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CFD (Computational Fluid Dynamic) is today a standard procedure for
analyzing and simulating the flow through several hydraulic machines.
In this process, the fluid flow domain is divided into small volumes
where the governing equations are converted into algebraic ones,
which are numerically solved. Computational results strongly depend on
the applied mathematical model and on the numerical methods used
for converting the governing equations into the algebraic ones. The
goal of the paper is to evaluate, by numerical simulation, the hydraulic
loads (forces and torques on the runner blades) of an existent Kaplan
turbine and to compare them with the experimental results obtained
from model test.
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1. Introduction

The tendency of using computational fluid dynamics (CFD) in the area of fluid-
rotor interactions, increased in the last years. It was brought in by Dietzen and
Nordmann [1] in 1987, but because of the large computational time, has not been
extensively used in the past. The first CFD utilizations to rotor dynamics were no-
ticed in the area of hydrodynamic bearings and seals. Lately, CFD has become a
research tool for studying the fluid-rotor interactions in centrifugal pumps [2]. Re-
cently, CFD has become more common in research, design and development of
hydraulic machines. In this respect, Ruprecht et al. [3], [4] used CFD to estimate
forces and pressure pulsations within Francis and axial turbines.

Campian and Nedelcu [5] have investigated the flow between the runner
blades and the runner chamber of a Kaplan turbine, obtained results being com-
pared with those resulted on the model and prototype.
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Balint and Campian [6] present a complete methodology of the hydrodynamic
design for the runner of axial hydraulic turbines (Kaplan) using the finite element
method. The procedure starts with the parametric design of the meridian channel.
Next, the stream traces are being computed in the meridian channel using the fi-
nite element method. The finite element method was implemented numerically in
original software called QTurbo3D.

Cojocaru et al. [7] have simulated the tip vortex position and the source of
the cavitation erosion of a Kaplan turbine. The simulation results performed on the
Kaplan turbine runner blade have shown a decrease of the pressure variation at
the lip tips of the modified lips, compared to the original ones. This decrease was
shown by the limit values of the pressure coefficient, as well as by the gradient of
the variation.

Without claiming to have exhausted all the examples, Jost et al. [8] have
done a comparison between numerical simulations and measurements of a six-
blade Kaplan turbine, in order to establish an appropriate numerical setup for accu-
rate and reliable simulations of Kaplan turbines. Values of torque, losses and dis-
charge, obtained by different turbulence models, were compared to each other and
to the measurement results.

The benefits of using CFD to calculate the hydraulic loads of hydraulic turbines
have not yet been fully explored. In the present work, CFD is used to evaluate the
hydraulic loads (forces and torques) on the runner blades of an existent Kaplan
turbine and to compare them to the experimental measurements performed on the
model.

2. Case study

The goal of this research was to analyse the hydraulic loads (forces and tor-
ques on the runner blades) of an existing Kaplan turbine. For this purpose, it was
chosen the operating point of the turbine having the characteristics shown in Ta-
ble 1.

Table 1.
Characteristic Symbol Value
Net head H, 27,1m
Turbine output P 182,8 MW
Runner blade opening P PoF 12,78°
Guide vane opening a 38,75°

The passage of water flow through the turbine generates on the blades a re-
sultant force R, which can be decomposed into a tri-orthogonal coordinate system
as shown in Figure 1.
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Figure 1. Forces acting on the runner blades

The resultant force R and the corresponding torque M can be expressed by
following equations:

R=F, +Fy +F, 1)

M =My+My+M,, (2)

where:

F,~the force along the turbine blade axis;

F~ the force which gives the driving torque;

F;- axial thrust force (acting on the axis of the runner);

My hydraulically torque, which acts on the runner blades;

M, bending moment of the blade;

My driving torque.

3. Modeling and simulation of the flow through the turbine

For the present work, the blades are analyzed by using the QTurbo3D soft-
ware. As presented by Balint et al. [9], this in-house developed software can be
used for design, analyze and optimization of the blades from axial hydraulic turbo
machines (Kaplan + bulb, Francis and Darrieus).

The software has been successfully used in other researches performed within
Centre for Research in Hydraulics, Automation and Thermal Processes (CCHAPT)
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from “Eftimie Murgu” University of Resita, as for example for the flow investigation
on a Kaplan turbine with modified cross section [10], for the hydrodynamics opti-
mization of the runner blades from reaction hydraulic turbines [11] or for the con-
structive improvement of the blades from a Kaplan turbine [12].

