucbines the repre-
sentative 2levation of the turbine is usually the pivot of cunner
bledes (figure 12), in vertical-shaft Francis tucbines it is a
mid-plane of the wicket gste assembly (figure 4), and in
horizontal-sheft turbines it is the highest elevation of the rua-
ner blades (figure 11).

Cavitation coefficient : is determined during model tests of
hydraulic turbines in cavitation test units provided with a system
of water circulation eround a closed path. Inside the test unit a
vacuum pump lowers atmospheric pressure Pg = -gB to the level at
which cavitation in the turbine is at its highest and the effi-
ciency declines. As s result of the test the critical value of
the turbine cavitation coefficient is calculasted as

B-H -H
= s v

using the known measured values of operating psrameters.

Cavitation tests of turbine models are carried out for dif-
ferent operating conditions of the turbine over the whole antici-
psted range of operation. On the basis of test results cavitation
charecteristics of turbines are constcructed with the curves - =
const plotted on the turbine hill chacrts (figure 18), or they sre
constructed in the form of individusl characteristics (figure 29).

The analysis of cavitation characteristics of the turbines
shows that the coefficient - depends on operating conditions. 1In
particuler : incresses with an increase in Q' at n’ - const

. 1 1
(figure 25).

E. Cavitstion-free conditions of turbine operation

At the hydropower plant the turbine shall be instelled so
that no cavitation takes plsce in the turbine in any opecating
conditions. Por this purpose the type of the turbine and its
series must be selected for the specified ranges of head and power
varistion. Besides the suction hesd H, shell be defined for the
turbire.

Prom the formula (4.4) it follows that
Hg < B - Hy - "Hq (29)

The estmosphere pressure 3 depends on locsl conditions con
nected with location of the turbine above ses level. Moreover, B
depends on ciimatic conditions in whicrh the reduction of the
atmospheric pressure below the average value by 0.35 0.45 m of
water column is possible.
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The pressuce H, of satursted wster vaspour is within
0.08 0.43 of water column at weter tempecature 5°-30°C. For par-
ticuler conditions of turbine installation B and H, are usually
fixed by the mean level.

Figure 25. Cavitstion chacacteristics

6

The suction head Hgy is selected at the stage of design pro-
ceeding from the conditions of the powerhouse layout and construc-
tion features. For small hydropower plents the efficient range of
values H, is within 2-6 m. Average design values Hg are 1-3 m. It
is obvious that the particuler value Hy depends on dimensions of
the tucrbine as well.

Formula (29) must be followed to satisfy cavitation free
operating conditions of the tucbine. When selecting the turbine
type it should he remembered that the higher the head H, the
less must be the velue - of the turbine.

For turbines opersting under lnw hesds ¢ may reach the limi-
ting values of 1.5-2. For high-heed turbines 7 2 0.03-0.04.

Cavitation coefficient « depends on geometrical dimensions of
the turbine water psssage and in pacrticuler on dimensions of the
cunner passage.

The sxial flow hydraulic turbines characterized Py high
specific speed and the highest values ni and Qy among
reactinn turbines feature the highest coefficient 3. The Frencis
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turbines have lower values ni. Qi and T in the range of
optimum operating conditions. The Kaplan and Francis tucbines in
their turn possess different dimensions of the water passage, each
veriant of which forms a series of tucbines. Among Kaplan tur

bines several series may be distinguished. Eack secies is charac-
terized by the optimum field of application. Prancis turbines arce
similar to those of Xaplan turbines in this respect.

Each series of turbines has z limitation of the field of
spplication on the maximum head imposed by cavitation-free opera-
ting conditions of the turbine. Installation of the tucrbine at
the hydropower plant with the head exceeding the maximum value
cequires locating the turbine with high negative values Hg, in
other words, a deep setting of the plent and an increase in the
construction cost.

The suction head is determined by the following formula:

Hg = 10 - .= - Kg = Hy (30)
900

whece - Tail-water level with respect to sea level (m)
ks = Safety factor

The safety fector Kg 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 velue cf the cavitation coefficient of the
unit

P T on
H
n
st 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 tucrbine a cer-
tein disturbance of similarity of Flows connected with the scale
effect takes place. Usually in large turbines - is of a higher
value than in the model.

Under conditions cocresponding to the criticsl value - cavi-
tation develops in the turbine. 1In full size turbines installed
at hydropower plants it may bring about pitting in the runner.

Based on the above considerations, the safety factor Kg,
the value of which depends on the secries and type of the turbine
and power, is introduced. It may be determined from existing
structures that

Kg < 1.1 2.0

It is recommended that the value of K; be increased to 2.5 for
complete =sliminatina of cavitation, Application of cavitation:
cesistant materials makes it possible to reduce the value Kg.
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It should be noted that en inc-ease in the safety factor
leeds to either a deep setting of the powerhouse or the use of
low-speed turbines and enlargement of their dimensions.
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IV. STANDARDIZATION OF TURBINES FOR
SMALL HYDROPOWER APPLTCATICN

A. Objectives of stsndardization

The coanstcuction of small hydropower plants involves high
specific costs. Intensive application of unified mass-produced
elements both in civil works and electromechanical equipment would
wmake small hydropower plants more competitive. The recent renewal
of interest in developing the hydropotential of small stream flows
slsn? calls for upgreding their economic viability both in con-
struction and operation.

At present it is still hard to delineste with sufficient
sccurscy the limits of application of the terms ™"small hydro-
electric plant”™ and "smell hydcroturbine”. Further development of
small hydropower sources will determine more saccurately both the
minimum and maximum unit capacity fields.

Let us regard units with installed capacity of 50 W < Pt <
10,000 kW as covering the range of small hydropower applicationms.

Depending on site conditions, smsll hydropower plants can
develop heads in the range of 1 m < Hy; < 1,000 m which will be
fessible for practical applicsation.

The zone of operating parameters for small hydroturbines can
be determined from the following formula

Py = 9.81H,Q", kW

Figure 26 gives this zone in logarithmic co-ordinates.

. P
Since  1ogH, = log 3 a: - logQ
. )

taking an averaged velue of n,, we obtain the linear relation-
ship between H;, and Q for constant Pp in logerithmic co-
ordinstes.

The problem of smell hydroturbine standardization consists in
development of & number of series and sizes of turbines which
could be effective tools in exploitation of water resources fur
sny combinstion of H,, Q and P fitting into the zone shown in
figure 26.

Finding a solution to the problem of turbine standardization
will allow development of turbine design types, unificetion of
structurel elements, ss well as a change-over from the custom-nade
approsch to series production. All this would make it possible to
reduce the cost of equipment and delivery time.

B. Line-up of series of reaction turbines

One of the major problems in standardizstion of smsll hydro-
turbines is to establish &« precticaeble line-up of turbine series.
The expecience geained in hydraulic turbine engineering indicates
that the field for potentisl aepplicetion of reaction turbines
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can be covered by two types, namely the Francis turbine and axial-
flow turbines. Axial-flow turbines are used in the low head zomne,
and Francis turbines in the high-head zone.

The turbine chacacteristics including parameters nj,
Qi, 7 under the optimum operating conditions depend on the
relative dimensions of the water passage, with the relstive dimen-
sions of the runner having a tsngible effect. Replacement of the

cunner results in & considerable change of energy and cavitation
characteristics.

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

The turbine size is normslly characterized by the runner
diameter. In the case of the Francis turbine, the diameter Dy
(figure 4) is fixed. This dimension represents the maximum
diameter taken at the inlet edges of the runner blades. There are
cases where the characteristic dimension is the diameter Dy
taken at the runner crown or the diameter D; taken at the shroud
(figure 4). Hence each turbine is characterized by the dimension
and designation.

When developing the standard for small hydraulic tucbines,
the number of regquired series and a normsl line-up of runner
diameters should be established. An increase in the number of
series and sizes of the turbines covered by the standard allows
selection of the effective turbine for practically any operational
perameters. But manufacture of a wide range of the turbines would
decrease production efficiency and increase the cost of equipment
involved. The number of standard types should not be extended
beyond the economically justified limits.

We now consider some general concepts that should serve as
guidelines in tackling the problem. As mentioned above, to
provide cavitation-free performance each series of turbines has a
limited field of application with regard to the head.

Deep setting is not economically justified for smsll hydro-
power plants. It seems that Hg = -2 m might be taken as the
limiting suction head.

The relationships between the limiting values of Kg' and
the head H, have been plotted for various suction heads accord-
ing to the formule:

B-H . .
Kg: = —_8%, log{Kg:) = log(B-Hg) - logH, (Figure 27)
H
n

The minimum value of the cavitatinn coefficient sigma o
secured for high-head Francis turbines is equal to about 0.03 on
the S per cent output margin line and at the optimum values of

ny. If the cavitation safety factor is assumed to be Kg =
1.15 1.20, then Hg = 400 m would be considered the limiting head
for small hydraulic turbines. 1Increase in the limiting head to

500 m at the asgumed safety margin will result in a deeper setting




Figure 27.

Field of application of turbine series
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of the hydroplent and Hg = -7.5. However, such a solutiom is
not practicable.

We now illustrate one of the possible alternatives for
selection of the number of series and the field of application for
each series (figuce 27).

Tt is assumed that for the limiting velue of the cavitation
coerfficient sigma ; which is characteristic of the turbine, the
minimum suction head should not exceed Hg = -2 m. Taking @
minimum cavitation coefficient: = 0.03 and safety factor
Kg = 1.2, we will secure the highest head series for the head
range 115-340 m. It is further assumed that the limiting head of
the next series for H; = -2 m is equal to the limiting head of
the preceding series for Hg = 2 m. Then the ratio of the
limiting cavitation coefficients is 1.5, that is

el = 157
Following this reasoning it is necessary to have 8 series of
Francis turbines for the head range Hg = 340-20 m. The limiting

heads and cavitation coefficients are given in table 2.

Table 2. Limiting heads and cavitation coefficients
of Francis turbines

Series F8 F7 F6 F5 F4 F3 F2 F1

nax
Hy min 20/7 30/10 45/15 70/25 100/35 150/50 260/80 340/115
Hp

“max 0.47 0.32 0.22 0.145 0.095 0.065 0.043 0.03

Five series of Kaplan turbines should be available for the
head range H, = 30-6 m. The limiting heads and cavitation co-
efficients are given in table 3.

Table 3. Limiting heads and cavitation coefficients
of Kaplan turbines

Series KS K& K3 K2 K1l
max
Hy min 6/2 9/3 13/4.5 20717 30/10
Ha
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The procedure illustrated above for selection of the number
of series and the head range for each series is not the only pos
sible way.

When eassigning the number of series and specific speed for
each series other conditions are also taken into account, and the
practical experience of the company working out the standard is a
significant factor. The large turbine menufacturers have accumu-
lated considerable experience in developwent of highly efficient
turbines for large-scale installstion to meet the different opera-
ting conditions. Tn some cases, the number of Jeveloped secries of
Francis and Kaplan turbines exceeds the figures given in the
example.

Incresase in the number of series allows selection of a8 more
efficient turbine in terms of energy and cavitation characteris
tics for each specific case.

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

quality of equipment.

C. Normal line-up of diameters

Each series consists of s number of turbines with geometri-
cally similar water passages that differ from each other by the
nominal dimension, which is the diameter D; of the runner.

Some general aspects related to the selection of a normal
line-up of the turbine dimensions are considered below.

Suppose that a series of turbines for which the hill chart is
aveilable has been selected for certain rated values of the tur-
bine gower Py and head H,;. Select the rated point on the
3 per cent output mergin line of the hill chart (figure 18). Then
sccording to formula (19) and taking into consideration that

Pr1 = 9.81 Q1 e

the dismeter D; of the runner can be calculated. The minimum
size of the runner will provide the specified power onutput
(curve 1, figure 2b). Should a bigger size of the runner be taken
for the same power output the rated point on the hill chart would
shift to the zone of lower values of Q). Figure 28 shows
performance characteristics for turbines of various sizes. Cucrve 2
corresponds to the turbine with a larger-size runner.

When running the turbine, its power output may vary within
wide limits depending on the losd demsand and flow availability.
The generstor capabilities hinder the output increase, and a heavy
power drop decreases the efficiency value. As seen from figure 28,
the average value of efficiency appeacs as ngyy > 'ipy2 Within the
power variation cange P™AX _ p®IN_ 1¢ implies that at a bigger
diameter of the runner Ehe tugbine governing is less effective.
The btigger the difference in the runner dismeters the bigger is
the valie 'ry (figure 28).
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If the power regulstion range and the allowable decrease of
lr ¢ 8te specified it is possible to determine the dJeviation of
dismeter for two runners adjacent in tecrms of their size. Similar
work can be conducted for all secies of Francis and Kaplan tur-
bines.

Figure 28. Turbine performance characteristics

Te
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The following conclusions may be drawn on the basis of cur-
rent experience of turbine engineering:

(a) Reatio KD = Dn’x/bn

lies within 1.05-1.2 (where Dj,7 and Dp ere dismeters of the
runners of two adjacent turbines);

(b) Por the values of Kp up to 1.07, close correspondence
of the designed turbine with its optimum operating conditions is
provided;

(¢) The lower value of Kp should be tsken for larger-size
turbines;

(d) Kp can be raised to 1.12-1.15 for very small turbines;
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(e) Higher values of Kp are allowable for Kaplan turbines.
It should be noted that the power variation when changing

ovet to another diameter under the assumed conditions is
proportional to 12. that is

2
Pe.ne1’Ptn = %o

It means that the maximum power varies by 1.1-1.44 times.

