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Modern trends in selecting and
designing Kaplan turbines

PART ONE

By F. de Siervo and F. de Leva®

Results of an extensive investigation carried out on more than 130 Kaplan turbines manufactured

all over the world are presented in the

form of statistical diagrams providing engineers with the

latest information for preliminary design of hydro powerplants.

111s PAPER presents the results of a study on the present
state of the art in the design of hydraulic machines, of
which the first part concerning Francis type turbines was
published in August _ 376 issue of this magazine!.

For simplicity, considerations that are common to both
Francis and Kaplan turbines are not repcated in this
paper: the authors suggest therefore that reference to the
previous article will give a better understanding of the
present subject. '

Whenever it has been deemed advisable, comparisons
have been made between Francis and Kaplan design
~nteria and dimensions, particularly for those machine
components that are similar from the hydraulic point of
view. such as the steel spiral case and the draft tube.

“ELC. Electroconeutt, Via Chisbrers 8, 20151 Milan, itsty.
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The data collected show that the trend towards greater
capacitics is less %gopgl_lnggd for Kaplan than for Francis’
‘machines. In the field of high head units this appears 10 be’
“The " consequence of the competitiveness of Francis
turbines which are less expensive, while for low heads the
upper capacity limit is set by the actual dimensions of
the machines. The research covers, with some exceptions,
the period between 1960 and 1976.

Table I gives the main features of the installations
investigated as - taken . from the . references, while the
diagrams are based on the project data and dimensions
collected by an extensive inquiry carried out through both
questionnaires sent to the most important manufacturers
and from visits to several made by one of the authors.

The curves were drawn by a simple rcgression pro-
cedure, using the same digital computer program adopted
-n the previous study on Francis turbines.
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Notations* 70| : B
Da  —=Runner outer diameter (m) eor 2~ -
F'4 =Gravity acceleration (m/s?) ), N
ks  =Barometric pressure (m) s0 N
ks =Static suction head referred to the wicket gate centreline 3 \
(m) .
ho  =Water vapour pressure (m) 40| N \\
Ha  =Turbine net design head (m) _ RS
ky  =Runaer peripheral velocity coefficient E \\\
4w =Ratio between water velocity v, and spounting velocity =~ RN
kva = Ratio between water velocity v, and spounting velocity 30 » WA
n =Turbine speed of rotation {(rev/min) .}\
ny  ==Turbine runaway speed of rotation (rev/min) " N\
n,  =Turbine specific speed \\
P,  =Turbine design capacity (kW) \
Qv  =Turbine rated flow (m?/s) AN .\
@y = Flow passing through a spiral case radial section rotated \ N
by the angie ¥ in respect of the spiral nose (m?/s) P
r — Statistical curves correlation coefficient \
re = Distance of a point in the spiral case from the turbine Y
axis (m)
s = Statistical curves standard deviation
vy =Water velocity at stecl spiral cases inlet section (m/s)
vy =Water velocity at concrete cases inlet section (m/s) .
vy = Water velocity at draft tube inlet section (m/s) -A0 &
vy = Peripheyal velocity of water in the spira_l case 00 . -
o =Cavitation coefficient (Thoma's cocfficient) wecitic speed n,
. *For notatioos relevant to the hine main di reler to the relevant figures. Fig. 2 Increase of speed (fora ’M head) as 8 func-
: tionofthcgc;fod dm%rv;no. l?{d;rzvdfm Fig. 1;
: : : curve no. 2 is taken from ndbook of spplied raulic”
They show a hlgh. degree qf grouping of the data in Sorensen, K. E. and C. V. Davis 1969; curve no. 3 is tehen from
respect to the chosen interpolating functions. “Turbines hydrewiiques et leur regulation™ by L. Vivier, 1966;
As for the Francis turbines, the diagram shows that, and curve no. 4 /s derfved from US Bureau of Reciamation’s
over the period considered, there: has been a trend to | “Selecting hydreulic reaction turbines”, 1968