In the present research, QTurbo3D was implemented for reading-in the points
of the runner blade surface. This interface is shown in Figure 2.
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1964.1072  -1335.2558 1235.3174
19610386 -1339.7584 1237.9241 blade external surface [mm32] = 22435648
1957.937  -1344.2871 1240.445
19547934  -1348.8543 1242.8412 ==== Cascade 1 of 6 ====
19516043 -1353.4644 1245.0908
1948.3816  -1356.0994 1247.2383 30 cascade read with 150 points at radius 2375.0
1945.1221  -1362.7638 1249.2646 foil ctagger = 34.338444 [deg]
19418117  -1367.4766 1251.0841 foil chord = 3877.386664
1938.4469 -1372.2422 1252.6488 foil ¥Trans = 49.966466
1935.0743  -1376.994  1254.239% foil yTrans = 4.595725
1931.6042 -1381.8576 1255.0164 the foil is of 2 turbine
1928.0962 -1386.748  1254.6018 extrados rebuilt in 100 points...
10247942 -1301.3275 1252.5462 intrados rebuilt in 100 points...
19218474  -1305.3052 1249.2121 max loading of 4.539 [%] found at 53.534 [%]
1919.3506  -1398.8275 1244.9243 max thickness of 9.693 [%] found at 38.087 [%]
19173091  -1401.6244 1239.9835 the foil is placed back...
19157136  -1403.8043 1234.5854 the cascade is placed back
19145521 -1405.3879 1228.8778
1913.8025 -1406.4086 1232.9748 ==== Cascade 2 of 6 ====
10134669  -1406.8651 1216.9647
1913.5338  -1406.7741 1210.9289 | 3D cascade read with 150 points at radius 2582.099 |

Figure 2. QTurbo3D interface for reading-in the points of the runner blade

The points were placed on circular stream tubes, the procedure being com-
mon to any topology of hydraulic runner blade (axial or radial-axial). For this pur-
pose, six sections were used, each of them with 150 points. The points were ex-
tracted from the geometry built in SolidWorks using the information of the meas-
ured runner model.

Each section of the runner was re-built in 2x100 points (refined at lead-
ing/trailing edge positions), for the pressure side and suction side, respectively as
presented in Figure 3. The QTurbo3D software analyzed separately each section
delivered and next it generates an output with the info of the cascade foils found:
stagger angle, chord length, position of the axis relatively to the chord of the foil,
value and positions of the maximum thickness and curvature of each foil.
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Figure 3. Reconstruction of runner sections
(a- pressure side; b- section side)

Further, QTurbo3D plots the re-built blade, using the library of Gnuplot distri-

bution. Also, the presence of hub surface helps the user to better understand the
shape and orientation of the runner blades in the assembly.
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Figure 4. Generating one periodic domains with QTurbo3D software
(a- guide vane; b- runner blade)

The computation of the flow is performed using Fluent/ANSYS distribution,
while the geometry is built in Gambit pre-processor of Fluent package. QTurbo3D
generates the scripting files for building automatically the computation domains as
presented in Figure 4 a. for the guide vane and Figure 4 b for the runner domain.

The geometry of the distributor and the runner is built in Gambit/ANSYS using
the interface of QTurbo3D. The resulted computational domain can adapt auto-
matically to the wicket gate opening and configuration.

Furthermore, the computational domain of the runner adapts automatically to
the runner opening and position of distributor-runner interface.
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For the present research, one single periodical domain of the guide vane and
one single periodical domain of the runner are used as presented in Figure 5 a.

The flow in these domains is solved coupled using the mixing interface algo-
rithm implemented in Fluent/ANSYS distribution. The grid size for this one-to-one
channel is around 1,1M hexahedral cells. All the scripting command files are gen-
erated by QTurbo3D software for both distributor and runner domains. At the inlet
of cylindrical surface of guide vane, the flow velocity and turbulence is imposed.
The flow is passed from the guide vane domain toward the runner domain through
the mixing interface algorithm which averages circumferentially the flow velocity
angles and turbulence quantities. The static pressure profile at guide vane outlet
and the velocity profile at runner inlet are computed internally by this mixing inter-
face method applied onto a conical geometric surface sloped at 15° in meridian
view of the hydraulic channel of the turbine (Figure 5 b).

a.

