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ABSTRACT
This article presents a numerical investigation of the two phase flow in Kaplan turbine equipped with draft tube.
The studied Kaplan turbine has a rotor with four blades mounted on a conical hub. The blade angle of the rotor is
adjustable from 60o to 80o. A computational fluid dynamic code was used (CFDRC, 2008) to model the unsteady
two-phase flow field around the blades of the Kaplan turbine at different angles and through the draft tube. The
numerical simulation used the standard K-ε turbulence model to account for the turbulence effect. Pressure
distribution and vapor volume fraction were computed at different blade angles. The results show that the cavitation
phenomenon appeared at blade angle 80o and there is no cavitation appeared at blade angle 60o and 70o. Also there
is no cavitation appeared through the draft tube and the installation of a draft tube downstream of the Kaplan turbine
results the rejected kinetic energy reduced by 31.63%.
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Blade inlet angle (angle between the degree
tangent to camber line at inlet and the axial
direction)
Blade outlet angle (angle between the degree
tangent to camber line at outlet and the
axial direction)
Vapor volume fraction
gas volume fraction
-Cavitation number ((p-pv)/ (1/2lu2))
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SUFFIXES
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1 INTRODUCTION
One of the most problems occurs in the hydraulic turbines is the cavitation phenomenon. The cavitation may
cause noise pollution, erosion on the blade surface and the wall of the turbine, and a decrease of the water turbine
efficiency Escaler, [4]. Cavitation occurs in the flow of water owing to regions of high flow velocity and the local
static pressure decreases below the vapor pressure. Calculation of incipient cavitation is simple as one has just to
find the lowest pressure indicating the cavitation inception once this lowest pressure reaches the vapor pressure.
According to Sudsuansee et al, [15], cavitation may occur on the blade suction surface in region of low pressure or
at the runner leading edge at off-design operation. A number of researchers have been investigating cavitation
numerically. Balint et al, [1] carried out a numerical investigation by computing the 3D turbulent single phase flow
in the Kaplan turbine runner. It was concluded that unsteady effects of the flow have been made mainly by the
unsteady detachments of the cavitation at the blade suction side close to the trailing edge. Liu et al, [10] carried out
a study of cavitating flow in a Kaplan turbine having numerical simulation with a cavitation model and a mixture
two-phase flow model. The results show that the cavitation appears on the suction surface (S.S.); while in the other
parts (runner flow passages, spiral casing, guide vanes, draft tube), there is not any cavity observed. Sedlář et al.,
[13] made Analysis of Cavitation Phenomena in Water and its Application to Prediction of Cavitation Erosion in
Hydraulic Machinery. This article also shortly described the experimental research of the cavitating flow aimed at
the validation of the erosion potential model, development of the nuclei-content measurement and the validation of
the bubble nucleation model.Singh and Nestmann, [14] presented an experimental optimization of a free vortex
propeller runner for micro hydro application. This paper presented a wide range of geometrical optimization steps
carried out on a propeller runner, whose blades have been designed using the free vortex theory, and operating with
a gross head from 1.5 to 2 m and discharge of approximately 75 l/s. Huang et al., [8] presented a numerical
simulation of cavitation around a 2D hydrofoil. At a fixed attack angle, pressure distributions and volume fractions
of vapor at different cavitation numbers were simulated, and the results on foil sections agreed well with
experimental data. In addition, at the various cavitation numbers, the vapor fractions at different attack angles were
also predicted. The vapor region moved towards the front of the airfoil and the length of the cavity grew with
increased attack angle. The results show that this method of applying FLUENT to simulate cavitation is reliable.
Kumara et al. [9] illustrated the benefits of cavitation monitoring in hydraulic turbines using vibration techniques.
Mostafa and Adel [11] made a numerical simulation of cavitation and void growth inside the passage of the axial
flow turbine. It was concluded that the cavity formation had mainly three stages. A numerical simulation of the flow
in the draft tube of the Kaplan turbine was made by Tanase et al., [16].
The main objective of this article is to investigate numerically the two phase flow in Kaplan turbine equipped
with draft tube, and study the effect of blade angle variations on the cavitation phenomenon in Kaplan turbine with
specific interest in cavity geometry, pressure and void fraction fields. Besides, the effects of turbulence and fluid
viscosity are included. The cavity shape over the blades and the 3-D flow field around the cavitating propeller will
be determined. Finally the flow inside the draft tube passage will be simulated
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2 THORETICAL BACKGROUND
The basic approach is to use standard viscous flow (Navier-Stokes) equations with provisions for variable
density and a conventional turbulence model, such as K-model. A numerical model previously developed by
CFDRC to solve (Navier- Stokes) equations Hinze, [7].
The mixture density () is a function of vapor mass fraction (f), which is computed by solving a transport
equation simultaneously with the mass and momentum conservation equations. The -f relationship is:
(1)
1 f 1 f

 v  1

In two-phase flows, the use of vapor volume fraction (𝛼) is also quite common. Therefore, it is deduced from f as
follows:
(2)

 f 
v
The transport equation for vapor is written as follows:
(3)
 ( f )(Vf )(f )R R
e
c
t