{

increase the value of n, for a given head, that hag Become
more evidéni in. Ihe Jast years. By comparing the n, givén
in Fig. | with the n, relevant fo Francis turbines for the
same period, one sees that in the overlapping area (n.
ranging from 250 to 350) the specific speed is clearly higher
for Kaplan turbines while the slope of the curves is
comparable. Proposition developed later in this article
show that, notwithstanding the higher n. value, Kaplan
turbines are larger than Francis types for a given capacity.
As for FrantlsTurbines, the curves of Fig. |

show the

. specific speed n. corresponding to an average statistic

L

/

‘alue of the most significant existing installations for
1ssigned heads, and therefore they serve only to give an
indicative value. Single installations may have n. values

Water Power & Dam Construction December 1977

that differ from thosc given by the-equations, depending on
particular opcrating or design criteria as was shown for
Francis turbines. Thercfore these equations should be
used with some degree of precaution adapting the cal-
culated values to. the particuldr characteristics of the
installation under consideration. : -

The curves shown on. Fig. 2 ¢onfirm the general trend
towards higher specific speeds for a given head.

Once the value of ‘m. is decidod from Fig. ‘1, the best
rotation frequency i3 determined by Eq. (1); the rated
frequency of the turbine will coincide with one of the
synchronous frequencics mearest to the ideal one; ‘the
higher or lower value will be chosen, depending on

<3
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technical and economic considerations similar to those
indicated already fof Francis turbines.

The chosen synchronous speed will then determine the
actual n, value to be used for entering the subsequent
diagrams.

The cavitation coeflicient is expressed by the formula:

o=(hy—huw—Hhe)/Hn

The o values have been calculated for the design head
Ha, taking ho — h==9.8 m for all the examined instaliations.
This roughly corresponds to an average turbine installation
level of 200 m and to a mean water temperature of 20°C.

in some cases the values indicated here do not represent
the most severe operating conditions that correspond
instead to the maximum head which, for Kaplan turbines,
often occurs with the tailwater level at its minimum value.

) - e operating o value and consequently the installation

‘el of the machine can in such a case be correctly

.termined only by the performance diagram of the
turbine. : »

The available data have led to the following relation
between o and n,: -

) 0=6.40 10-% p,1-4¢
with -
r=088  9=0.14

The corresponding curve is given in Fig. 3. C

in Fig. 4 the calculated curve is compared with similar
ones taken from the literature,

The reduction in the values of Thoma'’s coefficient for a
given ne, asat appears in Fig. 4, is a result of improvements
0 the hydraulic design of the machines, leading to lower
~aiues of the submergence and consequently to consider-
able cost saving of the civil works.

The suction head H,, calculated on the basis of the
e =yve 1970-1976 on Fig. | and of the o curve on Fig. 3. is
v _swnin Fig. 5.

The average suction héad ranges between —1 and --¥ m
. . the range of n. considered.

54
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Fig. 4. Cavitation (Thoma's) coefficlent decrease (for a given
n,) as a function of the period of design. The curve denoted by
1is the one given in Fig. 3, while curvas 2, 3and 4 are derived
from the same sources indicated in Fig. 2.

By comparing Fig. 3 with the corresponding figure for

Francis thrbines it can be seen that while both o —o (70)

curves show the same slope. the average o values are for
Kaplan turbines approximately 10 per cent higher than for
Francis with the same n. value. .

The ratio between the runaway rotationfrequency ny (off-
cam values) and the rated one is expressed as a function of
n.in Fig. 6.

As for Francis turbines the scattering shown by the
diagram can be attributed to the width of the range of
operating head of the machines.

Water Power & Dem Construction December 1977




Py V. .

[ P

E
b 1
) 1 N
.2 — ™~
\\
0
200 300 400 500 600 700 800

specific speed n,

Fig. 5. Suction head versus specitic speed.