D. Field of spplication of turbine series

Supplementary charts intended for preliminary selection of
the turbine series and size as well a&s other operational param
eters must be plotted on the basis of the development of a stand-
ard line-up of turbine series and dismeters. Some general con-
cepts which serve as the basis for the required plotting are con-
sidered below. We assume that there is a hill chart of the model
turbine on which the given series is to be based.

Ficst we take the mode of operatiorn lying on the line of
optimum value “ic as the design vslue. For the Francis tur-
bine, it is practical to take the design value Qic lying on
the 5 per cent output margin line or close to this zore. For
further computations we assume that the values “ic and
Qic sre known for the given series.

Neglecting the difference in efficiency of the model end
life-size small hydroturbines, from (i7) and (18) we have

ni = 1 3 Q' = Q
1172 2 -1/72
n, 1 n,

and feom tt.s it follows that:
logH = -2log Q! o’ . 2lo0g Q
n lc 1

logH, = %105 . 2 . glog Q9
. n . .
‘Me! 1c

' .

It may be seen from these equations that for Dy (constant)
the reletion HL(Q) is of s linesr nature in logarithmic co-
ovrdinates. The lines Dy (constant) form & family of parallel
lines inclined at an cngle of « = arctg? = 63.43° to the sxis logQ.

Relations HL(Q) for n (constant) are also of a linear
nature in logarithmic co-ordinstes. The lines n {(constent) form s
femily of perallel lines inclined st en angle of - arctg 2/3 -
33.69° to the sxis log Q.

In figuce 29 is shown, as an eximple, the field of aspplica
tion for one series of Francis turbinés. The model characteristic
with '

nle » 68 min-l Q. 20.75m} sl - :o0.07
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in the design mode of operation is taken as the input dsta. It
shows also the lines of the continuous tucbine output.

As logH, is given by

4
logH, = log_t - log Q
-81n
the lines of Pp (constent) sre inclined to the axis log G st an
angle of -45° in logarithmic co-ordinates.

At the same time, the scale log Hg 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 Hg; = -3 to 6 m, turbine power 1,000-10,000 kW and
runner diameters Dy = 0.45-1.3 a.

Preliminacy selection of the basic turbine operational param-
eters can be made on the bssis of the nomograph in figure 29. For
example, the dismeter Dy, speed n and suction head Hg csn be
deteruined from the specified head and power. But the values
D;j, n and H, obtained in such & way may turn out to be
unacceptable.

The runner diameter may not cocrrespond to the values covered
by the standacdized line-up. The rotative speed may differ from
the synchronous one. When adjusting to the nearest recommended
magnitude the values D; and n obtained from the nomograph, the
operating conditions tend to shift from the design point. But the
nomograph in figure 29 can not be used to assess whether the
obtsined deviations sre permissible.

In this connection it is good practice to construct first the
nomographs identifying the field of potentisl applicetion for the
turbines of the given series with dimensions corresponding to the
standardized dimensions end with synchcronous speed.

It should he noted that in current practical espplications of
turbines for small hydropower production both direct coupling of
turbines and generators snd step-up gesring are accepted.

Direct coupling is always employed when the turbine hes a
high synchronous speed allowing the use of a high-speed genera-
tor. At low values of n, the turbines can be directly coupled to
the generator or through step-up gesaring.

For direct coupling and 50 Hz frequcnc{, n = 1,500, 1,000,
750, 600, SO0, 428.6, 375, 333 and 300 min~"; at 60 Hz frequency
n : 1,200, 900, 720, 600, Sl4, 450, 400, 360 and 300 min-1l.

A chesper step up gesring calls for development of a standard
line up of gear sizes with the fixed tcansmission ratio. Thus
application of high-speed generators togather with step-up gesring
will govecn the standerd line-up of turbine speeds that differ
from the synchronous ones.

The methods for identifying the field of application for tur-
bines of the given seriesg, the size and speed of which correspond
to the standard line up, will not be considered.
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When plotting the field of application shown in figure 29.
rather definite operating conditions with fixed values “ic
and Q. are involved. As seen from the hill charts for esch
series of turbines, there is a zone where the turbine features
high enecgy charactecistics. Any mode of operation in this zone
can be taken as the designed one. Let us limit the 2zone of
favourable tucbine application by the values of fjpgy - Olmin
and Qimax  Qmin-

The designsted turbine output under the fixed head can be
ohtgined using turbines of the given series which have the diam-
eters Di for Qi-“ and D{ for Qi-in- Subject to the equality
of discharges, the following can be writtem with an accucacy
determined by the difference in efficiency under Lhese opersting
conditions

2 ibhi2 Q
KD = _1! = _1max
D

14 Qinin

The ratin Kp controlling the normal line-up of diameters,
the values of which are given sbove, corcesponds to the ratio of
the adjusted discharges in the zone of optimum opecsting con-
ditions.

The field of application for the turbine of s certain dism-
eter in the lngarithmic co-ordinates log Q - log H,; is limited
by twn parallel lines inclined at an engle of 63.43° to the axis
logQ. In figure 30 are shown these zones for the 1line up of
diameters with Kp = 1.08 from the same series of turbines. The
field of application for this series is given in figure Z9.

The field of aspplication relative tc head st D; (constant)
and a1 (constant) depends on the magnitude of nigey and
fimin- [n the study case, njgey is teken equsl to 73 min-1 and
Mmin *qual to 63 min-1.

Figure 10 shows the field of effective application for the
turbines of the same series but various dismeters Dy (constent)
st n - 1,500, 1,000, 750, 600, SO0 snd 428.6 min-1l. At n (con
stant} the field of aepplicetion is limited by parallel lines
inclined at an angle of 26.56° to the axis log Q.

E. General laws for Pelton turbines

Certain peculiscities in the operstion of Lhe Pelton turbine
in the zone of maximum efficiencies are considered helow.

Aceonrding to formula (23), the velocity of a jel discharging
from the nozzle depends on the hesd. The interartion of Lhe jet
and wheel buckets results in energy trensfer to the turbine
shaft. The optimum periphersl speed nf the runner circle tangent
to the central line of the jet should be equal, in an ideal case,
to O.GVj nr tn (0.46 0.67)Vj considering the hydraulic losses.

It fnllnws that

fn
" UL (0.46 0.&7)Vj
40
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and taking into account formula (23} we obtain the reduced speed

B = ol = (0.46-0.47) 60 ¢ (2p)1? (32)

All Pelton turbines festuring good energy characteristics
therefore have in the optimum mode of operstion

n; = 39-40 min !

As seen from the Pelton turbine characteristic shown in
figure 21, turbine efficiency tends to drop rather sharply on
departure from the optimum values of ni.

Applying the genersl formuls (24) to determine the nozzle
dischsrge, we obtain the discharge of the Pelton turbine with a

multi-nozzle scrangement Zj

“d? 1/2
Q=2j _‘17(20!“) (33)

Adjusted to D} = 1 m end Hy = 1 m, the discharge equals

) w2 %2
Q) = ?__9__1 5 * —¥(2p) Z; !..1
/ 4 D, .
DI(H ) v 1
or
a2
. - Sid 34
Q; = 3.&121;51‘ (34)
vy

This formuls indicates that the reduced discharge depends on
the number of turbine nozzles and the ratio d;/D;.

In the course of discharge control using the needle, dj

varies from zero to s maximum velue which governs the maximum tur-
bine discharge.

It has to be noted that the turbines intended for small
hydropower application should not have more than two nozzles.
Otherwise turbine construction and its operation would become too
complicated.

The specific speed of the turbine equals

365 nece oy 12 4y
ng = 3.65 ni(-,Q)) - (249 255)(2j) =

The studies conducted show that for dj/DI » (176)/(1/7), the
efficiency tends to dcop significantly. The limiting values of
ng for the single nozzle turbine is 136 42, while for the two
nozzle turhine, it comes to 54 60.
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The turbine characteristics become optimum at d;/D; =
(1/10)/(1/15). Therefore the specific speed preferable for the
single nozzle tucrbine is 16-26, and that for the two-nozzle
srcangement is 22-36 under the optimum operating conditions.

F. Standardization of Pelton tucrbines

Turbine power is governed by the head and the nozzle dimen-
sions, and does not depend on the runner dismeter. 1In this con-
nection, the jet diameter dj is one of the major dimensions of
the Pelton tucbine.

With a change in the diameter dj, the turbine power, other
things being equal, tends to change proportionally to d§.

One of the problems to be worked out in standardization of
the Pelton turbine is to establish the line up of the nozzles
differing in basic dimensions, particularly in the maximum jet
diameter.

In figure 31 is shown the characteristic of turbine 1 for

various loads. It is seen that the tucrbine features a high
efficiency in s wide range of loads. At partial loadings the
average operational efficiency Mg, 2 tends to decrease, but not
significantly.

Figure 31. Turbine characteristics for various loads
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It is evident from formula (33) that the relation Huy(Q) in
logarithmic co-ordinates is of a limear nature for constant dj.

Hence
f 2
o Tds 1/2
log H, = _Zlos‘zj__l + (2g) .+ 2log Q
) 4 )

In figure 32 are plotted the lines dj = 0.02-0.29 in the
ctenge of possible application for the Pelton turbine with a
single-nozzle arrangement at the specific speed ng = 25.

The lines of equal runner diametecr are parallel to the lines
d: (constant). In the given case for di/D; = 0.1 we have
D} = 10 dj. Thus for the entire field Q-H, the range of
runner diame{er variation lies within Dy = 0.2-2.5 m.

Plotted in this field are also the lines n (constant) cor-
responding to the synchronous speed of the generator. Applying
formula (16) we obtain

Y473 2/3 | 2/3
Hn= ‘3-65 %; Q t

' S|

. 1
log Hy = 210g'3.65 1 ' + 31log("Q)
3 , LP 2
For ng (constant), the lines n form in logarithmic co-ordinates
a family of straight lines inclined at an angle of 33.69° to the
axis log Q.

In figure 32 are plotted the lines of constant speed for
synchronous values in the range 187.5-1,500 min-1.

The field area Q-H lying above the line n - 1,500 min ! is
likely to be excluded from consideration.

The limiting size of the runner is governed by the manu-
facturing capabilities and its maximum value must be limited.

The manufacturers specialized in production of small hydro
turbines can limit the D value by 1 or 2 m.

Assuming Dimax = 1.0 m and the field of application with
respect to head is limited by S0 S00 m, we obtain a field of
spplication for the single nozzle Pelton turbine shown by a thick
line in figure 32.

1t is seen that the maximum power here does not exceed
3,000 kW. The higher power would require a turbine with double
nozzle arrangement. The specific speed of the double nozzle tur
bine is

ngy = ng1(2)1/2

provided the other conditions remain unchanged (ng] specific
speed of the single nozzle turbine).
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The field of application tor the double-nozzle turbine tends
to shift to the right as the discharge will increase as much as
two times. The maximum power is 5,000 MW.

For the study case of Pelton turbine applications, the prac-
tical area of standardized turbine application is limited with
respect to the head by 350-500 m, to the jet dismeter by
0.03-0.1 m, to the runnecr diameter by 0.3-1.0 m, and to the power
by 50-3,000 kW for a single-nozzle arcangement and by 50-5,000 kW
for a double-nozzle arctangement.

The turbine featucing higher values of head and power may be
custom-rade. The preliminary selection can be made on the basis
of the nomograph (see figure 32).

One of the basic objectives of normalization and unification
of Pelton turbines consists in establishment of a normal line-up
of runner diameters, nozzle sizes and wheel bucket sizes. An
integrated approach should be followed in working out this prob-
lem. The following conditions must be taken into account when
specifying the lire-up of cunner diameters.

A turbine with certain runner dimensions can operate within
limited head variations. Figure 21 shows that at departure of
n] from the optimum value, the cost effectiveness of the tur-

bines decreases significantly. It is therefore practicable to
limit the operating zone by the limiting values of nim“ and
Main

Let the area of application for the turbine with the cunner
D, be limited by the hesds HRIM and HE8X and that for the tucrbine
turbine with the cunner D,,; by the heads H::{ and H::?.
Assuming fucther tnat
Hmax _ ymin
n a+l

and n is equal for both turbines, we will find that according to
the formula (32) for reduced (unit) speed,

*
Dn¢i 2 nlta:
D n: .
n Imin

For the specific case considered above, we may take
Nmex = 42.5 min~l, nipin = 38 min-l. Then the factor of the
dismeter line-up is

D
Kp = -0+l - 1.118

Dn

Since Dpj, is taken equal to 0.3 m and Dy, - 1.0 m, there
must be N of different runner sizes where

D )
N.-lfj mufﬂ»l;u.s
log KD

Assuming N - 11, then Kp = 1.128 at “imax - 62.6 min b und
"imin < 38 min 1,



Lines of constant spced for synchroncus generator values
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F.

- 69 -




- 66 -
Thus we obtain a ncrmal line-up of runner sizes determined
from the formula
Dps1 = 1.128D,
sfter rounding off

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

We now pass to the determination of the liame up of nozzle
sizes.

As has been assumed above, the minimum jet size djpip is
equal to 0.03 =m. Considerirg the optimum catio d;/b given

sbove, we see that the maximum ruanner diameter to be etfectively
used with the given rozzle is

D 14 djgig
For the specific case we obtain D = 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 are made by the formula

J V2
Hpin = ,D D)
n
. lmax
In particular, at n = 1,500 and D = 0.3-0.43, the area of
heads 112.0-292.0 m is overlapped (see figure 33).

The maximum jet diameter for the study aeres is determined to
secure tiae optimum ratio:

Dmin/djmsx T, Dn:x/djnax ~ 10
sssuming at the same time that djpex = 0.043 m.