Figure 5. Conditions of numerical simulation
(a- Periodicity of the channels; b- Axis system in the domain orientation)

At the outlet of the runner domain, the pressure profile is used together with
the radial pressure equilibrium condition implemented in Fluent/ANSYS software.
This condition is suitable numerically for regions with reduced radial flows, which is
also the case of runner outlet.

The flow is assumed turbulent and the log-law model is used to solve the flow
at the fluid-solid interfaces.

The Renormalization Group turbulence model (RNG) implemented in Flu-
ent/ANSYS was used, together with 2" order pressure discretization and 3™ order
momentum discretization for the internal equations. Steady state of the flows in
the absolute reference frame of the distributor and relative reference frame of the
runner was solved, together with a continuum hydrodynamic transfer through the
mixing interface between these domains.
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Furthermore, the intersection between the force ray and a particular Cartesian
plane (oriented along any coordinate axis) is also delivered by Fluent/ANSYS.
Therefore, in order to quantify the force application point onto the runner blade,
only 2 points are required to trace the force ray in Cartesian system, as presented
in Figure 6. Two points at £2 [m] axial location are used to get the final position of

the hydrodynamic force onto the runner blade.

Figure 6. Tracing the force ray onto the runner blade

The hydraulic loads on the Kaplan runner blade obtained by CFD calculation
are shown in Table 2.

Table 2

Hydraulic force on runner blade Hydraulic torque on runner
blade

Fx,CFD Fy,CFD FZ,CFD Rerp MX,CFD My,CFD MZ,CFD

[kN] [kN] [kN] [kN] [KNm] | [kNm] | [kNm]

-34,1 1.149 1.862 | 2.188,2 | -542,6 | -6.051 | 4.075

4. Experimental results and discussions

Experimental evaluation of the hydraulic loads was performed on the turbine
model, installed on the test rig, using the same operating conditions. The obtained

results are shown in Table 3.

Table 3
Hydraulic force on runner blade Hydraulic torque on runner blade
I:x,MT I:y,MT FZ,MT RMT Mx,MT My,MT IVIZ,MT
[kN] [kN] [kN] [kN] [KNm] [KNm] [KNm]
Not Not Not Not
measured | measured 1.930,1 | 2.119,9 -520 measured | measured
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Usually, on model tests (MT) there are measured the following hydraulic loads
on the runner blades:

- axial thrust force F;, which acts on the blades generating the power on the
shaft, parameter which is used in the calculation of the axial thrust bearing of rotor
shaft;

- resultant of hydraulic forces R;

- hydraulically torque M,, acting on the runner blades, value which is used in
the calculation of the guide vanes.

As shown in Figure 7, excepting the axial thrust force £, the CFD calculation
gives higher hydraulic loads compared to the model test (MT).

103,22% 104,35%

100,00%
96,47

00,00% 100,00%

mCFD
mMT

Fz R Mx

Figure 7. Hydraulic loads obtained by CFD versus model test (MT)
(percentage differences)

It can be noted that following percentage differences between numerical sim-
ulation and experimental measurements were obtained:

- axial thrust force £, obtained by CFD simulation is 3,53% lower (68,1 kN in
absolute value), compared to model test result;

- resultant of hydraulic forces R from CFD simulation is 3,22 % higher (68,3
kN in absolute value) , compared to model test result;

- hydraulically torque M, is 4,35 % higher (22,6 kNm in absolute value) in CFD
calculation , compared to model test result.

Furthermore, it can be observed that the differences between the results ob-
tained by numerical simulation and the experimental measurements are less than
5%, which confirms the current trend in using CFD as a faster and less expensive
tool in the development of the hydraulic turbines.
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5. Conclusions

The flow in the runner of a Kaplan turbine was solved by numerical computa-
tion. For this study, QTurbo3D software was used to link the whole methodology
with Gambit+Fluent/ANSYS distributions.

CFD calculation of hydraulic loads on Kaplan turbine provides all the compo-
nents of the hydraulic loads. Using these results, information necessary in the de-
sign processes can be obtained.

The results of hydraulic loads obtained from CFD are very close to the results
obtained from model tests. Therefore, it can be concluded that the performance of
the turbine can be best evaluated by CFD calculation, as experimental evaluation
involves higher time and financial resources.

Another advantage of CFD calculation is that the experimental results can be
checked if there is a geometrical similarity between numerical and experimental
geometry.
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