The interpolating function is:

niin=2441204 10-4 ,

with

r=0.09 §=0.28

The remarkable difference in behaviour between Kaplan

and Francis turbines in runaway conditions is explained by
the following two considerations:

@ the positive slope of the Francis curve is given by the
centrifugal effect characteristic of Francis runners, which
decreases with increasing n, because of the change in
shape of the runner. This effect does not occur in Kaplan
turbines and explains the much flatter slope of the
runaway speed curve.

®the step between Kaplan and Francis curves is
explained by noting that the runaway speed values for
Kaplans are off-cam and thus correspond to the most
unfavorable combination of wicket gates and runner
blades position; this of course does not apply to Francis
machines. o :

Water Power & Dam Construction December 1877
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Fig. 8 Runmer dimensions; theii vetues éreindicated infig. 3

Runnersize _ - " A
T ictermine the runner main dimensions, the peripheral

ve.City coefficient k« as defined by the expression:”

ko= Dy nf(60+/28 Ha) | &)
is adopted. . . '
The function ke=ke. (1) calculated by correlating the
available datais: .
ke=0.794-1.61 10 n @
with

F=0.95 - $=0.1

The corresponding curve is indicated in Fig. 7.
For a given value of n,, the outer diameter of the runner
can be then calculated using the formula
| Dig=84.5 ku +/Haln

It should be noted that for values of a, around 300, the

TeT ORI e

" k, for Kaplan turbines is about 20 per cent higher than for

Francis types.
The other runner dimensions Dm, Hm= and AH! indicated
in Fig. 8, may be obtained as functions of n. from the

" curves of Fig. 9.

‘The interpolating functions of the various curves are as
follows:

D/ D3c=0.25+94.64/n,
r=0.82 s=0.04

- ﬂm/Dm=6.94 n,~0-403
r= —-062 S=007

17 10-%n,

Hy/Dm=038+5
23 =0.03

r=uv.

Combining Egs. (1), (2), (3) and (4) with the capacity
equation:

P=y Q Han:
and assuming a conventional efficiency value of t=0.93,
it is possible to write Q as a function of D and Ha in the
following way:

Q= Dn* F(Ha)

The function F(Ha.), within the n, values considered,
ranges between 7.3 and, 7.8 with a variation of only 7 per
cent.

It is therefore possibie to draw the conclusion from these
statistical diagrams that as a first approximation the water
flow of Kaplan turbines depends only on the square of the ~
funner diameter. ™~ "

(To be continued)
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Fig. 8. Main runner dimensfons versus
specific speed.

runner dimensions (percentage of D)
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Modern trends in selecting and
. -_~de'si'gning Kaplan turbines

PART TWO

By F. de Siervo and F. de Leva®

Results of an extensive investigation carried out on more than 130 Kaplan turbines manufactured all
over the world are presented in the form of statistical diagrams providing engineers with the latest
information for preliminary design of hydro powerplants.

‘I'ug FIrsT PART of this article presented a comprehensive table
of Kaplan turbines used in major hydro schemes, and general
trends in their manufacture and design were discussed and
illustrated. It was suggested that the water flow of Kaplan
turbines depends only on the square of the runner diameter.

Spiral casesize )
ioth steel and concrete spital cases have been investigated.
fhe available data show that within the specific speed
range between 400 and 600 approximately, both types
may be adopted depending upon the particular character-
istics of the powerplant. This n, range corresponds roughly
to a M. range between 35 anc 15 m. Steel spiral cases have
been adopted for heads down to 15 m with rated capacity
up o 70 MW, while coticrete spiral cases are encountered
for heads up to 40 m with capacities ranging between 50
and 100 MW, )
The spiral cases for Kaplan turbines are usually designed
using the same formulae as for Francis units:

Qr=0, (1—0/2r)
Yu flzk

that indicate the uniform feeding of the distributor along
its circumference and the irrotationality of the water flow
within the spiral case.
in the preceding formula the angle y is measured in the
direction of water flow starting from the spiral nose.
Whereas for steel cases the enveloping zngle is close to
60°, in contrete cases it is usually slightly above 180°,
teading to smaller cross sectiontdimensions.
The water flow for each turbine has been calculated from

*2LC-Electroconsuit. Vie Chisbrera 8. 20181 Milen, ltaly.

the rated head and capacity values assuming a conventional
efficiency of 93 per cent.

