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Abstract: Cavitation wear and hydraulic efficiency decrease in hydroelectric power plants have frequently been
the subject of various research and studies. A hydroelectric power plant built on the Kızılırmak River in Türkiye
started operating in 1960 and has not been subjected to any large-scale rehabilitation work other than general
maintenance until today. The power plant has 4 Francis-type turbines, each with a power of 32 MW. Due to
cavitation wear of turbine runners over the years, performance loss, vibration, and noise problems have arisen.
Moreover, the maximum turbine hydraulic efficiency, which was 92% in 1960, the year the power plant was
commissioned, decreased to 87.9% according to the efficiency measurements carried out at the power plant in
2020. In this study, Computational Fluid Dynamics (CFD) analyses were accomplished with Reynolds averaged
Navier Stokes (RANS) calculations for the redesign of the Francis-type turbine runner and finally checked by a
model test according to IEC 60193. It was observed that the model test and CFD results were close to each other,
especially at the best efficiency point. The maximum turbine hydraulic efficiency, which was calculated as 94.95%
as a result of CFD analysis at the nominal head, was calculated as 95.19% by the model test. The x-blade shape
created in the redesigned turbine runner blades ensured homogeneous pressure distribution and increased the
hydraulic efficiency significantly.
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1. Introduction
Today's socioeconomic developments increase the energy demand [1]. The increasing need for electrical

energy in the world constantly directs people to alternative energy sources. There are various studies to increase
the use of renewable energy resources [2].

Hydroelectric energy still has the highest capacity in the production ranking considering renewable energy
sources in Türkiye. In addition, hydroelectric power plants have the lowest operating costs, longest operating life,
and highest efficiency compared to other generation types [3].

Although the power plant mentioned in this study is one of the first power plants commissioned in Türkiye,
it has not been the subject of a comprehensive rehabilitation study to date. The existing turbine runner blades in
the power plant are conventional runner blades, and this type of blade causes cavitation damage, especially on
the suction side of the runner blades [4]. There is also cavitation wear on the suction sides of the turbine runner
blade surfaces in the power plant (Figure 1). There has been a serious decrease in the hydraulic efficiency value
of this power plant over the years. According to the turbine manufacturer's information, the maximum turbine
efficiency was 92% in 1960, the year the power plant was commissioned, decreased to 87.9% at a nominal head
of 60 m and 51 m3/s flow rate according to the efficiency measurements fulfilled in the power plant in 2020 [5].

http://ojs.ukscip.com/index.php/ptnd


New Energy Exploitation and Application | Volume 3 | Issue 1

28

For these reasons, the turbine runners in this power plant needed to be redesigned, model-tested, manufactured,
assembled, and commissioned in the power plant.

Figure 1. Existing runner of power plant.

The aim of the study was to design and model test a turbine runner that will reach high efficiency and
homogenous pressure distribution. Another target was for the turbine to produce high mechanical power as a
result of the high hydraulic efficiency achieved.

In this study, the CFD method was used together with RANS calculations for the redesign of the Francis
turbine runner. The redesigned turbine runner blades were designed as an x-blade shape due to their
advantages (Chapter 4.2).

During CFD studies, it was necessary to comply with the spiral case and draft tube dimensions, which cannot
be revised because they are embedded in the concrete in the power plant. For this reason, 2D drawings in the
power plant were used when creating 3D models of these existing parts. Laser scanning processes also helped
create 3D models. After the runner design was completed, the turbine parts whose mesh structures were created
were solved in ANSYS commercial software. As a result of CFD studies, a maximum hydraulic efficiency value of
94.95% was achieved and a homogeneous pressure distribution was obtained on the runner blade surfaces.
After the CFD studies were completed, the redesigned turbine runner was manufactured at the model test scale
and the model test was performed in accordance with the IEC 60193 standard [6].

In consequence of CFD analysis and model test, it was revealed that the turbine runner redesigned with the
CFD method achieved similar results with the model test at the best efficiency point. In addition, according to
both CFD and model test results, an increase of more than 7% was observed in the current maximum hydraulic
efficiency value of the power plant. In addition, unlike the existing runner, which did not have a homogeneous
pressure distribution and caused cavitation wear, the redesigned turbine runner was seen to have a
homogeneous pressure distribution. The turbine runner designed with the CFD method was examined at the
best efficiency point and no vortex that could cause a negative effect on its outlet section was observed. Likewise,
no vortex formation was observed during the model test at the best efficiency point, extending to the draft tube
walls and causing vibration.

The hydroelectric power plant operates at a flow rate between 40–60 m3/s and 60 m net head. The general
features of the power plant are shown in Table 1.

Table 1. General features of the power plant.

