Developments in the design
of bulb turbines

By F. Schweiger and J. Gregori, Prolessor® and Research Scientist* *

research study has been carried out on bulb

turbines using data on more than 100 units from

various manufacturers and other sources, aimed at
providing engineers with reliable and up-to-date statistical
information. This work covers most units of this type built
up to now, and therefore gives an overview of the present
trend in bulb turbine design, although various design
methods have been used.

Bulb turbine units have certain advantages in relation to
conventional Kaplan turbines. Because of the straight draft
tube, the efficiency of the bulb design is higher. and its
application is favourable in many cases. Therefore, knowledge
of basic hydraulic and geometric design parameters is
particularly important for the project engincer. The appropriate
selection of these parameters is associated with many cconomic
and design problems. Even the right choice of turbine specific
speed is directly related to the available head. The positioning
of the bulb turbine has some advantages over the conventional
Kaplan turbine as regards the cavitation phenomenon, although
there is a certain difference in pressure distribution between
the top and the bottom part of the runner. In addition, the use
of bulb turbines usually allows for less extensive civil works,
reducing the total cost of the plant.
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Fig. 1. Main turbine dimensions.
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Fig. 2. Head, H, versus specific speed, n,,
time of the design.

Technological developments. recent progress indesign, and
improved manufacturing capability have resulted in the
construction of units with larger runner diameters, more
advanced shaping, and increased efficiency.

This modern design approach has been to increase specific
speed for the same available head (as has been the trend with
most turbine types).

Toreview the latest design methods of different companies
and to assist the project engineer with the necessary
information, data on bulb units from various sources
throughout the world have been collected and evaluated.

Bulb turbine parameters

Bulb turbines cover almost the same range of specific speeds
as the Kaplan units, typically within n, = 140-400. The water
turbine is often compared by referring to the specific speed.
1, and this 1s expressed by the equation:

g =n X QU3 Ho0S L il

On the basis of data collected and preliminary analyses, aclose
relationship has been identified between available head. f1, and
specific speed. This relationship can be expressed as:

H="f{ny e eii2)

The analytical relationship of Eq. (2) has proved to be of use
as a basis for the project engineer if a new type of turbine unit
is being considered.

For more universal application. all the geometric and energy
parameters are given in dimensionless form. Generally, the
turbine is defined by dimensionless coellicients. as [ollows
(See Fig. 1 for notations):

y (energy coetficient) = ¢H K, 'n =Dy .. . (3)
b (flow coetficient) = Q Ky'n 'Di’ . . (4)

Simultancously, both dimensionless coefficients can be
expressed by the specific speed, thus:

w = f(ny) LB D)
b = finy L. (6)
A similar approach is used for the geometric parameters with
dimensionless ratios. On the basis of available data. the
following relationships are derived:

Do .. .
= ting) e

K
ﬁlﬁ—-l'(nq) e ()
Dy Dy
)"\ 1 -
I—' : -L} = f(n,) ()
Dy Dy

For the turbine runner diameter calculation, the coefficient
of peripheral velocity is introduced:

K. = (mDgu) (2 gH) "5 X 60 - (10)
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and eventually expressed by the specific speed:

Ku=rfn) L.

Data analysis
The hydraulic and geometric parameters collected by the
authors have been used as a basis for the statistical evaluation
and presentation of the graphs (Figs. 2-9). The data obtained
cover machines built between 1966 and 1985, Preliminary
analysis shows the formation of principal groups of data points.
pertaining to different time periods. The data were therefore
divided into two sets. according to the design date of the
turbine, as the statistical analysis could otherwise give
misleading results because the information covers too long a
period of time. To include an up-to-date computer design
approach for the development of turbine units, the data
pertaining to H = [(n,) have been split into two time periods,
from 1966 to 1975 and from 1976 to 1985,

On this basis. astatistical evaluation has been made, and two
regression characteristics, linking the head, H, and specitic
speed. . have been established:

® /06610 1975
H = 47860 n,'* w s GI2)

¥ = —56 per cent, standard deviation = 3.853

® /97610 1985
H=69180n, ' s (IS

r = —86.94 per cent, standard deviation = 3.8027

Both functions are presented in Fig. 2. one for each time period.
The curves show a constant increase of specific speed. n,. at
agivenhead, H. The tendency in future design will be towards
turbines with higher specific speeds and increased efficiency .
This can be achieved with accurate knowledge of flow and
energy conditions throughout the turbine passage and well
developed design and technical ability.