Thus for D = 0.3-0.43 and n = 1,500 the nozzle should be
sppli2d which provides a maximum jet diameter of 0.043. Closing

of the nozzle down to dj = 0.03 m will result in discharge drop

Omax . fdjmcxizs 2.0%
%in (djmin;
which will not cause & tangible decresase in efficiency.

As findings of the Pelton turbine tosts show, the sizes of
the wheel buckets have a certsin correlation with the jet dism-
eter. Therefore all runners operating in the study zon: must have
definite and identical bucket dimensions.

A similar method is used to determine the size of other
nozzles, as well as the area of spplication for the runners of
different gsizes operating at different sheft speeds.




Table 4,

Winimum turbine head values

Nuaber Din 1 500 1 000 150 600 S00 428.6 3715 33 300
- - - - - -1 0.3 111.6 49.6
2 0.34 143.6 63.7
3 0.38 179.0 19.6 44.8
4 0.43 229.2 101.9 57.3
S 0.485 291.6 129.6 12.9 46.7 \
6 0.545 368.3 163.7 92.0 58.9 40.9 %
? 0.62 476.6 211.8 119.1 16.2 2.9 ’
8 0.69% N9R.9 266.2 149.7 95.8 66.5 48.9
9 0.785 339.6 191.0 122.2 84.9 62.4 47.8
10 0.885 431.6 242.8 155.4 107.9 19.3 60,7 47.9
1 1.00 $51.0 309.9 198.4 137.8 101.2 77.4 61.2 49.6
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An exemple is shown in figure 33 which makes it possible to
determine the nozzle, runner sizes and speed for any values of
Hn. Q or Pt.

In our study case five standard sizes of nozzles and wheel
buckets for 10 different runner diameters are required for the
area of application of a Pelton single-nozzle turbine at
Hp = 50-500 m and Py = 50-3,000 kW.

Table S gives the required combinations. It is seen that 17
standard sizes of turbines are required tu cover the entire area
of application given above.

A similar procedure meay be applied to solve the problem for a

double nozzle turbine.

Table 5. Required combinations of values for a
Pelton single-nozzle turbine

djmax 0.043 0.05% 0.07




ferent sizes and different shaft speeds

Ares of application for runners of dif
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V. EXAMPLES OF STANDARDIZAT'ON

A. Notms. ization of smsall hydcaulic turbines ir the
Union of Soviet Socislist Republics

Normelization and standardization of small hydraulic tucbines
was undertaken for the first time immediately after the Second
World War in the Union of Soviet Socislist Repuhlics (USSR), which
was striving to meet the demands of the national economy and power
industry and to carry out & programme of construction of small
hydropower plants on a large scale.

The mass production of small hydroturbines was preceded by
work on the development of standards end unification of tucrbine
construction.

In the first instance, a list of short-term sand long-term
demands for small Lydrsulic tucrbines wes drawn up. This 1list
served to work out Lhe line up of turbine types and sizes. 1In the
second phase, the select d systems for mo:t widely spread standacd
sizes wecre developed in ‘etail. The desi1gr development covered
construction not of separste turbines but of the whole turbine
secies. It then became possible to unify separate parts and com-
ponents for a number of turbine standard sizes. As a result,
comgletely normalized coans:ructions have been developed.

Stendardization helps to reduce the size, weight and cost of
the equipment. The turbine construction is more adsptable to the
requicrements of mass production. Speciglized production of tur-
bine equipment can be set up st severel factories.

1. MNomenclature of resction turbines

The range o° heads for reaction turbines is limited by
Hyp = 1.5-250 m. The area of application for reaction turbines
in terms of specific speed lies within ng = 60-1,000.

Each turbine series is chardcterized by the specific speed
ng related to the optimum operating conditions. When the opera-
ting conditions depart from the optimum ones, the efficiency drops.
If an allowable value of efficiency loss is specified, the turbine
of a certain series cen be run within a certain range of specific
speeds.

When the allowable efficiency loss is 1-1.5 per cent it is
possible to develop a set of 10 turbine series. Of this number,
seven will be of the Prancis type. The specific speeds of two
neighbouring series are related by the approximate ratio:

Ng, (nsl) = I.QH’.n—lﬁ

If & 3-4 per cent efficiency loss is allowed, s line up of $
ceries will suffice, and for & 6-7 per cent efficiency drop s line
up of 3 series is sufficient.

But selection of the number of series, as indiceted above,
does not depend on the efficiency drop alone. Cavitstion free
oparation is the most criticel considecation.
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The following ranges of sllowable suction heads have been
adopted for the Francis and Kaplan turbines in developing the
nomenclature for the small hydceaulic tucbines: Hg - 0-3 m (for
the Francis turbine) He = 1-2 m (for the Kaplan turbine).

In complisnce with these restrictions it has been found that
s bigger number of series sre required to meet the cavitation-free
conditions. For example, the Francis turbine requires nine series
within the cange of n, = 80-300 et the specific speed ratio of
two neighbouring series

Ag (ns1) = 1.205 4
and the Kaplan turbine requires five secries.

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

The adopted nomenclature contains 12 series of reaction tur-
bines. Of this number eight turbine series are of the Francis
type sand four series sre of the Kaplan type.

At the initisl phase of practicsl application of small
hydraulic turbines it wss found feasible to reduce the number of
series to six (four series are Francis and two are Kaplan). But
it entails an appreciable efficiency loss of 3-4 per cent.

As indicated above, one of the major objectives of small
hydroturbine standarization is to fix the set of nominsl turbine
dismeters making up a single series. To achieve better conformity
of the turbine to the specified conditions and higher efficiency,
the set of nominal diameters shculd have 8 close intecval, while
the value of the set denominator Ky should be lower.

The optimum conditions sere met at Kp = 1.05-1.075. To cut
down the number of standard sizes, the dennminator Xp can be
raised to 1.11 but it entails about a 2 per cent loss of average
operating efficiency.

At the initial stage of small tucrbine normslization, a higher

value of Kp - 1.19 was adopted. When changing over from one
size to the next larger one, the power increases as much as
1.192 . 1.416. The following line up of dismetecrs is adopted

for Francis turbines Dy = 0.30, 0.35, 0.42, 0.50, 0.59, 0.71,
0.84 and 1.00 m.

For propeller and Kaplan turbines:
Dy = 0.35, 0.46, 0.59, 0.80, 1.00, 1.20, 1.40 and 1.60 m.

In the practical epplication of exisl flow turbines preference
would be given to the propeller turbines becsuse of their simple
construction and lower cost. The blade pitch used to be set oun
the basis of the conditions of applicetion which ensured a high
operating efficiency.

It may he noted that the construction of standeci.ed turbines
can provide for s minor change (about + 3 per cent) in the runner
diameter without disturbing the construction of major components




and oversall dimensions. Such a measure allows th~ loss of an
average operating efficiency to be sigaificantly restricted for a
celatively high ratic Kp.

2. Reaction tucbine configucations

Though great experience has been accumulated in designring,
engineering and manufacture of large-size hydraulic turbines, its
epplication to the asres of small hydraulic turbines is not po:s-
sible without considersble adaptation. To be more exact, the
designs which are peculiar to the small hydroturbines have such a
specific character that they should be singled out in a separate
group of hydraulic turbines.

Since the :ost-effectiveness of small hydroplents is appre-
cisbly lower then thet of large-scale hydropower developments,
efforts should be taken to cut the cost of hydroelectric plant,
including reduction of the equipment cost. There are two possible
ways to achieve this.

Ficst, the cost of tucbine equipment can be cut through the
development of cost-effective designs, unification snd application
of cost-effective manufacturing processes. Here feasible simplifi-
cations in design a.d menufactucing processes will result in lower
cost of equipment without detcriment to the energy and cavitation
characteristics of the turbines. Secondly, types and coanfigura-
tions unsuitable for large-size installations could be used.

Departure from conventionel designs and simplification in
configuration and manufacturing processes would lead to turbines
somewhat poorer in quality but much cheaper.

From the viewpoint of the organizetion of cheap turbine manu
facture, it is practicable to limit the number of tucbine designs.
The first nomenclature varisnts included the following turbine
configuretions:

(s) Vertical-shaft open-flume turbines with elbow type, or
straight dreft tube directly connected to generator shaft or
through step-up gearing;

(b) Horizontal-shaft turbines in steel case with frontal
water supply and shaft passing through draft tube elbow for Py
up to 1,000 kW;

(c) Horizontel shaft spiral turbines for Py up to 2,500 kW.

3. HNomenclature of impulse tucrbines

The nomenclature cf i(.iton turbines will first be considered.
The jet diameter is taken as the parameter controlling the turbine
power. Normelization of the jet line up is one of the major prob-
lems .

If the magnitude of efficiency loss allowable for the Pelton
turbine is taken to be equal to about 7 per cent, the maximum power
output of the turbine can be estshlished within 0.25 0.1 of its
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full power to be obtsined st the maximum nozzle opening. From this
condition it follows that

dj(nol) = Zdjn

Such a high velue of the jet diameter line-up ratio stems from

a flat curve of the Pelton turbine. At this ratio only three jet

dismeters dj = 0.025, 0.05 end 0.10 m can be obtained in the area
of practical interest.

It is desirable from the point of view of manufacturing, but
not economically viable because it csuses an extrs consumption of
metal. In the limiting case when iastalling the turbine, with a
capacity exceeding fourfold the required amount, its linear dimen-
sions will be twice and the mass eight times more then those of the
turbine designed for the given parameters.

Teking into account feasibility analysis, the following
line up of water jet dismeters is established:

dj = 0.025, 0.036, 0.050, 0.065, 0.082 and 0.10 m

The range factor varies from 1.44 to 1.22. When selecting the
line-up of cunner diameters the minimum value Dy/d; = 10 s
taken. For the smallest turbines with dj = 0.025 m {he greater

ratio values are taken, reaching the value of Dy/dj = 20.

As a result, the following line-up of ruanner diameters is
obtained:

Dy = 0.036, 0.650, 0.65, 0.82, 1.00 and 1.20 m

for H, = 40-250 m and Py = 10-500 kW resulting in Q = 0.012-
0.4 m3/sec-1 and n = 250-750 min-1.

The normalization of the Turgo turbines is based on the same
principles as that of the Peltor turbines.

For normealized Turgo turbines d; = 0.025-0.2 m end
D = 0.21-0.84 m. These turbines may be applied in the cange
Hp = 50-400 m and Py = 10-4,000 kw.

The area of application of the normalized Banki-Mitchell
tucbines lies within H; = 10-160 m and Py = 5-300 kW.

B. Small tucbines manufsctured by Voith

Tne Voith company (Austria snd Federal Republic of Germany)
developed the standard line-up of hydreaulic turbines for small
hydropower sapplication, including the following types of units:
Pelton turbines for high hesds; Francis spiral turbines; Francis
open flume turbines; and sxisl flow turbines of tube, pit and bulb
type

“racdact hydesulic turbines cover the following range of
operat ionul parameters:

Ho 7 400 m Q = 0.05-80 m3 gec-1
Pt - S0 10,000 kw
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Francis turbines with the capacity Py > 2,000 kW and axial
flow turbines with the capacity Py > 5,000 kW are custom-designed.
1. Pelton tucrbines

Pelton turbines sre applied in the high-head range with relas-
tively low discharges:

Hp = 40-400m @ = 0.05-1.3 m3 sec-l

The advantages of these turbines sre: better efficiency in
comparison with Francis tucbines in the said area of application;
high efficiency in the wide rsnge of loads; simplicity of design;
and relatively low cost of installation.

The standacrd design provides for a turbine with two nozzles.
The srea of application of each standard size is determined by the
head discharge ratio.

Single-nozzle turbines are applied at

Q = 0.05-0.16 m3 sec-! Hy = 100-400 m
Py = 50-500 kW

Double nozzle turbines are spplied at

Q = 0.06-1.3 m3 sec”] H,; = 40-400 m
Py = 50-4,000 kw

A competitive alternative of Francis spital tucrbine may be
used for the range of

Hy = 40-150m Q = 0.1-0.8 m3 sec-l
The following standacrd line-up of cunner diameters is taken:

Dy = 0.305, 0.340, 0.385, 0.430, 0.485, 0.545, 0.610,
0.685, 0.770, 0.860 and 0.970 m (Kp = 1.123)

when speed n = 1,500, 1,000, 750, 600, 500 and 478 min-1

It should be noted that the runner is made in the following
two slternstive designs:

(a) Wheel buckets are cast integrally with disk and hub;

(b) Buckets are bolted to the disk.

The runner, cast as a whole piece, is cheaper thin the assem-
bled type. But st the same time the second alternative allows
replacement of buckets. The cast alternative is spplicable only

for small dismeters of runner and in case of high specific speed.

The configuration of whesl buckets is estahlished by means of
extensive leboratory tests.

The single nozzle turbine case consists of e welded freme and
s cover, flanged along the horizontel parting joint. The double
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nozzle turbine cover is of two parts as well. The seals are
mounted on the shaft, coming out from the case.

The turbine shaft bescings are oil-lubricated. One of *them
takes up the axial thrust. The bearings intended for high loads
have & water cooling system.

The tucrbine is mounted over the outlet pit into which the
waste water is discharged. The outlet pit is lined with strong
and hard steel plates.

Special needle nozzles sre used to supply water to the runner
and convert the pressure energy to kinetic energy without losses.
Particular attention is paid to proper water supply and its dis-
tribution in the double-nozzle turbines.