Nominal Net Head 60 m

Maximum flow rate 61 m3/s

Rotational speed of turbine 187.5 rpm

Specific speed (nq) 64.4 -

Turbine axis level 785. 9 masl

Tail water level 784.2 masl

Number of turbine runner blades 13 #

Number of guide vanes 24 #
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2. Current Studies in the Literature
Özcan [7] analyzed a Francis-type turbine runner using the CFD method with the help of ANSYS commercial

software. As a result of the analysis, he proposed a design that he claimed was better in terms of energy
production performance. In his study, he discussed the redesign process of the Francis turbine runner in a
hydroelectric power plant with an installed capacity of 56 MW, built in 1973. The redesigned turbine runner was
in the form of a x-blade and better flow conditions were obtained by reducing the angle at the runner shroud.
Compared to the existing turbine in the power plant, the redesigned new runner showed that the best efficiency
point was shifted from 37 m3/s-124 m to 39.5 m3/s-132 m. He also stated that the maximum efficiency of the
turbine increased from 92.5% to 94.2% with the new design.

Benigni et al. [8] stated that the Meitingen hydroelectric power plant, built in 1922, was redesigned and
produced due to cavitation damages, and with its installation, an annual production increase of 14.8% was
achieved. ANSYS commercial software was used during the studies. In order to understand the different factors
affecting turbine performance and get faster results, a simplified single-channel model was used, and inlet
boundary conditions were determined at the guide vane entrance. Only one guide vane passage and one runner
blade passage were used with periodic interfaces. Outlet boundary conditions were set to the draft tube outlet. In
the second step, a general machine model was calculated and boundary conditions were placed at the real input.
Thus, both guide vane and runner blade became 360-degree models. It was said that the highest efficiency of the
existing turbine measured in the hydroelectric power plant was approximately 82.5%, and a turbine efficiency of
89.9% was achieved with the new design. They stated that as a result of the studies, electricity production
increased by 14.8%, corresponding to an additional production of 10.74 GWh.

Celebioglu et al. [9] worked on CFD based rehabilitation procedure involving the redesign of the turbine of a
hydroelectric power plant with the help of ANSYS commercial software. The study was performed on the
redesign of the turbine runner in the Kepez-1 hydroelectric power plant in Türkiye. It was stated that the Francis
turbine in the Kepez-1 hydroelectric power plant operates at a maximum efficiency of 92%. It was emphasized
that noise, vibration and cavitation problems occurred in the existing Francis type turbine in the power plant
and therefore a new runner design was developed. They stated that with the new design, the turbine reached the
highest efficiency of 94.54% without disc friction losses. It was reported that no negative situation was observed
in the runner blades’ pressure loading graphs. The authors emphasized the importance of not only technical
drawings but also laser scanning processes accomplished at the power plant in rehabilitation projects. Another
result was that the blade form designed in the x-blade form instead of the traditional runner blade geometry
provided an increase in power and efficiency results.

3. Studies to Create 3DModels
Before starting the design and CFD analysis of the Francis-type turbine runner of the hydroelectric power

plant, 3D models were created in the commercial software Autodesk Inventor program. Model drawings were
based on 2D drawings and scanned the surfaces of the turbine components by means of laser scanner. The newly
designed Francis turbine runner was designed to adapt to the existing spiral case, stay vanes and draft tube in
the power plant, which could not be replaced.

Power plant turbines have a spiral case that distributes pressurized mass flow to the runners in a
circumferential manner. For good turbine performance, the distribution of kinetic energy and pressure energy is
provided by the spiral case [10]. The inlet diameter of the spiral case was 3550 mm. The function of stay vanes
mounted on the spiral case with welded manufacturing is to direct the water to the runner. The height of stay
vanes was 765 mm. The 3D model of the spiral case and stay vanes of the hydroelectric power plant is shown in
Figure 2.
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Figure 2. Spiral case and stay vanes 3D model.

There were 24 guide vanes in one unit to adjust the direction and mass flow passing through the stay vanes.
The height of the guide vanes was 765 mm, and this measurement was also the mass flow inlet height of the
turbine runner. The guide vane designed for the power plant is shown in Figure 3.

Figure 3. Guide vane designed for power plant.

In hydroelectric power plant turbines, there was a draft tube that allowed the depressurized discharge flow
rate coming out of the runner to be directed to the tail water. The mass flow inlet part of the draft tube was a
conical pipe and the inlet diameter was 3277 mm. At the exit of the draft tube, two outlet sections of 3500 × 4500
mm open to the tailwater field. The 3D model of the draft tube is shown in Figure 4.

Figure 4. 3D model of the draft tube.

4. Materials andMethods
In this study, the CFD method was used to redesign the Francis turbine runner and then model test of the

redesigned turbine runner was carried out in accordance with the IEC 60193 standard. Firstly, a redesigned
runner was created with the CFD method, using the characteristics of the turbine in the power plant that would
remain the same, such as flow rate, head, and turbine speed. Then, the model test was performed by
manufacturing the runner reduced to the model test scale.