For a more detailed study of bulb turbine parameters,
dimensionless parameters. which are independent of the size
and speed of the runner, have been adopted. Figs. 3 and 4
present the energy y and flow ¢ cocfficient defined by Egs. (5)
and (0). Analytically. the energy coefficient is expressed as:

= TTng 105 e (14)
r =951 per cent, standard deviation = 0.0603
The flow coefficient is expressed as:
¢ = 0.1075 + 0.00085 n, . =(13)

r = 86 per cent, standard deviation = 0.072

The results, presented inanalytical or graphical form. can be
used to select the most suitable type of turbine of modern
design. In addition, the turbine runner diameter can be
calculated using Egs. (14) or (15).

By applying Eq. (10), the peripheral velocity coefficient Ky,
can be determined and, based on statistical data, its regression
function can be found, namely:

Ky =1+ 0.0038 n, L (16)

¥ = 81.75 per cent, standard deviation = (0.25881

Notations
D = diameter (m)
g = acceleration caused by gravity (m/s?)
H head (m)
| K constant
| L= length (m)
i n = speed (rev/min)
| @ = flow(m¥s)
£ = radius (m)

it peripheral velocity (m/s)
b= subscript for the body

p = subscript for the hub

q = subscript for the specific speed
® = subscript for the runner

T = subscript for the turbine

U = subscript for the peripheral

8 = specific diameter constant
o = specific speed constant

$ = [low coelficient constant

w = energy coefficient constant
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Fig. 3. Energy cocefficient, p, versus specific speed n.
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Fig. 4. Flow coefficient, $, versus specific speed I'lq o

Graphical presentation of the function Ky =  (12,) is shown in
Fig. 5. By expressing the turbine runner diameter from Eq.
(10). its value can be evaluated at a known specific speed.
Besides the parameters mentioned above, the geometric
parameters are of equal importance to the design engineers.
These data have been collected and analysed in accordance with
Eqgs. (7). (8)and (9). The geometric parameters are expressed
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Fig. 5. Peripheral velocity cocfficient, K,, versus specific speed n,.
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Fig. 6. Diameter ratio, Dy/Dy, versus specic speed ng.
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r = 60 per cent, standard deviation = 0.07873

D :
=2 = 1.143 — 6.8 X 10-4p, 0
i3
r = 59 per cent, standard deviation = (. 19953
Ly .
— =2.579 — 0.00123 n, Lo (2D
D,

r = 56 per cent, standard deviation = (0.31336

The graphs from which these equations are derived are shown
in Figs. 6, 7 and 8. Although not many geometric data were
available. a fair indication of the basic trend of regression
functions is given.

Combined results

In this study the hydraulic and geometric parameters have been
treated separately. To obtain a more general view of both
parameters, it is desirable to join both parameters in
dimensionless form. By introducing the specific speed
constant, or. as a function of the energy (y) and flow ($)
(coetticients, the tollowing equation is obtained:

or = ¢[}i b y 075 = Ko WO X Ql].i (gf” -0.75 L (22)

This defines the unit in terms of flow and energy coefficient or
of flow and head, accordingly. Using the dimensionless theory
and linking the flow and head with the runner geometry, the
specific diameter, 8. of the machine is obtained, see Eq. 23.

in a form of a ratio with the runner diameter, Dy. The
analytical relationship is expressed by the following equations:

s :
Do =0.443 =22 x 10 *n, L7
Dy

r = 58 per cent, standard deviation = 0.04933

R
—L =0.335 + 1.52 x 10—+ 1"y sl 8)
Dy

r = 55 per cent, standard deviation = 0.09365
R,
— = 0.837 — 3.86 x 10 4n, S (19)
Dy
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H'I' - w\'l__’n Y ¢ 03y — Kli DR (({:H)u__‘SQ ||_S_ L (23}

Both parameters oy and 8y present the basic dimensionless
coefficients which completely define the turbine unit from the
hydraulic and geometric point of view. The evaluation of the
coefflicients or and 8 gives a ficld of points which has to be
analysed statistically. The result of this analysis is the
regression function 8¢ =f (oy), shown in Fig. 9. and
expressed by the equation:

Br = 1.55 04" v (24)

Lh

r= —84.79 per cent, standard deviation = (.1537

Fig. 9 is called a type graph, and presents the optimum
statistical data of bulb turbines constructed up to the present.
[t can be used for calculating the basic runner diameters and
to follow the systematic development of the bulb turbines.

