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REFERENCE NO ABSTRACT

The significance of renewable energy systems has been increasing day by

day due to insufficient fossil sources and clean energy demands of countries.
Most of the countries are inclining to different renewable energy sources
such as hydraulic energy. Hydraulic energy has a high potential in all over
the world. In this study, a model turbine which is designed based on an
actual turbine operating at Kesikkdpri Hydroelectric Power Plant is
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considered. The aim of the study is to determine the optimum blade angle
values leading the runner to provide maximum performance by using
Taguchi optimization technique and Computational Fluid Dynamics

1. INTRODUCTION

The energy demand of the countries is
increasing evenly with the increment of
human population. Countries were supplying
their energy demands by fossil fuels,
previously. Limited resources and effects on
environment of fossil fuels led countries to
search new energy resources. In recent
decades, countries are trying to generate new
and sustainable solutions for energy demands.
In this context, renewable energy becomes the
most important energy solution to supply the
energy demands. Renewable energy is the
energy acquired from natural processes that
are renovated faster than they are consumed.
There are several types of renewable energy
sources such as solar energy, wind energy,
geothermal energy, hydraulic energy, etc.
Hydraulic energy has an importance among
them because of its high potential in all over
the world and it is efficiently transformed into
electrical energy. Thus, hydraulic energy has a
remarkable  importance among  these
renewable energy sources on supplying
energy demands of countries. The Hydraulic
energy potential of Turkey is; 433 billion kWh
theoretical potential, 216 billion kWh
technical potential, 140 billion kWh
economical potential and 13000 MW installed
capacity. The aim of the Ministry of Energy is
to increase the capacity to 36000 MW in 2023
[1]. To reach this target, efficiency is the

most important parameter in turbomachines
that are used in hydroelectric power plants.
Increasing the  efficiencies of these
turbomachines provides more energy to
acquire.

Hydraulic turbines are the turbomachines that
using kinetic and potential energy of fluid to
generate electrical energy. There are two types
of hydraulic turbines; action and reaction
turbines. The difference between these two
types are pressure difference between inlet
and outlet of the turbine. Francis turbine is a
reaction turbine which is accepted as the most
efficient one among the hydraulic turbines [2].
In Turkey, Francis turbine is using widely in
hydroelectric power plants. But many of these
Francis turbines in use were built far-back.
And these turbines’ efficiencies have been
diminishing due to many reasons such as
cavitation, fauling etc. For more efficient
electric energy generation, these turbines’
efficiencies should be increased by
rehabilitation processes. As long as new
technologies and techniques are found out,
these turbines can be modified and make them
to generate more energy due to modifications
and new tools.

Francis turbines are the most common
hydraulic turbine type in use. A Francis
turbine comprises of five main components:
spiral case, stay vanes, guide vanes, runner
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and draft tube. A schematic view of Francis
turbine is given in Figure 1.

Fig. 1. Francis Turbine Components

Water first enters the spiral case which is the
component that provides the pressure to
spread equally to the vane sections. Spiral
case’s decreasing cross sectional area provides
this equal pressure distribution on each
section. Stay vanes are the flow regulators
that provides flow to enter properly to the
guide vanes. Guide vanes are the component
that controls the flow rate of the Francis
turbine by changing their angles, by
servomotors generally. Guide vanes are also
send water to the runner blades with uniform
streamlines. That means guide vanes are
regulating the flow through the runner. Water
then proceeds on its way to the runner. Water
particles hits the turbine blades and turbine
runner starts to rotate dependently. A shaft is
located in the middle of the runner which is
rotating as water rotates the runner. This shaft
is engaged to a generator and this shaft drives
the generator to generating electric energy.
Water should be discharged from runner area
after rotating the runner. Draft tube is located
at the outlet section of runner and water that
rotates the runner is falling out to this
component and goes along it. Draft tube
increases waters pressure and decreases its
velocity by using its increasing cross sectional
area and serves flow to the discharge canal at
atmospheric pressure. Thus, a cycle of Francis
turbine is completed after water leaves the
draft tube.

The aim is; using optimization techniques and
Computational Fluid Dynamics analyses to
determine the optimum blade angles leading
the maximum efficiency of the runner.

1.1. Literature Survey

There are some studies in literature about
Francis turbines, Taguchi optimization
techniques and  Computational  Fluid
Dynamics (CFD).