The velocity at the inlet section of spiral casings has been
then obtained from the inlet dimensions as indicated in
Fig. 10.

The available data are indicated in Fig. 11 together with
the correlating curves which are, for steel spirai cases:

y,=3.17+759.21/n,

r=0.26 =1.04
e - 7
Notations*®
Da¢ =Runner outer diameter (m)
g =Gravity acceleration (m/s?)
kp =Barometric pressure (m)
he ==Static suction head referred to the wicket gate centreline
{m) '
ho = Water vapour pressure \m)
Hn =Turbine net design head (m)
k« =Runner peripheral velocity coefficient .
koy —Ratio between water velocity v, and spounting velocity
koy =Ratio between water velocity v, and spounting velocity
n =Turbine specd of rotation (rev/min) .
ny  =Turbine runaway speed of rotation (rev/min)
ne  ~=Turbine specific speed
P, =Turbine design capacity (kW)
Qo =Turbine rated flow (m?/s) . .
Qy —Flow passing througha spiral case radial section rotated
by the angle ¥ in respect of the spiral nose (m?/s)
r - Statistical curves correlation coeflicient .
r - Distance of a point in the spiral casc from the turbine
axis (m)
s =Statistical curves standard deviation .
v =Water velocity at steel spiral cases inlet section (m/s)
vy - Water velocity at concrete cases inlet section (mM/s)
v, = Water velocity at draft tube inlet section (m/s)
va  -:Peripheral velocity of water in the spiral case
a --Cavitation coefficient { Thoma's coetlicicnt)

L omime ot e e e -

-For notations relevant to the machine main dimensions refe

‘; to the refevant figures.
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Fig. 10. Main concrete spiral case (left) and steel spiral cases dimensions (right). Their values are indicated in Figs. 12 and 13.

and for concrete spiral cases:

v,=2.44—1.19 103 n,
r=—0.32 5s=0.39

This shows that the water velocity for steel spiral cases
is about 2.5 times greater than that in concrete spirals.

- In addition it appears that in the case of Francis turbines
~ : water velocity is about 28 per cent higher than the
“elocity for Kaplan turbines with the same specific speed.

The marked scattering of the v, curve data may be a
result of the inaccuracies in the evaluation of the inlet
diameter A related to the presence of a conical inlet
extension in several spiral cases. -

The interpolating functions for the different curves are:

Ay Dpe=0.40n,%
r=039 s=0.12

By/Dy =126+379 10-*n,
r=025 5= 0.12

C\/Du=146+43.24 10-*n,
r=0.11 s= 0.24

Dy/Du=1.59+5.74 10-*n,
r=0.22 s= 0.20

E,Du =12142.71 10-%n,

B,/Dar=1/(0.76+8.92 10~*n,)

r= 071 s= 0.21
C,/ Dsr=1/(0.55+1.48 10~*n,)

r= 0.03 s= 0.16
DyfDy=1.58—9.05 10-'n,

r= —0.06 = 0.14

-4E.IDM'= 1.48-2.11 10~%n,

The main dimensions of the spiral cases, as indicated in r=020 s=0.11 .r= —001 s== 025
Fig. 10, are shown, as a function of a. and referred to the Fi/Das =145+72.17/n, Fi/Du=1.62—3.18 10-*n,
diameter Dar, in Figs. 12and 13. . r=0.32 s=0.12 r= —003 &= 0.12

90
3 e - - - e
.'E 70}‘ . . LI - * . h - t&‘l o.iulum

80 b % concrets spical cases |
g . T - ( MO . )
K N 4 . .