Pelton turbines are equipped with a speed governor providing
the following methods of reguletion: nozzle control; deflector
coutrol; and dual control by nozzle and deflector. The water dis-
charge 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. Hence a relatively small
rorce is needed for the needle travel. At the nozzle closure the
pressure increases in the penstock. The pressure build-up amounts
up to 50 per cent at the small hydroelectric plsnt with small-
diameter penstocks.

To reduce the temporary speed drop of the turbine shaft the
flywheel may be epplied.

2. Francis spirsl tucbines

Francis spiral turbines with scroll case water supply are
used at

Hp = 10-150 m  Q = 0.12-12 m3 sec”l Py = 50-2,000 k¥

They are aslso used st lower heads to reduce costs under certain
sperial conditions. They may be advantageous also for turbines of
particularly smsll dimensions.

All turbines have horizontal shafts, since generators with
horizontsl shafts ace cheaper. Vertical tucrbines are recommended
only ss an exception.

To meet the ssid Q-H, requirements the company applies the
sunners of 10 series, depending on the pressure head and suction
head.

For high-head turbines in the range of H, = 100-150 m the
sllowable suction head varies within Hg = -3, +4 m. For lowhead
turbines in the range ' Hp = 15-20 m the allowable suction head
varies within Hg = 3, +/ m.

The following standard line up of runner diameters has been
establighed:




Dy = 0.205, 0.235, 0.26', 0.300, 0.345, 0.390, 0.440, 0.470,
0.500, 0.535, 0.57¢, 0.610, 0.650, 0.690, 0.740, 0.790,
0.840, 0.895, 0.955, 1.015, 1.085, 1.155, 1 230, 1.310,
1.400 m

For small dismeters Kp = 1.136 and for larger diameters
Kp = 1.066. The turbine shaft speed is n = 1,500, 1,000, 750,
600, 500, 428, 300, 250 and 200 min-1.

The 1last three values are used for low-head instsllations
with H;, = 4-10 m.

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

A cost-effective turbine with good cavitation-free behaviour
may be installed to meet practically any operating conditions.

The following distinguishing features of the spiral turbine
design may be noted.

The turbine has a hydraulically optimum spiral case allowing
high water velocity and having the dimensions best suited to
ensure minimum losses. Being small in size, the spirsl case is
made of steel casting. For increased dimensions the spiral case
is welded from plate steel. The steel-welded spiral cases are
provided with 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 acrangement is seldom applied.
Wicket-gate stems are carried in bearings fixed to the turbine
cover. The seal is mountg‘ at the end. Specific attention is
paid to sealing and its réliable service in operation. Special
holes are drilled for removal of leaks so &s to eliminate external
leaks completely.

The vane of wicket-gate levers and links are made of specisl
high-strength steel castings. The gate operating mechanism may be
lubricated during operation of the turbine.

The design of the turbine runners has been worked out in the
hydraulic laboratory. The compsny guarantees the operation of the
runners with the highest possible efficiency. The runners are
characterized by the head, discharge and speed.

The runners are one-piece castings of steel, bronze, aluminium
bronze or chromium steel for tucbines of any high specific speed.
Runners of medium and high specific 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 cunner is overhung on the shaft.
Access to the runner is quite simple should one move as‘de the
draft tube elbow.

When the water flows through the turbine it exerts hydraulic
axial thrust on the runner. Due to this the turbine bearing should
take up the thrust as well. The design of bearings is governed by
the thrust magnitude and turbine shaft speed.
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Voith applies the thrust ring design for ordinary operating
conditions. Self-lubricating oil bearings with fixed position of
thrust surface and without water cooling of oil are used at neg-
ligible hydraulic thrust and speed. The cooling system is
arranged at high magnitudes of axial thrust and speed. Pressure
lubrication is also provided for heavily loaded bearings.

Protective rcings of stainless durable steel in the zone of
the wicket gate assembly are provided in case the water carries
abrasive bed loads.

The draft tube is of an elbow thape. At the inlet section it
has an elbow, which then changes to a straight conical draft tube.
For large-size turbines with a small suction head the vertical
draft tube becomes very long, which requires considerable earth-
moving activities. 1In this case the length of the tube is extended
in the horizontal direction. The tube cross sections change from
round at the inlet to rectangular at the outlet.

To suit the type of generator bearings, rigid or elastic
couplings for the shafts of generators and tucrbines are used. 1If
the generator has slide bearings, rigid shafts couplings are used,
in which case only one bearing in the turbine is required. For
generators with rolling bearings the elastic coupling is pref-
erable, which may make up for slight misalignment of the assembled
shafts. 1In this case the installation of an additional overhung
turbine bearing is required, which may simultaneously function as
the thrust bearing. When arranging the belt drive, the turbine
shaft may have two bearings, the pulley being installed between
them. The belt drive is used to drive the speed governor.

The hydraulic turbine is controlled by the company-designed
speed governor with a centrifugal pendulum and hydraulic secvo-
motor. Flywheels are used to improve regulation stability. A
similar function 1is intended for the generator rotor. When
mounted, the flywheel may simultaneously function as a half of
coupling at the end of the generator shaft. When using the rigid
coupling the flywheel is often placed between the halves of cou-
pling or fixed on the generator shaft.

The company developed a special design of turbine for instal-
laticns featuring a wide fluctuation of discharges throughout the
year. In such cases a turbine with twin spiral case and two run-
ners is used. A large-size turbine is arranged integrally with a
small-size tucrbine. The two turbines operate together when the

water discharge is high. The large size turbine will operate
alone at the average discharge, and the small size turbine will
run alone at the low water discharge. in such an installation

with a discharge approximating one sixth of the full water dis
charge, water energy may be used with satisfactory efficiency.

High speed operation can sometimes bhe specified for the tur
bine. For such installations the twin turbine is a good solution.
This turbine is equipped with the twian runner, and each part of
the twin runners is designed to pass fifty per cent of water dis
charge. The turbine has two draft tubes discharging the water from
each half of the runner.
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3. Francis open-flume turbines

Voith has developed a stendard line-up of open flume turbines
(figure 6) and recowmends it for application when
Q = 2.5-30 m3 sec”!

Hy = 2-10 m Py = 80-2,000 kw

These turbines cover the range of axial flow turbines. The advan-

tages of their use are as follows:

(a) Vertical open-flume turbines have small dimensions;
(b) The generator may Le mounted above the maximum water
level, which is often difficult in turbines with a horizontal

shaft acrangement;

(¢c) Turbines of this type have relatively lcw cost and

require small capital investments and cheap equipment;
step-up gear allows the use of

(d) Application of vertical

high-speed generators.

The area Q-H, is covered by six series of turbines using 19
normalized dimensions of runners.

The following standard line-up of diameters has been estab-
lished:

Dy - 0.84, 0.895, 9.955, 1.015, 1.086, 1.155, 1.23, 1.31,
1.¢0, 1.49, 1.59, 1.695, 1.8305, 1.90, 1.95, 2.09, 2.19,

2.30 ond 2.41 m
with D; up to 1.805, Kp = 1.0658, and at bigger sizes Ky = 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 applica
tion for secries of turbines.

Table 6. Parameters for turbine series
Turbine Hy n Py
series (m) (m3 sec-1) (min 1) (kW)
F 160 2 10 1.6-16 40 200 80 1 000
F 190 210 1.6-16 45 225 80 1 000
F 225 2-10 2-20 40 200 80 1 000
F 260 210 2.4-30 45. 225 80 1 000
F 295 2-10 2.4-30 50- 250 80 1 000
F 330 2-10 2.4-30 55 275 80 2 000

The adopted series of turbines are of unequal efficiency, the

P 160 seriegs being the best.
speeds

the efficiency tends

with the growth of turbine specific
to decrease both under optimum




operating conditions and especiaslly at partial loadings. The
operation of turbines is recommended loads not less than S50 per
cent of the maximum value.

Turbine efficiency at full gate is 82-85 per cent. The effi-
ciency also depends on the turbine size and series. For example,
under optimum operating conditions the efficiency of the F 330
series is 2 per cent less, and at S50 per cent load it is 6.5 per
cent less, than that of the F 160 series.

Turbine efficiency may be lower at modernized old hydro-
electric plants, where separate sections of the water passage may
remain non-optimum.

The effi:iency of single-stage step-up gear is evaluated by
the company at about 96.5-98.5 per ceni at full load.

The developed turbine series have satisfactory cavitation
characteristics. The turbines of the F 150, F 190 and F 225
series at the recommended range of heads may have the suction head
up to 7 m, end tucrbines of the F 260, F 296 and F 330 series up to
6 m.

The company has developed standard designs of turbine instal-
lation and the main dimensions are given according to turbine type
and size of cunners.

The range of supply includes turbines, step-up gears, genera-
tors and speed governors. The turbine includes the runner,
adjustable wicket gate assembly, draft tube elbow, sheft with
bearings ss well as protective pipe and coupling.

The runner is usually cast of steel with car®-into steel
bladez. The material with improved erosion resistanc is used for
the corrosive medium with suspensions. The runner. have been
developed experimentally and the company guarantees the max mum
efficiency and good cavitation-free characteristics.

The wicket gates are provided with outside contccl. The gate
operating mechanism is located inside the turbine chamber. The
ope~¢ting mechanism assembly consists of thrust ring, operating
ring with levers and links and vertical regulating shaft.

In some cases the company makes the draft tube only in the
form of a stee. welded elbow, from which the water is discharged
directly into the tailrace (figure 6).

Application of Francis turbines for such low heads results in
low speeds of the turbine shaft. Use of a high speed generator
(500-1,000 min~1) requires step-up gear. For that purpose the
company uses planetary coaxial step-up single stage gears with
similar direction of shaft cotation. The transmission ratio is
within the following ranges:

Py up to 200 kW i+ 5-31.5
Py up to 1,000 kw io: 7-28
Py » 1,000 kW i <2.771.1

The trangmiszion gear case is oiland dust proof. Good sur
face finish of runners secures high efficiency. Depending on the
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power and thrust on the runner, the thrust bearing is installed
either in the gear case or separately. When installed separately
the thrust bearing is lubricated by the actomatic system. Ball-
bearings with spray lubrication system are used for small stap-up
gears. The big transmission gears have plain bearings and lubri-
cation of bearings and contact places of transmission gears is
effected under pressure by the special oil lubrication system.

Generators with a speed rcange of 500-1,000 min-1l ace used
in hydraulic units. Depending on tne type of turbine and head,
the runaway speed ranges from 200 per cent up to 250 per cent that
of the nominal speed.

Elastic coupling is installed between generator end step-up
geer for a synchronous unit, the flywheel b2ing fixed on the
generator shaft.

Besides planetary step-up gears it is allowed to use non-
coaxial vertical step-up gears as well as transmission gears with
the horizontal output shafts. 1In the lstter case the horizontal
shaft generator is installed.

4. Horizontal axial-flow tucbines

Voith, like most other hydraulic turbine manufacturers, has
developed standards for horizontal shaft axial hydraulic turbines
with the upstream bulb arrangement and S-shaped draft tube
(Eigure 12).

Wide propagation of this type of turbine stems from certain
advantages in comparison with axiel vertical-shaft turbines,
including the following: easiest water passage from hydraulie
point of view; and small dimensions and convenient arrangement of
the power--house.

The turbines mostly have fixed wicket gates and adjustable
blade runner. The company has developed nomographs for preliminary
selection of main parameters of turbine equipment, depending onn
water head and discharge:

Ho = 2-15 m Q = 3-70 m3 sec’! Py - 100 7,000 kW
n = 80-300 min !}

The three series of turbines reccmmended are distinguishsd by
the Z number of blades:

where Z - 5 Hy =S 15m Q=7 70 m3 sec! Py - 700 7,000 kW,

where Z = 4 Hy, =3 10m Q = 3.5-60 m3 sec’ ! Py = 100-5,000 kW,

where Z =3 Hy =26m Q=350 m3 sec ! Py = 50 2,800 kW
The suction head of Hg = -4 - +¢ m in the operational area.

The standards indicate the following normal line up of runner
diameters:

Dy - 0.96, 1.090, 1.16, 1.23, 1.31, 1.40, 149, 1.%9, 1.10,

1.81, 1.90, 199, 2.09, 2.19, 2.30, 2?2 41, 2.%%, 2.65,
2.78 and 2.92 m
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Kp = 1.066 at small Dy and Kp = 1.049 at big Dj.

The hydrusulic turbine includes the step-up gear, generator and
governor. Water-ronveying and outlet features of the turbine may
be adapted to local comnditions. The hydraulic turbine includes the
tunner, its chamber, the fixed wicket gate assembly, the bend draft
tube, the shaft with a servomotor and the conirol rod inside, the
guide bearing and the shaft seal.

The runner has 23-5 bledes made of steel or bronze casting,
which rotate in a bronze bearing ho_sed in the runner hub. The
runner blade mechanism, consisting of cruss head, links, levers
and journals, is installed in the runner hub. The wicket gates
sre welded to the outer ring.

The runner chamber is a welded structure. The internal sur-
face is machined along the sphere to obtsin equal clearance among
the cunner blades and chamber in any position of the blades. To
facilitate installing and dismantling the cunner, its chaember is
made of two halves and has e removable flange on the draft tube
side. The chamber shell may be made of stainless steel for cor-
rosive water with suspensiors. The wicket gate assembly is of a
welded construction. It consists of an outer cone with flanges
and gates welded o it and a hub with removable casing.

The draft tube is very important especially in the high
specific speed turbines in question. The shape of the water
psssage also plays @& very important role.

