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ABSTRACT

A theoretical method for the prediction of cavitation in hydraulic radial turbines is
developed in this work. The method combines a steady, quasi-three dimensional
analyses which are based on the streamline curvature technique with an approach for
the prediction of cavitation based on the definition of "available" and "required”
cavitation coefficients. A radia inflow turbine is selected as a test case to investigate
the capability of the present method as a cavitation prediction tool at design and off-
design conditions. The effects of various operating conditions on the cavitation
inception are examined at constant values of total head and turbine suction head. It has
been found that cavitation is formed near the outlet when the turbine operated at the
design speed. While at off-design speeds and flow rates, cavitation covers longer
distances along suction and pressure surfaces.

Keywords: Cavitaion, Hydraulic Turbine, Through Flow Analysis, Cavitaion
Cosfficient.
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Nomenclature

g =Accderationdue  m/s’ B =Anglebetween rad
to gravity W and
meridiona plane
H  =Net head m 0 =Angular rad
coordinate
hs =Vertical distance m AB =Anglebetween rad
measured from tail blade surfaces at
water to ppin point given point
inside theturbine
m> =Massflow rate kg/s p =Densty kg/m®
N  =Turbine speed rpom o =Cavitation
coefficient
n, =Number of full vy  =Anglebetween rad
blades g-o and radial
direction
p  =Pressure N/m? o =Angular rad/s
vel ocity
P. =Atmospheric N/m? Subscripts
pressure
Py =Water vapor N/m? av =Available
pressure
Q =Discharge m/s Cr =Critical
r  =Radius m m =meridiona
re =Radiusof m min  =Minimum
curvature of
meridional
streamline
s =Digtancealong m n =Component in
guasi-orthogonal normal to quasi-
orthogonal
U  =Periphera m/s 0 =Tangential
velocity of flow component
V  =Absolutevelocity m/s g-0 =Quas-
of flow orthogonal
W =Rdativevelocity m/s re =Required
Z  =Axia distance m 1 =First point of
flow on blade
a  =Angle between rad 2 =Second point
meridional of flow on blade
streamline and z-
axis
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INTRODUCTION

Cavitation phenomenon is a problem in hydraulic machines that negatively
affects their performance and causes harmful damages. It is formed inside the
machine when the static pressure of liquid for one reason or another is reduced

below the vapor pressure of the liquid in current temperature. When cavities are carried

to higher pressure region they collapse and vapor condenses instantaneously. The

necessity of prediction of cavitation gives high interest for both manufacturers and

hydraulic power plants engineers.

Many investigators using both experimental and theoretical prediction techniques
have studied the cavitation in hydraulic machines. Koivula[1] explained the cavitation
phenomenon and its effects on the systems, various methods for cavitation detection
were presented such as monitoring of steady-state flow rate, monitoring of vibrations,
monitoring of acoustic noise emission, and detection of cavities by flow visualization.
A cavitation monitoring of Francis turbine model have been tested by Escaler, e al.
[2]. The vibration and dynamic pressure were measured in a reduced scale Francis
turbine model with different types of cavitation. Several conclusions were extracted
concerning the most suitable sensor for detection of each type of cavitation and a
detailed analysis of the processed data permits to infer some of their particular
hydrodynamic characteristics that can be extrapolated to the real case for reliable
identification. Recently, acoustic models have been used by Ruchonnet, e at.[3] to
study the cavitation free and cavitating flows instability at part load operation of
Francis turbine. To validate the parameters of those models, they designed an
experiment so that the flow characteristics are similar to draft tube surge. Theinfluence
of vapor cavity on the pressure field and Eigen frequencies of the system was
examined.

In general the experimental techniques for the prediction of cavitation need
expensive instruments. On the other hand, in (CFD) methods such as 3D Euler codes
and 3D Navier-Stokes codes [4,5,6], a significant amount of time has still to be spent
with grid generation and grid modification. However, it was felt that a much preferable
way is to develop a cavitation prediction method, which is relatively simple, reliable,
and efficient in terms of computing effort. In the present work such a method is
developed with the assumptions of steady, quasi-three dimensional, incompressible
flow. The losses arising from viscous effects are accounted for. The present method
couples a flow field analysis method which is based on the assumption of a mean flow
surface between vanes with an approach for the prediction of cavitation based on the
definition of "available" and "required” cavitation coefficients.