Conclusions

This study, together with the data collected and evaluated, can
be used fora reliable and quick estimation of basic bulb turbine
parameters. Itis logical to believe that the regression function
with a statistical curve. shown in Fig. 9, yields the average
value of the hydraulic and geometric parameters of the best
efficiency points pertaining to the individual units.

The type graph is complex, but it is the first systematic
approach to linking the basic bulb turbine parameters. In
addition, this graph indicates the world trend in the design of
these machines. The graph can be used as a statistical pointer
to the future design of bulb turbines. 1
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Calculation of prototype

cavitation characteristics in
large bulb turbines

By T. Kubota and T. Tsukamoto, Chicl Engineer* and Hydraulic Engineer*

arge bulb turbines have a large vertical span

(diameter) between the runner top (the maximum

elevation) and bottom (the minimum elevation)
compared with the low head that is to be utilized. As the
Froude number of a bulb turbine model will not be the same
as that of the prototype in most cases, the distribution and
development of cavitation at the prototype runner will
differ from that observed in the model; cavitation can
develop all over the runner (from top to bottom) in the
model, but in the prototype the cavitation might only
develop around the runner top. A conversion method of the
cavitation characteristics from model to prototype has not
been established or stipulated in the IEC Code, so far. In
this article, the pressure distributions against the vertical
distance of a prototype runner is estimated by using: a
three-dimensional flow analysis; and the cavitation
characteristics observed in model tests.

Using the above, a method is proposed to calculate the
cavitation performance of the prototype from model test
results.

The application of high specific speed large bulb turbines has
been growing along with the recent trend to develop ultra-low
head hydroelectric powerplants. When a prototype turbine,
which is geometrically similar to the model, is operated under
hydrodynamically homologous conditions, its cavitation

Fugi Electeic Coo i £-0, Tanabe-Shinden. Koo 2401 Seiprean

Water Power & Dam Construction

behaviour is generally considered to be a scaled version of that
observed in the model by coinciding the cavitation factor
(o). A large bulb runner will have a large vertical distance
(diameter) compared with the low head; however, the effect
of gravity (potential head) on the cavitation development will
be pronounced. For example, in the First Supplement to
Publication 193 (1965) of the IEC Model Test Code!, it is
recommended to consider the Froude similitude when the
vertical distance (D) against the net head (H) cannot be ignored
(D>0.25H).

Example
Letus consider a low head large bulb turbine with a net head
of 5'm and a runner diameter of 7 m as an example. The
diameter of the model runner used for the model test would
normally be about 0.35 m. When the model Froude number
coincides with that of the prototype, the model test head should
be less than 0.5 m. Such a low head could not guarantee accur-
ate measurement of the model’s performance. To coincide the
maodel cavitation factor with that of the prototype at this low
head, the suction head must be less than minus 9 m. If the test
loop is exposed to such a large negative pressure, the separation
of dissolved air in the water makes it impossible to observe the
cavitation accurately . For these reasons, it is difficult to carry
out the model test to coincide with the Froude number of the
prototype, as the IEC Code recommends.

Experience has shown that it is necessary to increase the test

September 1988 15
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head for cavitation testing against the wide range of o. while
maintaining the accuracy of the model test. Therefore. the
model Froude number cannot coincide with that of the
prototype. When the model Froude number is different from
that of the prototype, the distribution of cavitation
development, from the top of the runner to the bottom,
becomes different in the prototype from that observed in the
model. The cavitation develops almost all over the runner from
top to bottom in the model cavitation test, but in the prototype
the cavitation develops only around the runner top. No
conversion method for these cavitation characteristics has been
established so far.