To improve hydraulic properties the draft tube is welded of
many separate segments. To increase its rigidity the ring stif-
feners sre welded to it externally. The inspection hatch is pro-
vided in the upper half. The lower part of the tube is concreted
sfter the final alignment of the unit.

The turbine shaft is a steel forging with a bore to accom-
modate the blade control rod. At the end of the shaft the cylinder
of the oil servomotor is forged. The shaft is flanged to the run-
ner and step-up gear shaft.

The guide bearing with oil lubrication is inside the wicket
gate assembly hub. To prevent penetration of water a labyrinth
seal and & special sealing with the pipe to divert the lesks are
used,

The second bearing of the shaft and thrust bearing ere in-
stalled in the gear transmission unit. At the end of the shaft,
where it nasses through the wall of the draft tube elbow, the seal
is instslled. The seal may be made removable without disturbing
separate parts of the machine.

The single stage step-up gear with plain bearings is installed
between turbine and generator shaft. The speed of the generator is
500 min-l or 750 min-l. The transmission ratio may be easily
selected by the ratio of speeds of the tucrbine and generator shafts
and by the number of teeth in gears.
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The minimum turbine speed is 95-140 mia-l for the maximum
size of the runner. For turbines with minimum dismeter the speed
is 420-750 min-1.

The low speed shaft of the gear is mounted below to house oil
pipes supplying the oil under pressure to the runner blade servo-
motor. The oil head with the indicator of runner blade pitch is
fixed to the step-up gear. The oil pump to lubricate the gear and
the oil pump of the governor sre installed at the free end of the
high-speed shaft.

The low speed shaft can be provided with a segment thrust
bearing to tske up the thrust. The hydraulic unit is provided
with a standard cost-effective generator with the speed of
500 min"! or 750 min~l. The maximum cunaway speed is higher
than the normal one by 250-290 per cent irrespective of the head.

An elastic coupling is installed between the generator and
step-up gear. In synchronous units the required flywheel is
installed on the genetator shaft in combination with the elastic
coupling.

Vertical-shaft Kaplan turbines

Voith also offers axial wvertical turbines of a conventional
design for low-head instsllation.

The nomographs for preliminary selection of the mein param-
eters of hydraulic turbines, depending or. installation conditions,
have been worked cut. The following is the recommended range of
cpplication:

Hp = 1.5-8m Q= 2.5-45 m3 sec-l Py = 50-25,000 kw
n = 80 500 min-1

The following two types of turbines, distinguished by the
number of blades, a-e recommended:

(&) 2 =1.5-5m Q = 2.5-40 m3 sec”! Py = 50-1,500 kW
(by 2 = 3-8 m Q = 3.0-45 m3 sec=l Py = 100- 2,500 kW

The suction head in the operational area is within the range
of I = 57 m for turbines with 3 blades and within the range of
0-6 m {or curbines with 4 blades.

The same line up of diameters as for the horizontal turbines
in the range of 1.02-2.92 m is offered for vertical-shaft turbines.
A spiral supply passage with a trapezoidal asymmetric form of cross
secticns is used in the turbine. The configuration and ratio of
section sizes are close to thuse used in large usnits. The wrapping
angle of the spiral case is about 210°. The draft tube is charac-
terized by the height of h = 2.1D; and the length of -« = 4.8%Dy.

The cotation axis of the blades is below the plane of the
wicket gate sassembly by the value of 0.6Dq.
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The draft tube, sywmetrical in plen, kas a slight rise of the
invert of the stcraight diffuser (0-8)°. The pier is installed
slong the axis of the diffuser. The width of outlet section of the
draft tube is 3.2Dp, the height is -1.14D;.

C. Small turbines manufsctured by Voest-Alpine

Voest Alpine (Austria) has developed standards for small
hydriulic turbines, inrluding the following well-known types:
exiay low-head hydraulic turbines; Francis turbines for medium
heads; and Pelton turbines for high heads.

The application of standard turbines is limited by the fcl-
lowing range of operating parameters:

Hp = 1-1,000 m  Q = 0.01-75 m3 sec”! Py up to 15,000 kW

Custom made designs incorporsting specific structural and cost
elements are made for exial-flow turbines at more than 5,00 kW
capacity and for Francis turbines operating under the head

Hp > 120 m.

1. Axial-flow hydraulic turbines

The existing staudards provide for application of axial-flow
hydraslic turbines with horizontal, inclined and vertical shafts
at low water heads. To cover the range of the head and discharge
the standards involve six secries of turbines distinguished by the
specific speed at 15 different diameters for every type. The
standard provides for the average of the whole of the range of
application at:

Hp = 1-30m  Q = 1-60 m3 sec™!

The standard diameters of rcunners are characterized by the
following values:

D; = 6.56, 0.63, 0.71, 0.80, 0.90, 1.00, 1.12, 1.25, 1.40,
1.60, 1.80, 2.00, 2.24, 2.50, 3.00 m

where Kp = 1.127

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

Hy = 15m Q=150m3 sec! Py = 12-2,000 kw

The second series:
Ho -412m  Q -1.675m3 secl Pg - 50 8,000 kw

The third seuries:
Hy - 8 16 m Q -1.970m3 sec 1 Py = 200 10,000 kW

The fourth series.
Ho =12 22 m Q - 1.9 6¢ m3 gec'l Py = 200 12,000 kw

The fifth series:
Hy - 16:26m Q - :.8 60 m? sec’l Py = 250 12,000 kw




The sizth series:
Hyp = 20-30 m  Q = 1.8-55 m3 sec”l Py = 250-13,000 kW

Each series of turbines is provided with the nomographs, which
sllow to select the diameter of the runner and the speed by the
given values Q, K, and Py in design conditions.

The company considers that the most efficient turbine for low
heads is a straight-flow turbine of various configurations. The
main distiguishing festure of these turbines is the spproximately
straight flow of the water through the turbine, including the draft
tube. This offers the possibility of simplifying the design of the
powerhouse, reducing both the distance between the units and the
cost. The straight flow design of the unit gives also an increase
of the reduced discharge in optimum conditions and an increase in
efficiency at low discharges.

Because of the high level of efficiency the possibility of
economic operation of the turbine is impcoved with varistion of
the head and the discharge, resulting in an increase of power
output. The company states that cesearch and standardization of
the straight-flow bulb tucbhines make the application of small
water resources with low heads economicelly efficient.

The geometry of the water passage and the runner determines
turbine chatacteristics. The optimization of the water passage
and charecteristics has been mede on the basis of model studies.

Depending on the specific speed ot the turbine the runner is
provided with 3-7 blades. The reduction of their number leads to
lower discharges and speeds.

The optimum matching of turbine features and locel conditions
is reached by combinations of gate and blede positionms.

Under steady-state operatinz conditions the turbine with fixed
blades and gates is recommended. The Tomman turbine with adjust-
sble blades and fixed gates at partiasl loads has the most favour-
able flet curve characteristics with higher efficiency than that
of propeller turbines with fixed blades and adjustable gates (see
figure 24), For example, the reduction of the efficiency by four
per cent in the ficst case will take place at Ql'/Qopt = 0.5
snd in the second case at " 0.9 when operating at partial loads.
The turbine with fixed blades of the ruaner has a tendency to
vibration snd noise. The final decision on the mode of control is
teken on the basis of operating and economic conditions.

The following distinguishing features have been realized in
turbine degigns:

(a) Stainless steel is used for the main components;
(b) There is minimum mechining of welded elements;

(c) There is free access and interchangesbility of bearing
parts.

The design of main components (including the gate and blade
operating mechanism) is unif‘ed to improve the cconomic efficiency
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of manufacture. Such components may be used for various applied
series of tucbines.

Water counveying teatures of the water passage, including the
inner and outer cones of the wicket gate assembly, sre welded.
Usually the gates are either cast of stainless steel or welded.
Depending on he head, the gstes are provided with one or two
stems, but in a: - case the stems do not require special servicing.

The hub cf the runner is usually made of steel castings. The
blades sre made of either chromium nickel steel or bronze. The
operating ring is welded of sheet stainless steel. The craft tube
is also welded.

The tucrbine shaft is forged with stainless steel surfacing in
the ares of the sesling snd the bearing. The tucbine bearing is
rubber with water lubrication to avoid penetration of the oil into
the water. The main guide bearing at the end of the shaft is pro-
vided with oil latl-ication.

For varying local conditions the developed standard allows
use of the following alternative arcangements of axial-flow tur-
bines: horizontal; inclined; vertical; with an open headrace; and
with water supply syphon. The speed of low-head turbines is
usually low, and therefore the stancard turbines are provided with
the step-up gear to increase the speed of the generator and to
reduce its cost.

Free access to and low cost of structural elements are
achieved through instsllation of the turbine and generator above
the water level in the tsilrace.

Three design alternatives of horicontal bulb turbines are
manufactured. These are:

(a) S'-aight-flow turbines with a straight draft tube end a
high-speed s nchronous genersator, which is connected to the tur-
bine shaft through the sngle step-up gear;

(b) Straight-flow turbines with S-shaped draft Lubes and the
generator, broughl out together with the step-up gear to a separate
room;

(c) Straight-finw turbines with a double water supply line.

The diameter of the ru-.aer does not exceed 3 m. The economic
efficiency of the first *ype ic defined by the range:

Hp = 1.5-6 m Py = 50-1,000 kW

The second type of turbines i3 used at Hp up to 10 m and
Py up to 5,000 kW.

For heads H, in the renge 10 30 m, in most cases vertical
or inclined units are used, in which ceses the water is conveyed
by means of a bend at an angle of 90 120°. The water outlet {s
realized by the bent draft tube. The turbine shaft in this case
is brought out to the conveying bend.
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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. Alternative design generators are avail-
able. 1In the latter case the step up gear with horizontal output
sheft is used.

The distinguishing featu-e of all the alternative designs is
the stapility of the water passage in the area of the wicket gate
assembly and the runner. 1In all caces the wicket gate assembly is
conical.

The stcaight-flow turbine with a double supply line is pre-
ferable for low and medium capacities, for which free access for

servicing is provided. The water flow in these turbimes 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 in either a horizontal or a
vertical plane. The turbine shaft is brought out tc the free
space between the conveying pipes. The step-up gear transfecrs
energy to the shaft of the vertical or horizontal generator. The
units of this type are manufactured with either hocrizontal or
vertical turbine shafts.

The most economiceal unit for turbines with diameters of more
than 3 m and with a head of up to 20 m is the bulb-type unit.

2. Francis turbines

The main type of turbines for medium heads is the Francis
turbine, which finds a wide range of applications for various
conditions. The line.up of turbine standard sizes covers the
following range of characteristics:

Hp = 15-120 m Py = 250-15,000 kW Q = 2-30 m3 sec'!

For this purpose eight series of water passages of hydraulic
units with various specific speeds have been developed and eleven
standard diameters of runners are used.

For installations at H, more than 120 m and up to 300 m the
hydraulic units may be manufactured by the custom made design.

The standard involves the following diameters:

b; = 0.56, 0.63, 0.71, 0.80, 0.90, 1.00, 1.12, 1.14, 1.60,

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

A great quantity of verious besic models and dimensions of
turbine. allows to ensure operation over the whole range of appli
cation w' . h high efficiency.

For each type of turbines the range of application has been
determined and the nomograph constructed tor selection of sizes of
the runner and the speed. Usually the trend is to ‘nstall the tur
bine above the water level in the tailrace. Here cavitation model
characteristics must be taken into sccount.
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Table 7. Ranges cf application of turbine series

Turbine Ry Q Py
series (m) (m3 sec-1) (kW)

1 15-30 2-217 250-8 000
2 25-40 2.5-30 500-10 000
3 30-50 2.5-30 600-12 000
4 40-60 2.5-30 800--15 000
5 50-70 2.2-25 1 0G60-15 000
6 60-80 2.0-22 1 200-15 000
7 75-100 2.0-20 1 400-15 000
8 80-120 2.0-18 1 500-15 000

The company has developed some besic typical standardized
designs of turbines. 1In this case the dimensions may vary with the
requirements.

The spiral case is welded of sheet steel together with the
support stay ring. 1In its turn the stay ring is welded of two flat
steel rings with vanes between them. The stay ring is available in
all types and designs of turbines. The turbine t ad-cover is made
also of sheet steel and is either integral with the stay ring or
bolted to it. The lower cover is welded and made separately. 1In
both covers the bushings of wicket gate bearings are acranged.

The wicket gate assembly is usually made cast or forged from
stainless materials. The bearings of gates and couplings of levers
and links require no servicing.

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

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

The Reifenstein turbines with horizontal or vertical shafts
are recommended for very small capacities Py = 10-200 kW and
heads Hp = 5-40m. For heads H; = 10-40m and capacity
Py = 120-5,000 kW at the positive suction head open-flume tur-
bines are used.

Spiral packaged turbines wi“h compact arrangement are used at
Hp up to 80 m and Py up to 500 kW. Here the generator of the
vertical turbine is installed on the spiral case, with the shaft
alignment reduced to the maximum. The generator bearings are
reinforced, with the flywheel placed betwaean the generator and
turbine head cover.

Spiral turbines of conventional aerrengement ar. made with
vertical and horizontal shafts. The advantage of horizontal
ingtallations is the low cost of construction elements, simple




nesintenance and assembly of turbines and renerators and the pos-
sibility to use the stendsrd generators in combination with the
step-up gear.

3. Pelton tucrbines

Voest-Alpine has developed Pelton turbines for further appli-
cations. The turbine is used for high heads and low water dis-
charges. It is used for low heads only under specific conditions,
for example, when considerable erosion is expected for water with
sand suspensions, or when there is an incresased danger of the
hydraulic hemmer effect.