A radial inflow turbine is selected, as a test case, to investigate the capability of
the present method as a cavitation prediction tool at design and off-design conditions.
The effects of various operating conditions (such as turbine speed, flow rate) on the
cavitation inception are examined at constant value of total head.
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METHOD OF ANALYSIS

The present method includes two parts. The first one is concerned with the
analysis of flow fied through the turbine using streamline curvature technique to
calculate the distribution of velocities and pressures inside the turbine runner. These
results are then supplied to the second part of analysis which includes a special
technique for the prediction of cavitation inside the turbine runner. Figure (1) shows
the outline of the method of analysis.

FLOW FIELD ANALYSIS

The flow field analysis is based on the assumption of a mean flow surface between
vanes. In general, the mean flow surface is assumed to be paralle to the mean vane
surface, with arbitrary or empirical corrections made to take care of the difference
between the flow angle and the vane angle at the inlet and the outlet. The mean stream
surface is projected on a plane containing the axis of rotation (meridional plane), as
shown in Figure (2).

In References [7, 8] an equation for velocity gradient along an arbitrary quasi-
orthogonal in the eridional plane is derived which can be written as follows:

d_W:(? £+deﬁ/\/+cﬂ+|§% @
ds ds ds ds ds
Where
2 e

A:cosa cos” b SN b - sinasinbcosb.”—q

r. r qr

; 2
B:-M- sinasinbcosb.”—q
r. 9z

C =sna cosbh AW, +2wsnb +rcosb§ %*-+2wsina(?M
dm e dm g r

D = cosa cosb dW, +rcosb8? %1—+2wsina(?ﬂ
dm e dm gz

The coordinate system and the notations are shown in Figures (3 and 4).

In addition to Equation (1), which is a force equilibrium equation, the continuity
equation must be satisfied, this is done by requiring that the calculated mass flow
across any line from hub to shroud be equal to the specified mass flow through the
turbine. Equation (1) is solved smultaneously with the continuity equation in its
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integral form along each quasi-orthogonal. The mass flow distribution along the quasi-
orthogonal from hub to shroud can be obtained from the continuity equation as
follows.

m*=n, ¢y W,rDqds 2
0

Inverse interpolation can be used to determine the spacing of the streamlines on the
quasi-orthogonal that will given equal mass flow between any two adjacent
streamlines. When this is done for every quasi-orthogonal from inlet to outlet a new
meridional streamline pattern is obtained, this pattern together with the calculated
velocity distribution can then be used for further iteration until convergence is
achieved.

The pressure distribution through the turbine is calculated by applying the
Bernoulli's equation for relative velocities along the streamlines.

P, = R+ [ - W)+ U2 - U] ®

Prediction of cavitation inside the turbine
No cavitation will originate inside the turbine at all points of flow passage, if the
pressure Py, Will be higher than the critical pressure P, .

e PP (4)

According to reference [9], the critical pressure P, and the corresponding cavitation
number are defined so as to operate the set above a critical cavitation index o . Such a
cavitation number o is linked to certain operating data (K., K, A, and {p) of a certain
turbine and hence denoted by o, meaning "o required" for this and a certain head H,
flow ratem , and rotational speed o.

s, =IK2+(@1-z,)K? (5)
Where

A = Pressure number.

K= Cosfficient of relative veocity.

K= Coefficient of absolute velocity.

{p= Loss coefficient.
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defined as follows:

| = Pl_ I:)cr (6)
0.5r W?

K, = @
2gH

%

K =

Y J2gH

Thevalues of P;, W, and V are obtained from the flow filed analysis.

(8)

The cavitaion index follows also from the data of the plant surrounding as: Figure

©)

S =(P,- P,)/(rgH)- h,/H 9
Replacing P, in the above equation by ambient related vapor pressure P, leads to:

S =(Pa- R)/(rgH)- hy/H (10)
where o, 1S "o available'

A cavitation safe operation of aturbine requires that

SR (11)

Equation (11) is checked at each point in the flow filed along the streamlines from inlet
to outlet of the turbine. If it is true then there is no cavitation inception, otherwise
cavitation will originate inside the turbine when o is greater than ¢,

TEST TURBINE

The method of analysis outlined was applied to aradial inflow water turbine, Figure
(6). The runner has 8 unshrouded backward-curved vanes. The meridional profile and
the vane layout are shown in Figure (2). The main dimensions of the runner are given
in Table (1). Table (2) shows the design operating conditions of the turbine.
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Table (1) Dimensions of Turbine Runner

Number of vanes 8
Inner diameter 100 mm
Outer diameter 200 mm
Vane height 15 mm
Vane thickness 3 mm
Vaneangleat inlet 70 deg.
Vane angle at outlet 65 deg.