The expressions of Re and Rc have been derived from the reduced form of the Rayleigh-Plesset equation
(Hammitt, [6]), which describes the dynamics of single bubble in an infinite liquid domain. The expressions for Re
and Rc are:
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(4)
(5)

Cavitation normally takes place in the vicinity of low pressure (or locally high velocity) regions, where
turbulence effects are quite significant. In particular, turbulent pressure fluctuations have significant effect on
cavitating flows. The magnitude of pressure fluctuations is estimated by using the following empirical correlation
(Pereira, et al., [12]):
P’turb= 0.39  k

(6)

The vapor pressure threshold pressure value is as:

'
pvpsat0.5pturb

(7)

It is well known that cavitating flows are sensitive to the presence of non-condensable gases. In most liquids,
there is a small amount of non-condensable gases present in dissolved and/or mixed state. For example, laboratory
water generally has 15 ppm air dissolved in it. In other applications, e.g., marine propellers, etc., this amount may
be considerably larger. In this model, the non-condensable gas is included by prescribing an estimated mass
fraction at inlet. This value is held constant throughout the calculation domain. However, the corresponding density
(and hence volume fraction) varies significantly with local pressure. The perfect gas law is used to account for the
expansion (or compressibility) of gas; i.e.

gasWP
RT

(8)
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The calculation of mixture density (equation 1) is modified as:

1 fv  fg 1 fv fg
 v g
l

(9)

We have the following expression for the volume fractions of vapor (v) and gas (g):
(10)


v fv 

v

g fg 

(11)

g

And,

l1vg

(12)

The combined volume fraction of vapor and gas (i.e., v g) is referred to as the Void Fraction (). In practical
applications, for qualitative assessment of the extent and location of cavitation, contour maps of void fraction ()
are important to determine bubbles location and shape.

3 COMPUTATIONAL ANALYSIS
The numerical simulation was done using a 3-D Navier-Stokes code (CFDRC, 2008) to model the two phase
flow field around a 3D rotor in a cavitating Kaplan turbine. This code employs a homogenous flow approach, also
known as Equal-Velocity-Equal-Temperature (EVET) approach (CFDRC, [2] and [3]) and Fukaya, et al., [5].
The governing equations are discretized on a structured grid using an upwind difference scheme. The numerical
simulation used the standard K-ε turbulence model to account for the turbulence effect. The cavity shape was
determined. Also, various variables were calculated, such as void fraction, mass fraction, pressure and velocity
contours.
It is clear that the full cavitaion model used in this simulation includes a lot of effects which were previously
ignored in the previous studies, such as unsteady, fluid viscosity and turbulence.

4 BOUNDARY CONDITIONS
In this case of a four-blade Kaplan turbine, twenty blocks were used to generate the 3D rotor model as shown in
Fig. 3. The structured grid is consisted of about 220,400 nodes. The propeller diameter is 4 in. (101 mm). Reynolds
number is about 333,000. The structured grid geometry of the rotor is constructed at three blade angles 60o, 70o and
80o as shown in Fig. 4. The unsteady time step was 1.2x10-4 sec. The computational time was about 20 minutes for
one time step. The computer used was Intel Core i5 Processor 2.4 GHz, and 4 GB RAM.

5 RESULTS VALIDATION
Fig. 5 shows a comparison between the present numerical result, which is presented in Fig. 5a, and the result
of Balint et al. [1], Fig. 5b, shows an acceptable agreement. Pressure distribution and void fraction distribution
around the hydrofoil are validated by comparing the predicted numerical results with the experimental results of
Sedlář et al. [13] as shown in Fig. 6 and Fig. 7.
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Figure 3. Geometry technique for the Kaplan turbine equipped with draft tube.