Fig. 11. Water velocity at the spiral cese g e _.‘U.\%_ﬁl' ':'

inlet, versus specific speed. Velocity N, is LY S e S SERERE L

for steel spiral cases while N, is for con- £ *e’ s 4

crete ones. % 19 . . .
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Fig. 12. Main spiral case dimensions
versus specific speed. The letters refer to

Fig. 10. Subscript 1 is for steel spiral cases
while subscript 2 is for concrete ones.
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G/ Dm =1.29+41.63/n, Go/Da=1.3647.79/n,

r=0.28 $=0.08 r= —0.04 s= 0.06
HDa=1.13+31.86/n.- H\Dra=1.19+4.69/n,
. r=0.31 5=0.05 r=0.05 s= 0.03
1/Dm =045—31.80/n,. .  In/Du=0.44—21.47/n,
r= —048 =003 ° r= —023 s= 0.03
L,/Du=0.74+8.7 10-*n, Lo/ Da=1.44+105.29/n,
r=-0.58 $=0.10 r=0.15 s= 0.23
M./ Dae— 1/(2.06—1.20 10-%n,) M,/Ds=1.03+136.28/n,
r=—0404 3=0.11 r=0.2i s=0.19

The ratios Kv, and Kv, between the water velocity v, and
v, at spiral case inlet and the spouting velocity correspond-
ing toithe rated head, obtained according to Fig. | and 11.
are indicated in Fig. 14.. '

They increase with :the increase of n, although the
¢ velocities v, and vy diminish appreciably. The two opposing
*.~" ends, which influence the design of Francis turbines, that

to contain the head losses as percentages of the net head
and to limit the dimensions oﬁhe spiral cases, play the
same role both for concrete and for steel spiral cases of
K aplan turbines.

(¥ }

Figures 12 and 13 show that for a given_n, the concrete
spiral case definitely permits smaller_cross section dimen-
_$ions than. _é_i;ﬁLcasm.?Fsor instance, considering the specific
‘speed n,=500, the following cross-sectional widths are
obiained:

@ steel cases: width =B, +C,+A/2=3.76 Dx
@ concrete cases : widths=B, +C;=3.04 Das

_with a difference-of about 24.per.cent

This is because of both the smaller enveloping angie of
the concrete cases (already made evident) and the different
shape of the volute cross section.

Some interesting observations can be made by compar-
ing the dimensions of steel spiral cases for Francis and
Kaplan turbines.

he curves relating to the dimensions A. L and M
display a strong measure of agreement within the area of
overlapping specific speeds. Increasing the n. value the
dimensions of Kaplan cases increase practically with a
constant rate that roughly corresponds to the square root
of the decreasing water velocity at the spiral case inlet; this
confirms that the water flow does not depend appreciably
on the n, value, as suggested earlier. '

The dimensions £,, G, and H, for Kaplan scrolls remain
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more or less constant with mcmﬂsmg A while they diminish
for Francis turbines.;
of Francis turbibes changes ccmrderably with increasing
n, (the ratio between inlet and vutlét diameter of Francis
runners dccrcaaes) whlle this’ does not occur in Kaplan
machines. ‘

As a conscqucnce the cross an& lbngmldmal section
dimensions 8,,.C,, D, and E, that decrease with increasing
n. for Francis turbines, show the opposnte trend in the case
of Kaplan machines.

For concrete spiral cases the dlmcnsmns By, C;and L,
appear to be constant, while water velocity v, decreases
with increasing n.. This does not conflict with the fact that
the water flow depends mainly on the runner diameter
alone, because for increasing n, the scroll piers became
thinner, thus allowing the net inlet area to increase in the
same proportion that the water velocity decreases.