Francis turbine is invented by James B.
Francis at 1855.

Schweiger [3] examined the dimensionless
parameters, geometrical quantities and
specific speed of a Francis turbine. Siervo and
Leva [4] manifested diagrams and equations
about the design of the spiral case, runner and
draft tube. Nilsson and Davidson [5]
developed a CFD code for solving turbulent
flow in complex domains of a water turbine.
Teran et al. [6] investigated the design of
guide vane blade geometry by using genetic
algorithm in order to send the water in desired
angle and flow rate to the runner and they
examined the wvelocity and pressure
distributions. Khan [7] examines the
cavitation phenomena in Francis turbine
runner and make some suggestions the
prevent cavitation in turbine runner. Anup et
al. [8] underlined the effect of vortex structure
at draft tube and they obtained the pressure
fluctuations along the draft tube. Ayancik and
Celebioglu [9] examined turbine performance,
velocity and pressure distributions of a
Francis turbine by CFD codes and they
obtained the most influent parameters on
Francis turbine performance.

Kelkar investigated the optimization of the
cooling rate of the turbine blades by using
Taguchi technique and determined that “In
Taguchi technique, the word “optimization”
implies determination of best levels of control
factors [10].

2. METHOD

A Design methodology is created. First step is
specifying head and discharge values that are
taken, and scaled based on affinity laws, from
an actual turbine at Kesikkopri Hydroelectric
Power Plant. Then, preliminary design is



made based on theoretical data on literature.
Geometry design is made by using computer
aided design programmes and computational
domains of Francis turbines are generated.
Then, Taguchi technique is applied to
determined blade angles and taken a
experimental design from this technique. Each
experimental design needs a response value to
realize the analyses. The responses are
selected as torque values from CFD analyses.
So, CFD analyses are the next step. Based on
CFD analyses response values are linked to
the Taguchi analysis and finally, Taguchi
analysis gives us the optimal values of each
angles. Based on this given optimal values
another CFD analysis is carried out for
verification of Taguchi analysis. Then the
final design is determined.

Fig. 2. Design Methodology

2.1. Taguchi Analysis

Taguchi technique is an experimental design
optimization technique which uses standard
orthogonal arrays for forming a matrix of
experiments in such a way as to extract
maximum  important information  with
minimum number of experiments [10].
MINITAB 17.0 is used for Taguchi analysis.
Three level analyses are carried out for three
factor Taguchi designs. Three factors are
defined as guide vane angle which is referred
by factor A, runner inlet angle which is
referred by factor B and runner outlet angel
which is referred by factor C. The angle
values are calculated by using technical data

and experimental curves from literature. The
factor values are specified by selecting nearest
high and low values of the calculated values
with equal intervals.

Taguchi algorithm suggests two possible
designs: L9 and L27. The numbers that comes
after the letter L are indicates the experiment
number that should be carried out. For saving
time and computational rams, the L9 design is
selected. That means nine experiments should
be done for specifying optimal factor levels.
The L9 Taguchi design is given in table
below. CFD analysis are carried out for nine

different designs.
Table 1: L9 Taguchi Design

Experiments/Factors A B C
1 20 60 20
2 20 70 22
3 20 80 24
4 22 60 22
5 22 70 24
6 22 80 20
7 24 60 24
8 24 70 20
9 24 80 22

Hydraulic turbine efficiency is defined as the
ratio of shaft power to hydraulic power that
depends on head and flow rate values. Since
the head and flow rate values are constant for
this model turbine, the torque value is the
main parameter that directly effects the
turbine efficiency. So, torque values are
obtained from analyses and entered as
response column for these nine different
experimental designs. And Taguchi analysis is
carried out.
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2.2. CFD Analysis

Computational Fluid Dynamics (CFD) codes
are widely common tools in use to predict
turbomachinery performance in recent years.
In this study, ANSYS 18.1 Academic version
is used for analysis. ANSYS Design Modeler
is used for generating flow domains of Francis
turbine, ANSYS Mesher is used for mesh
structures of the flow domain and ANSYS
CFX is used for solving Reynolds Averaged



Navier-Stokes(RANS) equations for specified
mesh structures. The using RANS equations
by the commercial CFD code is given below
in general form [11].
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2.2.1. Mesh generation

The flow domains of Francis turbine are
separately meshed in ANSYS Mesher. The
mesh element shapes are specified as
tetrahedral and hexahedral.