In this report, a numerical analysis is introduced which
predicts the vertical pressure distribution throughout the
prototype runner by applying a three-dimensional flow analysis
to the model test results. Based on the results obtained. a new
method is proposed to convert the model cavitation
characteristics to the prototype characteristics.

New Martinsville powerplant

The model test was conducted using a model for the low head
large bulb turbines of the New Martinsville powerplant (runner
diameter 7.3 m, rated net head 5.4 m, rated output power
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19 MW) in West Virginia. USA?, The model turbine has a
runner diameter of 0.365 mand is geometrically homologous
to the prototype. Although the model test was carried out under
hydraulically homologous conditions, the tested net head was
set to 4 m without the Froude number being coincident with
the prototype, allowing a highly accurate cavitation
performance test.

The model runner diameter of 0.365 m is so small compared
with the test head of 4 m that the difference in the cavitation
factor between the runner top and bottom was expected, and
observed. to be negligible. On the other hand, the cavitation
factors at the top and bottom in the prototype runner showed
a significant difference. Therefore, in model tests. it is
necessary to observe the cavitation development at each
elevation of prototype by coinciding the test cavitation factor
with the cavitation factor at each elevation of prototype runner.

Fig. I shows the unitoutput (P11} versus the cavitation factor
(0): these results were obtained in the model test at the operating
point, over the rated output range and under the net head (which
is a little lower than the rated head). Typical observation
sketches of cavitation development in the model runner are
shown in the Figure, with the cavitation factor corresponding
to each elevation at which the cavitation factor is 2.6 at the top
of the prototype runner. (The reference elevation where the

16 Water Power & Dam Construction  September 1988



cavitation factor was obtained was the runner top. the
maximum elevation.) At point “A” in Fig. 1, the cavitation
develops rapidly from the top to the bottom of the model
runner, resulting in the output deterioration. In the prototype
turbines, hc)vu:\u,r o becomes point "B at the runner centre and
point *C” at the bottom. Since cavitation does not dev elopat the
runner bottom of the prototype, the assumption of a drastic
decrease in prototype output is not realistic. Therefore, the
model cavitation characteristics must be converted to that of
the prototype, taking the above into consideration.

Calculation of pressure

distribution

Three-dimensional flow analysis

A three-dimensional flow analysis was performed through the
wicket gates and runner of the New Martinsville power p]anl
as shown in Fig. 2. The flow analysis computer programme -
is based on the theory by Senoo and Nakase*,

The inlet flow condition to the wicket gates was assumed as
uniform without any swirl component. The inlet flow condition
to the runner was determined by the three-dimensional flow
analysis results from the wicket gates section. The solid lines
in Fig. 2 show the meridional streamlines obtained by the three-
dimensional flow analysis at the same operating point as that
of Fig. 1. The dotted lines in the same Figure show the
geometrical lines which equally divide the sectional area of
meridional flow passage into eight.

The runner blade surface

The static pressure distribution on the low pressure surface of
each runner blade was obtained (by the above analysis) to
investigate the tendency of cavitation, occurring first at the
point of minimum pressure. Fig. 3 shows the calculation result
atthe same operating point as Fig, 2. The abscissae show the
length (L) along a blade from the leading edge. non-
dimensionalized with the total length of the blade. Also. the
ordinate is the static pressure coefficient, Cp, acting on the
blade surface with respect to the total pressure at the outlet of
runner blade and non-dimensionalized with the net head. Cp
is defined as follows:

Cp= (ply — Pri/y)H
= pfy — ( —Hs+ vdi2g)} /H 2w (D)
where:
ply ¢ static pressure head on blade surface (mAq, at
atmospheric pressure)
Przly o total head at runner outlet (mAq, at atmospheric

pressure)
H @ net head (mAq)
Hs : suction head (mAq)
vd'2g + velocity head at draft tube outlet (mAq)

[t the cavitation starts on the blade where the minimum static
pressure, pug, reaches the vapour pressure head of water,
Hv—Ha (mAq, at atmospheric pressure). Cpyi, can be
defined as follows:

Cpm:n {Pmin-"‘l e (Pryd ¥) I\-;_-__-E iH
= {(Hv — Ha) — (—Hs + vd*/2g) ne} /H
= —obeg A )
Ha  : atmospheric pressure  head (mAq)

Therefore, the incipient cavitation factor, o can be
obtained by acquiring the minimum pressure coefficient on the
blade surface, Cpy,in, from Fig. 3 and reversing the sign.
Fig. 3 shows the surface pressure distributions along the
hub-. mid- and tip streamline of a blade, while the reference
elevation is kept at the top of the runner. From the Figure. it

Water Power & Dam Canstruction

T

S SRR T

| piy |
g |
@ a -5 =10 i |
j B, : ! :z
g o
; et
‘, ;.
| 9
& 9
i ;
i ?
| :
i b
#4 .
‘ |
: flow pratotype I maodel L
| —_— runner \\runner |
. \\ .
e = x
: .
; .
Q !
s .
: .
; .
# :
- runner centre |
‘2 TRReE P e - e et
| :
|
i :
. .
: i
.
= z:
% —~ |
za / f
:: g 6
. 4 :
S {/ :.
x .
prototype | i
.
3 runner | model :
. ‘runner i
- i i
. S~ .
. —-— .
& = &
| i
| .
i
a
S e :
Fig. 4. The vertical a?w% @?&rg ‘i
.6 I &
pressure sur, of the runn .
“‘»ﬁ‘i&»»&»&%@&&&&&@@@& -

G

is clear that the cavitation along the low pressure surface (1.p.s.)
of the tip will start under the highest cavitation factor. When
the installation cavitation factor is lowered, the cavitation
occurs along the hub, then along the mid-streamline. The
pressure along the hub reaches its minimum at approximately
£.=0.5. This is because the meridional flow velocity increases
around the centre of the hub disk where the curvature of the hub
contour Is large. which results in the lowering of the static
pressure (see Fig. 2).

Evaluation of prototype
cavitation characteristics

Distribution of cavitation

Fig. 4 shows the vertical distribution of minimum pressure on
the low pressure surface of the blades obtained with the three-
dimensional flow analysis. The dashed line shows the
minimum pressure distribution of the model runner. The solid
line. on the other hand. shows the minimum pressure
distribution of the prototype runner. It is clear from the solid
line that the pressure increases rapidly when a runner blade
rotates from the top to the bottom,

Fig. 5 shows the vertical distribution of cavitation in the
prototype runner which is obtained from the visual observation
of the model cavitation test, while considering the prototype s
minimum pressure distribution (as shown in Fig. 4). Fig. 5
shows that the cavitation development of the prototype at cach
clevation under the constant suction head can be quantitatively
assumed from the observation result of the model. Therefore.,
to convert the model cavitation characteristics to that of the
prototype. the above wvertical distribution of cavitation
development in the prototype runner at each elevation (per
revolution) must be taken into consideration.

Seplembear 1



Conversion from model to
prototype

To convert the cavitation characteristics of the model bulb
turbine 1o the prototype, eight points (which have equal
circumferential distance along the runner periphery and five
different elevations, as shown in Fig. 5)are set from the runner
top to bottom under an arbitrary. but constant. suction head.
The unit output of the model at the respective cavitation factor,
which corresponds to cach of these five clevat 10ns, 1s obtained
from Fig. 1. By taking the weighted mean of each unit output
of the model, the output of the prototype is obtained. The
weight forunitoutput is 1/8 at the runner top and bottom, and
1/4 for the other three elevations. This is because the runner
will pass through the three intermediate elevations twice while
the runner rotates once.

Fig. 6 shows the conversion to the prototype of the model
cavitation characteristics shown in Fig. 1, derived by using the
above method. This indicates that in the prototype cavitation
characteristics, the decrease of output power becomes very
gradual in the region below the eritical sigma. Therefore, the
value of sigma, o1, at the point where n deteriorates by | per
cent, for example, seems quite pessimistic from the model
characteristics, but actually there will be almost no cavitation
problems.

Conclusion

By applying the results of three-dimensional flow analysis and
the visual observation of model lests, the method described
above can be established to convert the model cavitation
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