Pelton turbines are simple, economical and efficient over a
wide range of operation.

The standards recommended for the use of Pelto. turbines are:

n
[l

Hq = 80-1,000 m P¢ = 250-15,000 kW Q = 0.3-5 m3 sec! and

0.02-0.2 m3 sec-1

10-150 kw Q

Hy = 20-80 m Py
The geometry of hydrsulic elements of the runner has been

developed experimentally. The high quality of the runner and all

water-conveying structires is required to obtain high efficiency.

Pelton turbines are relatively simple in design. In modern
turbines the runner is made cast of high~alloy chromium nickel
steel end the buck:ts are cast together with rim and hub. The
conveying elements, 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 anc a horizontal shaft,
but it may be made with vertical shaft as well.

Mass-produced generators are used for small capacities.
There are two alternatives for large capacities: mass-produced
generators with elastic coupling between the turbine and the
generator (four-supports design) or the generator of specific
design with overhang arrangement of the runner and the flywheel
(two-supports design).

D. Small turbines manufactured by Kessler

Kessler specislizes in menufacturing turbines of 10-5,000 kW
capacity for hydroelectric stations, operating at heads of 2-500 m.

Typical designs are available for turbines of up to 1,500 kW
capscity and for some types only up to 1,000 kW. More powerful
custom-made turbines are also produced.

The nomenclature of the equipment offered is rather extensive.

1. Axisl-flow hydraulic turbines

The bulb straight-flow turbines are used at H, = 1-4.5 m.
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The design of these tucbines is conventional, with a bulb at
the inlet, a conical wicket gate assembly and an axial runner. The
bulb 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 folloving line-up of runner diameters is adopted:
D} =1.06, 1.12, 1.18, 1.25, 1.32, 1.4, 1.5 and 1.6 m
(preferred diameters are 1.06, 1.18, 1.32 and 1.5).

The speed is n = 150-333 min-l, and the capacity ranges
from SO to 300 kW.

The compauny manufactures straight-flow bulb turbines with an
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 arcrangement makes it possible to
bring out the horizontal shaft of the turbine to the isolated 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 application of the high-speed generator.
Designs with direct connection of turbine and generator shafts are
available. The flywheel is on the generator shaft, and the turbine
shaft is provided with two supports, one of them being in the bulb.
The second bearing is brought out from the water passage and is
arranged at the draft tube bend together with the sealing.

The design provides for various alternatives of turbine
control: double control with adjustaeble blades of the runner and
wicket gates and control by the wicket gate assembly only.

The main design of the unit incorporates the horizontal shaft.
At the same time, Kessler can supply the equipment with inclined
arrangement of the axis of the straight-flow turbine with S shaped
draft tube as well as bulb turbines with vertical axis and curved
draft tube.

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

Dy = 0.5, 0.6, 0.72, 0.85, 1.0, 1.15, 1.3, 1.45 and 1.6 m.
The speed of the turbine shaft:

n = 7150, 600, 500, 428, 375, 333, 300, 250 and 200 min 1
Capacity range Py = 25 1,200 kW

at Q = 1.4.15 m3 sec ! and Hy - 2 12 m.

7 Francis turbines for medium heads

The Reifenstein turbine is offered for medium heads. [t is
very simple in design. The turbine shaft is vertical with a direct
linking to the generator justalled dicectly on the spiral case
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Reifenstein turbines with horizontal shsfts snd straight con-
nection with the direct generator are also manufactured. The
simple design results in the low cost.

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

Dy = 0.225, 0.25, 0.3, 0.35, 0.40, 0.45, 0.5G, 0.55 and 0.60 m

The turbine shaft speed m = 1,500, 1,000, 750, 600, 500, 428,
333 and 300 min-l.

Capacity range Py = 5-200 kW at water discharge
Q = 0.08-1.5 m3 sec-! and head Hy = 5-40 m.

The straight-flow turbines are also used for medium heads.
These turbines are characterized by a simple and unique design.
With regard to conveying features the turbine resembles the
straight- flow axial turbine. The water supply to the tuchine is
effected through the pipe which further passes into the case.

The turbine shaft is horizontal, linked with the generator
shaft by the step-up gear. It makes possible the use of high-
speed generators.

The draft tube has the bend at the inlet and is straight
further downstream. The straight diffuser of the draft tube
inclines at 20* to the vertical axis, which improves the general
arrangement of the unit.

For reduction of temporary non-uniform rotation of the shaft
at varistions of load the heavy flywheel is installed for turbines
of capacity up to 150 kW. The turbine has an adjustable wicket
gate assembly driven by the hydraulic servomotor.

For turbines of such design the following line-up of diameters
is adopted:

.55, 0.60, 0.65, 0.7, 0.75, 0.8, 0.85, 0.9, 0.95,
.15 and 1.3 m
The speeds of turbine shaft:

n = 650, 600, 500, 450, 400, 350, 300, 250, 200 and 150
min~

Capacity range: P§ = 50-2,000 kW at water discharge
G =0.810m sec'! and head H, = 8-30 m

The design of spiral turbines is distinguished by compactness.
The shaft of the unit is vertical. The flange-type generator is
installed dicectly on the flange of the spiral case.

The shaft is common to the generator and the turbine. The
generator is of a specific design with flywherl and re..forced
supports. The design provides for use of low-voltage generators
of & specific design. The flywheel may slso he supplied together
with conventional high- voltage generators.
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The low cost of the unit is the result of a double support
arrangement and sbsence of an intermediate gear.
The turbines of this design are characterized by
Py = 50-500 kW at Q = 0.145-1.3 m3 sec™!

E. Banki-Mitchell turbines manufactured by Ossberger

The Ossberger compsny (Federal Republic f Germany) manufac-
tures small hydraulic turbines of quite simple design known as
Banki-Mitchell or divided-type turbines. This turbine was first
proposed and studied by a Hungarian, D. Banki, and an Australiasn,
Mitchell. 1Its design has beern modified by F. Ossberger.

The Banki-Mitchell divided-type turbines, becsuse of their
design and hydraulic features, are not effective for hydrailic
stations with units of medium and large capacities. Application
of these turbines, in the manufacture of which Ossberger spe-
cializes, is therefore limited by small capacities.

Despite the comparatively low level of maximum efficiency,
these turbines possess certain advantages.

1. Range of application

The Banki-Mitchell (divided-type) turbine is related to the
system of impulse turbines. During operation the turbine runner
is partislly submerged. From the conveying structures the water
enters the cunner and, flowing from the periphery to the centre,
gives up some 70-80 per cent of energy.

The blades are shaped so that when the water leaves the
blades the flow still possesses a considerable amount of kinetic
energy. Flowing inside the ruuner the water again stcrikes the
blede from inside end in a centrifugal flow gives up the remaining
20-30 per cent of 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.

Ossberger has developed the nomenclature of such turbines to
be used st:

Hp = 1-200m  Q = 0.02-9 m3 sec ! Py = 5-1,000 kW
n = 50-2,000 min-1

Comparison with the nomenclature of standard turbines made by
Voith shows that the range Q-H,, covers the range recommended by

Voith for impulse Pelton turbines, as well as for open.flume and
spiral Francis turbines and axial-flow vertical shaft and
horizontsl-shaft turbines.

The nomenclature includes the following line up of runner
diameters:

Dy = 0.3, 0.4, 0.5, 0.6, 0.8, 1.0 and 1.25 m
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Thus the eight standard turbine sizes offered by Ossherger
cover a rather wide range of application Q-H,.

2. Design features

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

The runner, which is providea with two disks between which
the blades are welded cir-umferentislly and spaced evenly, is
divided into three equal parts throughout its width by means of
intermediate disks. It thus consists of three isolated sections
similar in inner -onfiguration.

The blades of the runner, wmade of sheet steel of constant
thickness, are of a cylindrical configuration with a single-valued
curveture. Depending on the size, the runner may have up to
thirty blades.

The runner is not subjected to axial thrust during operation
beceuse of the cylindrical configuration of the blades. The runner
is sll-welded end balanced sfter finishing.

The water is conveyed to the runner through the adjustable
nozzle of 8 rectangular section. The vane installed in the rectan-
gular nozzle changes the flow area from maximum to zero when it
turnas. The vane pivot is selected to reduce the hydrsulic moment
with respect to the axis.

The opening of the water-conveying line is divided into two
sections in width by a specisl partition according to the ratio
1:2. The guide vane in each section may turn independently.

The flow area may therefore be full or uvpen by 2/3 or by 1/3,
and the runner may tske full discharge o: twn thirds or one third
of it. During pertial discharge only the required part of the
whole width of the runner oparates. Thus a step-like variation of
weter discharge is achieved.

The guide vanes may be used for a full blocking of water
supply ani tucrbine, shut off at heads up to SO m. At greater
heads the installation of e stop valve between the penstock and
turbine iz required.

Both guide vanes msy turn independently by means of control
levers connected with the system of sutomatic or manual control.
The msin turbine besrings sre fitted with stenderd self-adjustsble
roller beurings. These besrings sre sdvantageous if the water or
condensate do not penetrate inside them. At the same time, the
rotor is aligned in relation to the turbine casing. The sealings
of besrings require no servicing. The lubrication material is
changed in besrings once s year.

Although the Bsnki Mitchell turbine is en impulse tucrbine at
medium and low hesds (H, « 35 m), the dreaft tube is installed
for more efficient utilizeton of the head. It is considered
necessary to have the possibility of controlling the pressure in
the draft tube egpecielly in turbines with & wide range of control.
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The simple air valve, controlling the vecuum in the turbine casing,
helps to achieve this in such a way that a small head of 1 m only
mey be used with optimum efficiency. The draft tube, made com-
pletely of steel and with s bend, reduces the cost of coastruction
for low-head installations in particular.

The above-mentioned design festures help t> maintain the
efficiency of Banki-Mitchell turbines at a high level in a wide
cange of discharge veriations. The maximum efficiency of up to
84-88 per cent is observed in medium and large units, which is
lower then in moderr specific-speed turbines.

However, a high efficiency of not less then 80 per cent is
guaranteed throughout the range of control from 1/6 to 1 of the
maximum discharge. The turbine has a very flat charaecteristics
curve. It gives & considerable advantage for installations where
the river flow decresses substantislly during & number of months.

The Banki-Mitchell turbines of Ossberger are supplied
together with all necessary sccessories. T1f the turbine is used
to drive synchronrous or asvnchronous generators s step up gesr is
spplied. In units with synchronous genecstors the flywheel is
instelled to reduce temporary nomn-uniformity. The governor is
belt-driven. In low-cepacity installations all supplying equip
ment is installed on & single frame and supplied as a complete set.

Banki-Mitchell turbines may be directly connected with other
units and are used to drive high-head centcifugal pumps.

In conclusion, the advantsges of such turbines may be sunmed
up as follows:

(a) A simple design and manufaecturing procedure resulting in
relatively low cost;

(b) High efficiencies (more than 80 per cent) in & wide range
of discharges (0.167-1);

(¢) Complete sutomstion and simple servicing;
(d) Guersnteed period of reliable operation of 30 40 years

All these adventages make such turbines competitive with
other modern turbines.

P. Small turbines msnufactured by Bell

Bell (Switzerland) is specislized in the design and manu
facture of hydrsulic turbines for small hydropower plants In
response to the new interest in small hydrasulic turbines, it ha:
developed & stendard iine up covering the operating rangs

Hy - 2800m Q :0.06 8 m3sec'! Py - 100 2,000 kW

with the axial flow turbines intended for application at
Hy = 2 25 m end § = 5 86 m3 sec !
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Francis turbines et Hy = 6-150 m and @ = 0.3-6 m3 sec~!

Pelton turbines at Hy = 50-800 ® and Q = 0.06-0.8 m3 sec!

i

The following concerns were taken into sccount in developing
the nomenclature:

(a) Optimum utilization of recent advances in scientifie
cesearch and design;

(b) Supply of complete electromechanical equipment ready for
operation;

(c) Application of simple hydrsulic solutions for stsndard
basic designs to reduce costs sand speed up supply;

(d) Guaranteed service by branches of the company throughout
the world.

The unit cost per kilowatt of hydrsulic turbines with a
capacity of less than 100 kW is relatively high. Turbines with
cepacities higher then 2,000 kW are manufactured according to
custom made designs.

1. Range of application of axial turbines

Standardized axial hydraulic turbines ere used at
Hyp =2 15®m Q = 2-38 ®m3 sec”! Py = 100-2,000 kW

The nomograph developed by Bell for preliminary selection of
exial hydreulic turbines is compiled for s wider range

Hp = 2-25m  Q = 4.8-86 m3 sec! Py = 100-10,000 kW

thet is, the tucrbines supplied according to custcm-made designs sre
also included.

The following normalized line up of dismeters of runners is
proposed:

Dy = 1.0, 1.2, 1.4, 1.65, 1.9, 2.2, 2.5, 2.8, 3.2 and 3.6 m

At heads up to 4.8 m ‘he recommended range of design conditions is
within the limits:

ni 2 150 200 min"} Qi = 2.4-30 3 sec!

With th: yrowth of the head the design conditions move to the lower
renge ofi discharges under cavitation conditions.

For standardized turbines the suction heed is within the
limits H, = 2 to +2 m.

For example, ot H. + 25 m the renge of design conditions
with respect to discharge at varistion of Hy within the given
limits is

QL 0.2 m3 sec !
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From this it may be inferred that several types of water
passages were utilized in the axial hydraulic turbines to cover
the range of application.