Flow direction

Figure 4. Blade inlet and outlet angles

6 RESULTS AND DISCUSSION
The contours of computed vapor volume fraction on the hydrofoil at blade angles 80o, 70o, and 60o are presented
in Figs. 8a, b, c respectively. It is obvious that cavitation does not appear at blade angles 60o and 70o while it is
appeared at blade angle 80o at the leading edge of the suction side due to the decrease in static pressure below the
vapor pressure. The computed density contours on the hydrofoil at blade angles 80o, 70o, and 60o are presented in
Figs. 9a, b, c respectively. It is obvious that is no change in density at blade angles 60o and 70o, while the density
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decreases sharply at blade angles 80o at the leading edge of the blades due to the decrease in static pressure below
the vapor pressure and the increasing in the blade inlet angle.
Also the flow through draft tube was simulated at the conditions of cavitation (Q=20 L/s, 2000 rpm, β 1=80o and
β2=80o). Fig. 10a shows the static pressure computational contours through draft tube. The static pressure still above
the vapor pressure of the water and didn’t decreased under the vapor pressure through the whole area of the draft
tube. And it is obvious that the static pressure increased from the inlet to the outlet of the draft tube this is due to the
decreasing in the rejected kinetic energy. Fig. 10b displays the vapor volume fraction computational contours
through draft tube. It is obvious that there is no cavitation appeared through the whole area of the draft tube. Fig.
11a shows the velocity computational contours through draft tube. It is obvious that the inlet velocity to draft tube
was decreased from 2.8 m/s to 1.6 m/s at the draft tube exit. This means that the rejected kinetic energy was reduced
by 31.63%. Fig. 11b shows the static pressure variations versus the draft tube length. The static pressure is increased
from the inlet to the outlet of draft tube this is due to the decreasing in the velocity magnitude.

b) Cavitation distribution on the runner
blade. [Balint et al, 2004]

a) Cavitation distribution on the runner
blade. [Present study]

Figure 5. Comparison between the cavitation distribution on the blade with Balint et al. results .

a) Pressure distribution on the hydrofoil after
0.075 Sec. [present study]

b) Pressure distribution on the hydrofoil
[Sedlář et al., 2008].

Figure 6. Comparison between the pressure distribution on the hydrofoil with Sedlář et al. results.
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b) cavitation nucleus on the hydrofoil
[Sedlář et al., 2008].

a) Void fraction distribution on the hydrofoil
after 0.075 Sec. [Present study].

Figure 7. Comparison between void fraction distribution on the hydrofoil with Sedlář et al. results.

Figure 8. a Vapor volume distribution on the hydrofoil at 2000
rpm, 𝛃𝟏 = 𝟖𝟎𝒐 and 𝛃𝟐 = 𝟖𝟎𝐨 .

Figure 9. a Density distribution on the hydrofoil at 2000 rpm,
𝛃𝟏 = 𝟖𝟎𝒐 and 𝛃𝟐 = 𝟖𝟎𝐨 .

Figure 8. b Vapor volume distribution on the hydrofoil at 2000
rpm, 𝛃𝟏 = 𝟕𝟎𝒐 and 𝛃𝟐 = 𝟕𝟎𝐨 .

Figure 9.b Density distribution on the hydrofoil at 2000 rpm,
𝛃𝟏 = 𝟕𝟎𝒐 and 𝛃𝟐 = 𝟕𝟎𝐨 .
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Figure 8.c Vapor volume distribution on the hydrofoil at 2000
rpm, 𝛃𝟏 = 𝟔𝟎𝒐 and 𝛃𝟐 = 𝟔𝟎𝐨 .

Figure 9.c Density distribution on the hydrofoil at 2000 rpm,
𝛃𝟏 = 𝟔𝟎𝒐 and 𝛃𝟐 = 𝟔𝟎𝐨 .

Figure 10.a Vapor volume distribution through draft tube.

Figure 10. b Static Pressure distribution through draft tube.

Figure. 11. a Velocity magnitude variations versus draft tube

Figure 11. b Static pressure variations versus draft tube length.

length.

7 SUMMARY AND CONCLUSIONS
A numerical investigation of the performance of Kaplan turbine was performed using a commercial CFD code
called CFD-RC which uses the "The full cavitaion model" to predict the cavitaion in axial turbine.
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From the results of the present study, the conclusions are as follows:
1- Cavitation occurred at blade angle 80o and not appeared at blade angles 60o and 70o.
2- By adjusting the blade angle to 60o or 70o, cavitation can be avoided.
3- The highest performance of Kaplan turbine could be obtained at blade angles 60o or 70o because
there is no cavitation observed over the blades.
4- There is no cavitation appeared through the draft tube.
5- The installation of a draft tube downstream of the Kaplan turbine reduces the rejected kinetic
energy by 31.63%.
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