Draft tube size

The draft tube dimensions are directly related to the

runner size and to the absolute velocity at its inlet section.
Fig. 16 gives the mean statistical value of this velocity

versus the specific speed n.. The interpolating function is:

vy=8.42+-250.25/n,
where
r—0.36 s=1.51

The most important dimensions of the draft tube

indicated in Fig. 15 are given by Fig. 17; the mtcrpolatlng

functions are:

Ht/DM=0.24+7.82 10-%n,

r=0.06 s=0.15
N/ Dau=2.00—2.14 10-°n,
r=0079  s5=0.31

O/ Dar=1.40—1.67 10-% n,
r=-—0.10 s=0.23

P/Dn=1.26—16.35/n,
r:-—0.06 s=0|5

Q/ Dne=0.66—18.40/n,
r= —,0 15 3==0.07

R/Du=1.25—7.98 10-% n,
r=-—0.07 s=0.15

568

This is because the runner geometry

© S/ Dm=4.26+201.51/n,

=0.18 .3=0.63
T/Dri=1.20+5.12 10-4 n,
5s=0.25

. r=0.25"

Z[Dy=2.58+102.66/n.
r=0.16 s=04

The figures show that the dimensions. of Kaplan draft
tubes are closely matched to the corresponding dimensions
‘of those of Francis turbines in the overlapping area.

For increasing n. the dimensions do not vary appreci-
ably, except that the draft tube length S decreases.

Fig. 14 indicates that the kinetic energy stored within the
draft tube increases, as a percentage of the total available
energy, with increasing n.. reaching values much greater
than those relevant to Francis turbines.

This makes it convenient from both technical and
economical points of view, not to reduce the dimensions
of the draft tube as is normal for Francis turbines. but
rather to keep them constant as a function of ..

Comparison between Francis and Kaplan turbines
It is interesting to make a comparison between Francis and
Kaplan turbines in the head range common to both
machines.

For this purpose, having chosen a head of 50 m, two
machines having the same capacity of 50 MW have been
sized according to the statistical diagrams previously given.

The main design data and dimensions of the two
machines are given in Table 11

Fig. 18 shows sketches of both turbines where the
centreline clevation is referred to the same tailrace
water level.

Table li—Comparison of Francis (F) and Kaplan (K) turbines for
the same head and rating

F K

Hy (m) 50 50
P (kW) 50 000 50 000
y 310 358
n (rev/min) 179 213
Dy (m) 3.55
Dane (M) 3.83
Dm (m) 1.54

(m) 403 495
£+D(m) 10.11 11.80
He (m) 1.03
N (m) 7.88 7.66
S (m) 16.19 18.47
H, (m) -1.8 -6.3
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CORRECTIONS = _ 1
In the interpolating functions referred
to on P56 in Part I of this article, D.. 5.8
should read B.,.

L
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Fig. 18. Comperison between Frihcis and Kaplen turbines.
Both turbines sre designed for & net eed of 60 m and a
capacity of 50 000 kW.  « . e :
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Even taking into proper account the fact that the
turbines were sized according to statistical data and not on
the basis of actual miodel test resuits, the advantage of
Francis turbines is evident on the basis of purely economical
constderations.

Special powerplant requirements patticularly broad
head ranges, and the necessity to have smooth operation
with high efficiency even at very reduced capacities, some-
limes dominate economic considerations as is shown by
the appreciable number of Kaplan turbines installed with
heads between 40 and 60 m.

Conclusions
The present investigation shows the limited scattering of
data for most of the curves drawn, particularly those
relevant to the peripheral velocity coefficients and the
runner dimensions.

Furthermore the number of powerplants studied has
made it possible to draw theoretical deductions based on

- '7‘,‘:3" ot

Ky ST = -

<5

the statistical curves of the machine operating character-
istics that are well in accordance with those deduced from
the physical dimensions. This is well exemplified by
observations made about the dependence of the water flow
on the runner diameter, as confirmed by the results of
sizing criteria for the spiral cases.

This validates the correlation functions obtained and the
uniformity of the design criteria adopted by the different
manufacturers.

As for Francis turbines, the trend is evidently towards
higher specific speeds and thus to smaller and more
economical instaliations. O
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