2. Design features

Bell uses only axial-flow horizontal shaft turbines with an
S-shaped draft-tube for low heads. As for the general acrangement
of units, these horizontal-shaft turbines do not differ from the
similar designs of other companies. The main basic design involves
the adjustable wicket gate assembly and blades. This is the double
control which ensures the optimum utilization of water resources.

In cese of simplified operating conditions and regulated water
discharge the propeller turbines with fixed blades of the cunner
and the adjustable wicket gate sssembly or the turbines with the
fixed wicket gate assembly end adjustable blades of the cunner are
used, thus simplifying the turbine and the govecrnor. The easiest
alternaiive is the turb’ne with fixed gates and blades. Its appli-
cation is possible at constant water discharges and loading. But
the start up of such a tucbine requires a certain corirollable
device at the inlet.

The space of the turbine between the inlet of the bulb and
inlet of the S-shaped draft tube is made of metal and is not
concreted. The design facilitates construction and repair.

The turbin- bearing of the shaft is in the bulb. Here the
oil head is also instsalled to feed the oil to the runner servo-
motor. The single turbine bearing takes up the axial thrust, with
the tucbine shaft rigidly connected to the shaft of the step-up
gesr. Therefore the gear supports act as a s/cond turbine bearing.

The S shaped draft tube has a straight diffuser with an in-
clined axis at the outlet. Alternative acrrangements of the tur-
bine, involving the whole of the draft tube in the heorizontal
plsne, sre possible.

The wicket gate assembly is conical, with the gate supports
in the bulb and in the outer shell. The governing system includes
the levers in gates, links snd & shifting ring driven by the servo
motor.

All horizont:l tucbines are provided with a one stage step up
gesr and a high speed generator. The flywheel is mounted in the
generator shaft.

Comparison of varicus governing systems shows that a decrease
in efficiency by 20 per cent takes place in the following turbine
types: propeller type at 0.85Qmqyx: with fixed gates at 0 35Qmax:
end with dual control at 0.2Qmex-

The number cf blades in the cunner, depending on specific
speed, varies from 3 to $. The number of gates in the wicket gate
sssembly is 16. Turbines with fixed wicket gate assembly require
the additinnal stop device.




Depending on the value of the head, two types of installation
of horizontal turbines are recommended. At low heads the open head-
race 2.4D; wide is applied. The powerhouse is integrated with the
dam. At high heads the penstock of 1.4D] diameter is used. Here
the powerhouse is separated from the dam. The width of the tailrace
is 2Dy; the width of the powerhouse with oae unit is 3.6D;; and
the length of the powerhouse along the axis of the unit is 8Dy.

Apart tcrom the given arrangement the company offers other pos-
sible altecnatives:

(a) A hourizontal shaft and a draft tube, #ith a vertical dif-
fuser at the outlet;

{b) An inclined shatt of the unit with the generator installed
above the tucrbine and the bottom of the headrace and the tailrace
approximately at the same level;

(2] Vertical unit with an open tlume, a biulb and conicsl wicket
vate assembly and a bent draft tube with the generator instslled
2ither above the upstream water level or in the pit under the bend
of the draft tube

The small hydraulic tucbines supplied by HBell are provided with
automatic control, including the following features: an electric
system of the automatic rtart up; hand control; remote coatrol of
automatic operation; and local or remote coantcol of the governor.

The tuilouwing devices ensure reliabla operatiocn:

(a) Devices triggering the closing of the gates at any time
under the action of the special weight suspended to the shifting
ring;

h) A mechanical centrifugal pendilum which eliminates the
possibility uf speed rise,

(c) Automatic devices preventing any undesicable operating
conditions.

[n adtition to the hydraulic turhise, the povernor is also
supplied

The electronic speed governor is 8 part of the goveraing
system, whirh mainteins the a.c. frequency, produced by generator
for an isalated line or the power grid

The wlectronic spred governor includes the hydraulic actuator
(the main distributing valve, the main servnmotyr- and the oil supply
systom)
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G. Small turbines manufactured by Saanden

sSanden is a leading Norwegian enterprise specializing in the
design and manufacture of turbines for small hydroelectric power-
staticns.

The renge of stenderd hydcsulic turbines of the company
covers:

Hp = 3-1,000 m  Q = 0.05-30 m> sec’l  P¢ = 100-10,000 kW

The range of high heads is covered by Pelton turbines of
stendard design, adjusted to local conditions. The same is true
of Francis turbines with a capacity exceeding 1,000 kW. For
capscities up to 1,000 kW there are standsrd turbines with the
predeveloped design.

Axial turbines are recommended for the range:

Hy = 3-18 m  Q = 3-27 @3 sec”l Py = 200-2,800 kv

Francis tucbines are used at:

Hy = 4-600 m  Q = 0.4-25 m3 sec™l Py = 100-10,000 k¥

Pelton tucrbines cover the range:

Hy = 80-1,000 m Q = 0.05-2 m3 sec™! Py = 100-10,000 kv

1. Spiral Prancis turbines

The spiral turbines are manufactured to the basic design. To
ensure high efficiency over a& wide range of heads and discharge
Senden uses twelve series of runners. The water passages of one
series are approximately geometrically similar. The main products
are standardized, but some modifications of sizes depending on the
head and discharge are possible.

Table 8 shows the rsnges of applicstion of turbines of various
series. The following is the normal line-up of diameters:

s, 0.4, 0.45 0.5, 3.6, 0.7, 0.8, 0.9, 1.0, 1.2,

Dy = O.
1 ,1.8and 2.0 m

3, 0.
.4, 1.

3
6

The diameter [, was sdopted as the typical dimension of the
turbine 4t the outlet of the runner.

The design opereting conditions of the turbine are ensured at
the suction head Hy = -2 to +2.5 m at the upper boundary in res-
pect to the head and Hg = 6.5 to 7.5 m st the lower boundsry in
respect to the head.

The efficiency of turbines at Dz s« 1 m has been measured as
tollows: type C (91.7 per cent); type H (92.3 per cent); end type
N (92 per cent).

The turbines of the spirsl type sre made with horizontel and
vertical shafts.
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Table 8. Ranges of spplication of turbine series

H
Turbine series (:) (m3 sec1) ng
B 110-400 0.5-2.8 15
(o 100-350 0.5-3.2 80
E 85-300 0.5-4.0 100
F 10-250 0.5-5.5 12v
G 60- 230 0.5-6.5 130
B 50-200 0.7-9.0 140
J 45-170 0.8-10.0 170
4 35-130 0.9-15 200
M 25-95 1.2-18 250
N 18-65 1.6-23 370
[o) 14-55 2.5-26 400
P 8-40 2.5-33 475

The turbine parts at the inlet and outlet mway be changed
and their design adapted for specific conditions of che particular
instcllation.

In the standard turbines with horizontal shafts the cunner
is overhung on the generator shaft. 1In vertical installations the
turbine has its shaft and beacing.

In low-speed snd low-capacity turbines of less than 5,000
kW a step-up gear between the turbine and generator is allowed.
At very low heads the vertical turbines with an open flume are
used to reduce costs.

Other design and manufactucing features should be noted.
The spiresl case in sheet steel is welded to the stay ring. The
gates of the adjustable wicket gate assembly are welded of
stainless stcel. The levers and links are of conventional rolled
steel. The
bearings of gates acre self-lubricated.

The turbine covers are made of sheet steel. Stainless
steel is welded in the plsces of labyrinth seals.

In turbines with fixed wicket gate assembly the welded
gates are supplements to the stay vsanes.

The runner is ¢ welded construction. The hlades ace
stamped of plate steel. The materisal of the runner is steinless
or low- alloy carbon steel. The smallest cunners msy be cast of
nickel- saluminium bronze.

The runner is fitted to the shaft hydrasulically to allow ¢
simple assembling end dismantling of the given connection. This
method eliminates the use of the key or some nther device lnosen
ing the shaft and entsiling metal fatigue.
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The runner has cemovable cings of a slit seal on the drive
and the driven disks. The case of the shaft seal is welded.
Within the limits of the seal the shaft is plated with white metal.
The seal, from which there runs a drainage pipe, requires no serv-
icing.

The sir is supplied behind the runner through the seal case
snd holes in the runner hub. The draft tube consists of an outlet
bend and & conical diffuser. To prevent cavitation failure the
stainless steel is used at the inlet of the bend.

The turbine installations, which elways operate in a big
low-voltage system, and which are not designed for frequency
control, may be fitted with the control system. These control
devices are designed for hand and automatic control or remote
control of the start-up, loading and shut-down of the tucrbine.

The asutomatic control is not designed for speed coantrol when
the unit operates for an isolated line, but it ensures adequate
connections with output loads and with the water-level regulator.

The installations, which operate to an isolated line, require
the application of the speed governor, which is designed for auto-
matic speed control, depending on the output developed by the
genecrator. 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 in-
stallation will be stable in the isolsted line, the relevart data
and sizes of the penstock cr the headrace are required.

The turbine shut -off valve is usually installed just in froat
of the turbine. The throttle valves sare used for heads up to
160 m. Closing valves are effective with the auxiliary, compen-
sating weight or when self-closing. The opening is effected by a
servomotor.

The spherical gates are used at heads exceeding 160 m. The
opening and closing are effected by the water control system or
the oil pressure plant. At low heads in hydroelectric plants with
short penstocks, the shut-off valve in front of the turbine may be
omitted.

2. PFrencis turbines in drue

This type of turbine has no definite designation. It differs
substantially “rom the spiral hydraulic turbines mainly through
its water conveying features. FEight standard sizes were developed
for such turbines.

Table 9 shows the msin operating parameters.

All the dimensions of these normalized turbines are deter
mined. Probsbly only S runners of vaerious specific speeds were
used. The nncmal suction head shown in the table is allowable at
the nominsl head and the minimum value H; at the maximum head.
The maximum efficiency of the given turbines iy within the range
of 85 90 per cent, which is considerably laess than in turbines of
the spicrel type.
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Table 9. Main opersting parameters of turbine series

Turbine Hy Q Hg
series (m) (m3 sec-1) (m) ng
I 8-25 2.2-4.5 1.4-6.5 380
11 8.2-34 1.4-3.6 4.0-6.5 280
III 8.5-40 1.2-3.0 2.8-6.5 280
Iv 10-55 0.9-2.5 3.6-6.5 225
v 13-55 0.7-1.8 2.3-6.5 235
VI 16-82 0.55-1.55 4.5-6.5 155
VII 22-105 0.4-1.2 2.8-6.5 155
L AR 8¢ 28-110 0.31-0.8 3.9-6.5 120

Water is conveyed to the turbine through the tube, which is
connected to the cylindrical drum. The axis of the drum coincides
with the axis of the turbine and the water conveyance is normal to
the axis. The cylindrical drum is welded of ordinary carbon steel
and provided with a convex bottom. The hatch and the drain valve
ace also provided.

The adjustsble wicket gate assembly is provided with cast
gates. The levers and links are made of carbon steel. The gate
bearings are self-lubricated. The turbine covers are made of car-
bon steel. The lining of stainless ste2l is welded to the cover
in the area of the runner seals. The seal at the outer disk of the
runner is removable.

The runner is welded and the blades are stamped of plate
steel. The material of the runner is stsinless steel or plain
carbon steel. Small runners are cast of bronze.

The runner is pressed into the shaft and has replaceable
sealing rings.

The box of the shaft sealing is welded. 1In the area of the
sealing the shaft is plated with white metal. The leakages from
the sealing are designed to be dreined. The air is supplied to
the runner through the box of tae sealing end special passages in
the runner hub.

In the installations, which always operate for power grids and
which do not require the applicstion of fcrequency regulators, thc
ordinary system of turbine control, including manual, sutomatic and
cremote control of the start-up, losding end shut-down is used.

The hydroelectric stations, cperating for an isolsted line
periodically or constsntly, require the instsllation of speed
governors. The governor is designed for sutomatic control of
speed, depending on the generator loading. 1In this case hydro-
mechanical speed governocrs are used.

The shut.off valve is ususlly installed just in front of the
turbine. The butterfly valve is used in sll normalized hydraulic
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turbines. Either self-closing throctles or throttles with bal-
ancing load are used. The throttle valve is fitted with an oil
servomotor.

3. Axial turbines

The axial hydraulic turbines .manufactured by Sanden are pro-
vided with horizontal shafts and S-shaped draft tubes. The nomo-
graph for preliminary selection of the axisl turbine includes
informetion on normalized designs. The normal line up of diameters
of runners with 0.2 m pitch is as follows:

Dy =1.0, 1.2, 1.4, 1.6, 1.8, 2.0, 2.2 and 2.4 m
The use of the normalized turbines is recommended for:
Hp = 3.5-18 m  Q = 3.5-27 m3 sec”! P, = 400-3,000 kW

Two types of axial turbines are produced, one with fixzed
wicket gate assembly and runner blades, the other with fixed wicket
gate assembly and adjustable runner blades. The turbine has no
speed governor if it operates for the interconnected power grid.
The turbines operate without servicing.

The first type of turbine is used at hydraulic stations with
relatively constant discharge and head, when it is not necessary
to control power. The second type is used at stations with var-
iable discharge and power control. These tucbines are charac-
terized by a good level of efficiency in the range of discharges
from 40 to 100 per cent of the full meximum discharge.

The turbine has the following main componeuts: a butterfly
valve; an inlet element with guide bearing and wicket gate
assembly; a runner; a draft tube with guide bearing; and a
governor.

The valve housing and valve disk acre 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 tn the inlet section of the turbine. The
connection with the penstock is usually welded.

The disk is controlled by the hydraulic cylinder, to which oil
is supplied from the governor. The piston shifts the velve for the
opening. The throttle is self closing, in other words, it is
closed automatically when the oil is drained from the cylinder.