Face and body sizing options are used to
obtain more sensitive results. More elements
are used around the blade profiles of stay
vanes, guide vanes and runner blades due to
criticality of these regions. Proximity and
curvature size function is used for generating
an automatic refinement on critical element
intersections. The obtained skewness values
are acceptable for each component. Besides,
the skewness value of runner is a bit higher
due to its complex structure with respect to
other components.

All meshed flow domains are assembled for
analysis and shown in Figure below.

Fig. 3. Mesh Structure

The mesh structure is controlled in different
types of mesh model for grid-independency
and it is stated as independent from mesh.

2.2.2. Models and approaches used in CFD
analysis

In this study, ANSYS CFX 18.1 is used as
commercial RANS codes for modelling
turbulent flow. The commercial code is using
finite volume method as discretization
scheme. RNG k-¢ is used as turbulence model
due to its robustness. High resolution option is
selected for advection scheme and the
convergence criteria is specified as 10 for k,
€ and velocity residuals.

Mass flow inlet is defined to the spiral case
inlet and static pressure outlet is defined to the
draft tube outlet as boundary conditions. The
reference pressure is defined as 0 atm.
Because of assembling all the components in
CFX, there is a need for some approaches to
interface regions of these components. Due to
the moving structure of runner and stable
structure of guide vanes and draft tube, there
should be need for applying some approaches
on these components’ interface regions.
Multiple Reference Frame (MRF) method is
used for modelling interfaces. Frozen Rotor is
used on the interfaces between runner and
guide vanes and runner and draft tube.
General Grid Interface is used for the other
interface regions.

3. RESULTS AND DISCUSSIONS

Nine different CFD analyses are carried out
by using ANSYS CFX 18.1 based on the
experimental design  combinations that
obtained from Taguchi algorithm. The torque
values that obtained from CFD analyses are
entered into MINITAB 17.0 as the response
values and thus the setup is completed and
Taguchi analysis is carried out. Response
tables for means, S/N values and Anova table
is obtained from Taguchi analysis.

Table 2: Response Table for Means

Level A B C
1 13718 20170 20316
2 16617 20412 20275
3 30554 20306 20298
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Fig. 4. Torque and Inlet Pressure values depend on
iterations

The main effects for means and plot for S/N
ratios are shown in Figure. It can be seen that
the plot characteristics are entirely same with
the plot for means due to selecting “Larger the
better” approach.

Main Effects Plot for SN ratios
Data Means

A B C

Mean of SN ratios

82
20 22 24 60 70 80 20 22 24

Signal-to-noise: Larger is better

Fig. 5. Main Effects Plot for S/N Ratios

For factor A, the optimal level is determined
as 3. For factor B, the optimal level is
determined as 2 and for factor C, the optimal
value is determined as 3. That means the
optimum guide vane angle is 24° , the
optimum runner inlet angle is 70°, and the
optimum runner outlet angle is 24°.

Table 3: Response Table for Signal to Noise Ratio

Level A B C

1 82,40 85,56 85,61

2 84,41 85,67 85,61

3 89,70 85,63 85,63
Delta 6,96 0,11 0,02
Rank 1 2 3
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Fig. 6. Main Effects Plot for Means

The response tables for means and S/N are
given in Table 2 and 3. It also can be seen
form these tables that the optimal values are 3
for factor A, 2 for factor B and 3 for factor C.

After obtaining response tables for means and
signal to noise values, an Anova table is
obtained. The importance of Anova table is to
determine the most effective parameter on
turbine efficiency. This determination is done
in terms of “P value” which located in the
right hand column in Anova table. The critical
P value is generally selected as 0,05 in
literature. That means, if the factor’s
corresponding P value is smaller than the
critical P value, this factor is effective on
turbine efficiency.

Table 4: P-Values from Anova Table

Factors P-Value
A 0,000
B 0,018
C 0,823

It can be seen that factor A which is referred
to guide vane angle is the most effective
parameter on turbine analysis. According to
corresponding P values, the runner inlet angle
is the second effective parameter on turbine
efficiency. It can be seen that the P value of
the factor C which is referred runner outlet
angle is not quite effective on turbine’s torque
and efficiency with respect to other
parameters.