Table (2) Design Oper ating Conditions

Turbine speed 900 rpm
Flow rate 101/s
Net head 10m

RESULTSAND DISCUSSION

The capabilities of the present method for predicting the cavitation in the test
turbine at design and off-design conditions are investigated through the following
Cases:

Figures (7 and 8) show the variation of relative velocity and static pressure
through the turbine runner at mean, suction, and pressure surfaces respectively. These
results are obtained at design conditions (see Table (2)). It is seen that velocities are
generally increasing, except along the pressure surface near the inlet where they
decrease slightly. The pressure level is always decreasing in the direction of flow. This
is, of course, normal for aradial turbine. Theseresults are in agreement with Reference

[7].

Figure (9) shows the variation of required cavitation coefficient along suction and
pressure surfaces of the runner at different turbine speeds. The available cavitation
coefficient calculated by using Equation (10) is (ca4=1.34). According to Equation
(11), cavitation is formed at the surface when the value of required cavitation
coefficient becomes greater than the available cavitation coefficient (o> o4). It iS
seen that at design speed (900 rpm) cavitation is formed at the suction surface near the
outlet (at about 47 mm in meridional distance from the vane inlet). At off-design
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speeds, cavitation covers longer distance on the suction surface near the outlet. It
initiates about (42.5 mm), (45 mm) in meridional distance from the vane inlet when
turbine speed was (575 rpm) and (1240 rpm) respectively. On the pressure surface,
Figure (9), an abnormal increasein the required cavitaion coefficient is shown near the
van inlet due to high off-design turbine speed (N=1240 rpm). Generally cavitation will
initiate near the vane outlet at a meridional distance greater than (40 mm) from the
vaneinlet.

Figure (10) shows the variation of required cavitation coefficient along suction
and pressure surfaces of the runner at different flow rates. The calculated available

cavitation coefficient is (c,=1.34). At design flow rate (m =10 kg/s), cavitation is
formed at the suction surface near the outlet (at about 47 mm in meridional distance
from the vane inlet). At off-design flow rates, cavitation covers longer distance on the
suction surface near the outlet.

On the pressure surface, Figure (10), the reduction in flow rate below the design

value (m”=6 kg/s) causes an abnormal increase in the required cavitation coefficient
near the inlet (from 2 to 18 mm along meridional distance). The possible explanation
for this behavior, there is a region of favorable pressure gradient near the vane inlet
due to off-design conditions. This could lead to the behavior of cavitation coefficient
shown in Figure (10).

CONCLUSIONS

1-A method for prediction of cavitation in radial inflow turbines has been developed. It
may be used for the prediction of cavitation inception at design and off-design
conditions.

2- For the sdected turbine, at constant total head, it has been found that cavitation is
formed at the suction and pressure surfaces near the outlet when the turbine is operated
at the design speed. At off-design speeds, cavitation covers longer distances along
suction and pressure surfaces. An abnormal increase in the required cavitation
coefficient isindicated near the vane inlet due to high turbine speed.

3- At off-design flow rates, cavitation covers longer distance on the suction surface
near the outlet. The reduction in flow rate below the design value causes an abnormal
increase in the cavitation coefficient near the vane inlet due to the effect of favorable
pressure gradient in this region.

4- 1t may be concluded that the present method may be used effectively in the
preliminary design stages as a tool for the prediction of cavitation in hydraulic
turbines.
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Figure (1) Outline of the present method.
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Figure (5) Cavitation coefficient 6., (€9.
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Figure (7) Variation of relative velocity through the tur bine runner

at

design conditions

(N=900 rpm, Q=10 I/s, H=10 m).
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Figure (8) Variation of pressurethrough the turbine runner
at design conditions (N=900 rpm, Q=101/s, H=10 m).
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Figure (9) Variation of required cavitation coefficient at different

turbine speeds (Q=101/s, H=10 m).
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