The inlet section of the turbine is welded, and the hlades are
welded to the outer shell and the bulb. The sliding bearing of the
turhine shaft is arranged in the bulb. The bearing is water lubri
cated, does not require water proof sealg, and is rcresistant to
impurities and solids in the water.

During the start -up and shut down of the turhine the lubrica
ting water goes to the besring through the bypass. The part of the
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inlet section which adjoins the runner is made of stainless steel.
The draft tube is flanged to the inlet section, which ects as the
runner chamber and is made of stainless steel. The rest of the
tube is welded of ordinsry plate steel. The configureation of the
tube is favourable from the standpoint of hydraulics. Therefore
high efficiency and minimum vibration are achieved during
operation.

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 bearing is welded to the
draft tube on stiffeners. The bearing is of a spherical rcoller-
type with o0il lubrication and temperature monitocring. The draft
tube has a8 hatch for inspection of ihe runner and the tube. The
runner is fitted into the shaft and tcanswmits the moment thcrough
friction. The runner blades may be cast of bronze, which is well
resistant to rust and cevitation. During rcepairs they may be
welded up without preheating.

The runner blades may be adjustable. The force requiresd for
edjustment of blades is transmitted from t e two hydraulic cylin-
ders, housed in the thrust beacring case through the pipe, wrapping
the turbine shaft and connected to the runner hub. The pipe
rotates together with the shaft and is driven by the _..cvo-
cylinder. The hydraulic seal with the 1leakage drain to the
drainage system is located at the pipe 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 fcr manuel and automatic start-up,
outting the unit on line, shut-down and remote control of loading.
It is not intended for speed control, but is well fitted for load
and head control.

The governing system of the turbine consists of the standard
parts. The standard high speed generator is usually applied to
reduce costs. Therefore the gear is installed between the turbine
and generator.

H. Sma'll turbines manufactured by Hitachi

tinder the impact of the energy crisis Hita:hi (Japan) began
to pay much attentinn to design and manufacture of small electric

power stations. ‘The main obstacle to wide use of Lthe energy of
smell rcivers is the relative high cost of small hydroelectric
stations and the equipment required for them. For profitable

construction it is necessary to reduce equipment costs, which is
only possible when there is wide standardization of the main and
suxiliary equipment.

Hitarhi has developed standardized ranges of application for
various types of hydrenlic turbines used in small hydroelectric
power stations with capacities of from 50 to 10,000 kW. Table 10
shows the ranges nf appliration of various types of turbines.
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Table 10. Various types of turbine: ranges uf sppliration

Ky
Type of turbine (m) ng
Pelton 200 m and higher 9-35
Francis 10-600 $5-400C
Kaplar 5-100 230-1 050
Horizontal axie. 3-20 450-1 190

Detailed information on different types of turbine is given
below.

1. Francis turbines

The nomographs for preliminary selection of turbines were
developed for countries using frequencies of 50 or 60 Hz in
electric lines.

Use of the normalized turbines is proposed at:

Hp = 20-180m Q = 0.8-25 m> sec”l Py = 300-10,000 kw
n = 375-1,000 min-1 (for frequency of 50 Hz)

The following line-up of the diameters of runners for these
turbines was taken:

Dy = 0.375, 0.40, 0.425, 0.450. 0.475, 0.50, 0.530, 0.560,
0.60, 0.63, 0.67, 0.710, 0.750, 0.80, 0.85, 0.¢ , 0.95,
1.00, 1.060, 1.120, 1.180, 1.250 and 1.320 m

Altogether, 23 normslized sizes were adopted. It should be
noted that the minimum diameter et the lecding edge of the runner
blade was expressed through D;. Fourteen different models of
the runner are usa2d for the considered range of H, and Q.

Table 11 shows the range »f application of each type of tur-
bine (for frequency of S50 Hz). A total of 151 standerd sizes of
turbines are recommended for use.

Similar information is available for a frequency of 60 Hz.
Here 137 standard turbine sizes sare used.

The distinguishing feature of vertical tucrbine design is its
distinct difference from conventional designs for large 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 generstor. The shaft is provided
with two supports. One of them is a redisl support in the area of
the top spider of the generator, and the other ig on the turbine
cover, where the radial and sxial thrusts are taken up.

The stator rests on the flange of the tucbine sgtay ring,
which is cast together with supports. The shells nf the spiral
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case sre welded; the design of the hydraulic part of the unit is
conventional; and the edjustable wicket gate assembly has an outer
shifting ring.

Table 11. Operating parameters of various turbine types
with frequency of 50 Hz

Tur-

bine Hp G Py n Dy

type ng (m) (m3 sec-1) (kW) (min-1) {m)

A 105 95-120 1.8-2.7 1 500-3 000 150 0.8-0.85
B 135 68-160 1.0-9.0 750-10 000 1 000-600 0.6-1.32
(o 150 60-150 0.9-9.0 500-10 000 1 000-600 0.5-7 18
D 165 48-160 0.8-12 300-10 000 1 000-500 0.475-1.32
DO 170 98-115 11-13 900-1 000 500 1.32

E 192 35-62 0.8-1.5 300-750 1 000 0.425-0.475
F 205 29-115 1.0-14 300-10 000 750-500 0.5-1.25
G 235 30-45 0.85-1.2 300-450 1 000 0.4-0.425
H 245 22-88 0.9-14 250-10 000 750-500 0.45-1.18
I 255 65-85 14-18 1 000 428 1.32

J 290 21-76 1.2-22 300-10 000 750~-428 0.425-1.25
L 325 18-5S 1.3-25 300-10 000 750-375 0.375-1.18
M 375 19-48 2.0-26 300-10 000 750-375 0.5-1.12

The design of the unit makes possible a considerable reduc-
tion in the fperiod of assembly. For example, for turbines of
capacity 3.5 MW of conventional design, the period of assembly
usually took 75 dsys. This period has been reduced to 35 days,
thus by nearly one half, for turbines of normalized design. The
assembly of such ¢ unit may be performed by means of a mobile
crane.

The hydraulic turbine may be connected with a synchronous or
an induction generstor. The induction generator has no exciter and
governor if the electric line is sufficiently extensive and high-
powered. Thus the induction generator allows the use of simplified
equipment, which results in cost reduction. The largest generator
of this type in Japan at the beginning of 1979 was supplied by
Hitachi. 1Its capacity was 7,850 kw.

The turbine gove~nor is either mechanical or electrical, the
latter type being smaller and easier to service.

The mechanical governors are standardized for turbines of
small hydropower stations. 1If the induction generator is used,
then the speed is not controlled by the governor. 1In this case
its Ffunction is to control the unit, depending on veristions of
the upstream water level and the load.

Properly designed control sand protective equipment are sup-
plied. The electrical instrumentation, protection devices, the
exciter and th. electrical speed governor sre installed in the
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common block in the standard ianstallations with the synchronous
generator of 5,000 kW or lower capacity.

Apert from the vertical tucbines the standardized horizontal
spiral turbines sre used at:

Hp = 20-100 m and Pt = 50-1,000 kW

The hydreulic part of these units :s of a conventional design
with the shifting ring of the wicket gate ~ssembly installed from
the side of the draft tube. One guide turbine bearing and two
generator bearings are instalied. The turbine and generator shafts
are rigidly flanged snd the flywheel is installed bheotween the
flanges.

2. Axiai turbines

The company recommends the following two types of horizontal
axial turbines for practical use at small hydroelectric power-
stations: straight-flow bulb type; and bulb type with an S-shaped
deaft tube. There are nomographs for preliminary selection of
hydcaulic turbines for frequencies of 50 and 60 Hz.

The normelized hydraulic turbines cover the following renge
in relation to the head and discharge for the frequency of S0 Hz

My =3-20m Q=2-28 m sec”’ Py = 100-5,000 k¥
n = 214-750 min-1

The unified line-up of runner diameters includes the
following sizes:

Dy = 0.70, 0.75, 0.80, 0.906, 1.00, 1.12, 1.25, 1.40, 1.60,
1.80 and 2.00 m

Altogether there are 11 normalized sizes.
Forty-eight standard sizes of axial hydraulic turbines are
proposed to cover the established ranges in relation to the head

and discharge.

1. Small turbines manufactured by Cilbert Gilkes
snd Gordon

Gilbect Gilkes and Gordon (United Kingdom of Great Britain
end Northern Ireland) manufactures turbines of all types, with the
exception of axial flow turbines. Equipment intended for small
hydroelectric power stations is one of its main products.

The approximate range according to head and capacity falls
within the limits:

Hy = 3 24m Py = 8 6,000 kW
Seven types of water passages of Francis turbines and five

types of impulse turbines are available to cover the given range
of application,
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Table 12 shows the specific speeds for all types of tucbines.

Table 12. Specific turbine speeds

Type ng
C 311
2 302
R 244
I1I 187
81 185
Iv 142
v 109
sJ 65
T3 65
TI 51.5
HCTI 65
PELT 22.6

The runners with the highest speed are used for low heads
within the limits H, = 2.8-4.2 m. Only Francis turbines are
tecommended for lzads up to Hp = 3-13 m.

Prancis and impulse Turgo turbines are used for the range of
heads H, = 15-35 m. Francis turbines are not used for heads
higher than 150 m. Impulse inclined-jet hydrsulic tucbines are
recomnended for heads H, = 15-400 m and the impulse bucket ‘ur-
bines for the heads Hp = 40-1,200 m.

Hydraulic turbines with an open flume for low heads are of
simple design. The turbine shaft may be either vertical or hori-
zontel. The shaft is connected with the step-up gear in vertical
turbines, the output horizontsl shaft of which is connected with
the high-speed generetor. The flywheel is installed on the hori-
zontal intermediate shaft.

The belt drives are used to drive the generator; the spirsl
radial-axial hydraulic turbines are used for low heads; and the
water is conveyed through the penstock. 1In all cases the draft
tube is straight and conical.

The horizontel shaft rests on two beacings in the spiral
hydraulic turbines. It is connected either with the as.c.
(synchronous) generstor or with any other unit by means of a rigid
coupling. The third bescing is added if the belt drive is used.

The cast or welded steel spiral cases are used for medium
heads. The impulse inclined-jet hydcaulic turbines sre elso made
for medium heads. There are two types, with one or two rozzles,
the specific speed of which is about 65. The turbine is simple in
design and easy to menufacture.
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Valh ol

The efficiency of such turbines is higher than that of low:
speed rvedial-sxial hydraulic tucbines. In particular, tucbines
with small sesl clesrances of the cunner wear considerably in the
presence of abrasive suspended matters in the water. The inclined-
jet turbine is slways characterized by higher efficiency at loads
of less than $/8 or 3/4.

Double control by weans of the nozzle, needle and deflector
is creslized in the inclined-jet turbines. The efficient control
system is particulerly importent in long penstocks.

The impulse bucket and inclined-jet hydraulic turbines are
used for high heads, except in the case of small capacities. The
bucket hydraulic turbines are not used at heads of less than 100 m.
The bucket hydraulic turbines sre made for heads up to 800 m. For
high hesads these tucrbines may be supplied according to custom made
designs.

The impulse turbines sare mainly made with one nozzle; turbines
with two runners are slso used. For the most psrt, turbines with
22.6 specific speed are employed.

The runner is instslled with its own bearings for turbines
with @& capacity of less than 750 kW. The runner is arranged at
the generator shaft end for higher capacities. 1In this casc the
supports and the generator shaft are of special reinforced design,
making it possible to reduce costs.

The generators sre of custom-made design; they are designed
for speed incresses of 70-200 per cent in runaway conditions.

The synchronous generator, opersting for the line or the
isolated load, is driven by the turbine at conventional hydro-
rlectric power-stations. The generstor and the governor should be
designed in such & way es to ensure the required frequency in
parallel and isolated modes of operation.

Asynchronous or induction generators are also used on a wider
scale. These generators are of simple design and cheaper in com-
parison with synchronous generstors. Speed is controlied by the
line frequency on which the generator operates. The efficiency of
the asynchronous generator is often less than thet of the syn-
chronous genecator.

Gilbert Gilkes snd Gordon does nnot manufacture its own
governors. The low-capscity turbines are contrnlled by electric
governors.
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SOMMATRE

Les directives ci-sprés sur l*utilisation des petites
turbines hydrsuliques oat pour objet de présenter les
careactéristiques de cet equipement a des spécialistes de
l'utilisation de 1'énergie hydraulique fournie par les petits
cours d'eau.

Les directives comportent une bréve description des turbines
et de leurs configuratiors de base, sinsi qu'un exsmen des
principaux problémes et méthodes de normelisstion. Elles donnent
également des exemples spécifigues de mise au point de types
coursats de turbines & réaction et & impulsion, un aspercgu de
1'expérience acquise dans le domsine de la normelisation et des
propositions émanant des coanstructeurs.

EXTRACTO

El objetivo de las siguientes pautas para la aplicacion de
pequeiias turbinas hidrdulicas es presentar las carscteristicas de
disefio del equipo de turbins a especialistas en el sprovechamiento
de la energis hidriulice de los rios pequefos.

Las pautas comprenden uns breve descripcion de las turbinas y
las configuraciones bisicas de lsa turbina y un exsmen de los
principales métodos de normslizacién y problemas que esto plantes.
Se den también ejemplos especiales de desartolo de gamas
normalizadas de turbinas de accion y de impulsién, uns exposicion
generel de 1ls experiencis adquirida en la esfers de 1la
normalizacién y sugerencias de fabricantes de pequefias turbinas.