After Taguchi analyses are done and the
algorithm suggests the optimal values of each
factors, it’s seen that the optimum design
combination that is obtained from algorithm
does not exists in first nine design
combinations. Thus, a verification analysis is
carried out for the values of guide vane angle
24°, runner inlet angle 70° and runner outlet
angle 24°. The torque value is obtained as
previous analyses and it's seen that the
optimal design which is suggested by Taguchi
has the highest torque value among these nine
design combinations. So, it can be said that
the Taguchi analysis is carried out correctly
and the results are realizable.

Nine different CFD analysis for each case and
a verification analysis are carried out on
ANSYS CFX. Pressure distributions, velocity
distributions, streamlines are obtained for
each combinations. The verification analysis’
results are considered because of the optimal
values are obtained in these combination of
factors. In Figure 7, pressure distribution of
the spiral case is shown. Vectors show that the
flow is regular on each section of spiral case
and the pressure distribution shows that spiral
case is spreading the pressure equally on its
own sections because of its decreasing cross
sectional area.

Fig. 7. Pressure distribution and velocity vectors on
spiral case

In figure 8, pressure distribution of guide
vanes and velocity vectors are shown. It can
be seen that water flows regularly among the
guide vanes. Considering velocity vector
lines’ colour, white represents the low
velocity and blue represents the higher
velocity. Thus, the flow velocity is increasing
through the runner. That means guide vanes

are controlling the flow velocity and the flow
rate of the Francis turbine.

So, considering the P-value of guide vane
angle on Taguchi results and the velocity
vectors on CFD results, it can be said that
guide vanes are the most important
component on controlling turbine efficiency.
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Fig. 8. Pressure distribution and velocity vectors on
guide vanes

It can be said that, water is flowing regularly
based on stagnation point’s location on the
symmetry point of guide vane leading edge.

Fig. 9. Pressure distribution of runner

e

Figure 9 shows that pressure and suction sides
of runner blades are exists correctly to move
turbine runner. It can be seen that the pressure
is decreasing through the runner outlet section
due to the increase in velocity.

Fig. 10. Pressure distribljtion of draft tube



The draft tube pressure distribution is shown
in Figure 10. Pressure is increasing gradually
through the outlet section of draft tube and it
exits draft tube at atmospheric pressure,
101325 Pa. The flow is quite regular besides
the elbow effects of the runner outlet corners.
The pressure fluctuations are as few as
possible as it can be seen in the same figure.
The streamlines of the water flow in Francis
turbine is shown in Figure 11. Velocity
increment starts from guide vanes and water
enters as fast as possible to the runner blades.

Fig. 11. Flow streamlines in Francis turbine

After rotating runner, water leaves runner with
a high velocity and draft tube absorbs its
velocity by its increasing cross sectional area
and increase flow’s pressure to the outlet
section.

Consequently, it can be said that the obtained
pressure and velocity distributions are
approved as appropriate.

4. CONCLUSION

A Francis turbine is designed based on an
actual turbines head and discharge values. A
scaling process is applied, due to affinity laws,
on to this actual head and discharge and
diameter values and a model turbine geometry
is generated based on these scaled parameters.
Computational domains of this Francis turbine
geometry is designed in ANSYS Design
Modeler. Taguchi analysis is made to have an
experimental design and based on this
experimental design, CFD analyses are carried
out by using ANSYS CFX 18.1. The torque
values that obtained from CFD analyses are
determined as the response values for Taguchi
technique and Taguchi analysis is done. Due
to the results of Taguchi analysis, the optimal
blade angles are specified as 24 ° for guide

vanes, 70 ° for runner inlet angle and 24 ° for
runner outlet angle.

A verification analysis is carried out based on
these optimal values and it is seen that the
obtained torque value is higher than other nine
experimental designs. That means Taguchi
analysis is done correctly. So it can be said
that the optimal blade angle values are
determined accurately for this model Francis
turbine.

Nomenclature

A Taguchi factor that represents guide
vane angle (°)

B Taguchi factor that represents runner

inlet angle (*)

Taguchi factor that represents runner

outlet angle (*)

Gravitational acceleration (m/s?)

Turbine head value (m)

Turbine discharge value (m?/s)

Velocity in x direction (m/s)

Velocity in y direction (m/s)

Velocity in z direction (m/s)

O

E<cOIe

Greek Letters

Nwrb  TUrbine efficiency (%)
Peat  Shaft power (W)

p Density (kg/m°)

T Dynamic viscosity (kg/ms)
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