CFD is a computer-based tool that can also be used to simulate the flow behavior of hydraulic machines [11].
CFD method provides the opportunity to evaluate the regional characterization of turbines such as regional
pressure distribution, speed changes, and pressure fluctuations. Within the scope of CFD studies, ANSYS 18.1
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commercial software [12] was used and its main Workbench, Design Modeler, Bladegen, Turbogrid, Meshing,
ICEM CFD and CFX modules were utilized.

The solutions were realised with the help of Reynolds averaged Navier-Stokes (RANS) equations. Navier-
Stokes equations describe the partial differential equations of a viscous, incompressible fluid and are part of the
principle of conservation of momentum, mass and energy.4.1. Specific Speed Calculation

The hydraulic properties of the power plant were used to calculate the specific speed (nq) at the best
efficiency point of the turbine, which is one of the basic parameters of turbine runner design. Specific speed is a
function of flow rate and pressure in hydraulic machines. It was evaluated that the best hydraulic efficiency point
of the turbine at a flow rate corresponding to 90% of the maximum flow rate. Since the rotation speed of the
turbine runner was 187.5 rpm, the specific speed was calculated as 64.4 (Equation (1)).

4.2. Turbine Runner Design and Optimization

The design of the turbine runner blades was finalized in the Bladegen module of the ANSYS commercial
software. In the Bladegen module, the blade design of the runner was fulfilled to comply with the existing spiral
case and draft tube dimensions in the power plant. The most challenging process in turbine design was runner
design [12]. During the runner blade design, optimization studies were achieved using appropriate values for
beta and theta angles. As a result of these optimizations, the runner blade design that gives convenient hydraulic
efficiency and cavitation values was determined as the final design, and analyses were carried out on the flow
rate and head values in the working range. The beta angle at the turbine runner inlet was set between 59°
(shroud side) and 75° (hub side). On the other hand, the runner blade beta angle at the outlet varied between
5.7° (shroud side) and 51° (hub side).

Figure 5 shows the distribution of theta angles in meridional length used for 21 spans on the runner blades.
The “theta beginning” option selected in the Bladegen module also helped create the x-blade shape. Unlike the
traditional Francis runner design, the leading edge of the x-blade runner blades was inverted and the trailing
edge was crooked. Thanks to this design, a highly balanced flow area was created in the runner passageways and
a homogeneous pressure distribution was achieved on the runner blades [4]. This process also helped to achieve
a more even pressure distribution on the turbine runner [13].

Figure 5. Runner blades theta angle distribution.

During the optimization of the Francis turbine runner, characteristic features such as meridional view and
blade angles were changed, thus, the efficiency value was shifted to the desired flow rate value. Then, the
performance of the most suitable blade design was analyzed using the full turbine CFD model and the results
were evaluated. Figure 6 shows the redesigned runner blade meridional view and 3D visual of the runner.

�� = � ×
����� ���. �����

����
0.75 = � ×

0.9 × �������,���

����
0.75 = 187.5 ×

0.9 × 61
60 0.75 = 64.4 (1)



New Energy Exploitation and Application | Volume 3 | Issue 1

32

Figure 6.Meridional cross-section view (left) and 3D view (right) of the redesigned runner.

4.3. The Meshing of Components

Guide vane and runner blade meshes were created in the TurboGrid module of ANSYS commercial software.
Spiral case, draft tube and tail water block meshes were created in the ICEM CFD module. Mesh sizes (fine mesh)
of the components [14] in the full turbine model are shown in Table 2. Mesh structures of redesigned runner
blades are shown in Figure 7.

Table 2. The mesh size of full turbine model components.

Areas Nodes Elements

Spiral Case 2.682.004 6.656.724

Guide Vanes 9.528.480 9.074.688

Runner 7.439.380 6.991.296

Draft Tube 7.190.880 7.120.365

Tail Water Block 833.000 813.606

Total 27.673.744 30.656.679

Figure 7.Mesh image of redesigned runner blades.

4.4. CFD Analysis Setup Settings

During the studies, firstly, CFD analyses of the turbine in the power plant were wanted to be carried out.
However, the current 3D model of the runner could not be created because some of the turbine runner detailed
projects did not provide appropriate storage conditions and were corroded over time. For this reason, 3D
scanning of the existing runner was attempted, but since the runner was not disassembled and the laser scanning
device could not reach the runner inlet part, this part could not be scanned and a 3D model of the runner could
not be created. During the studies, CFD analyses of the existing runner could not be performed, so the studies
started with the process of designing a new runner.

Flow analyses were performed for steady state with the help of the CFX module of ANSYS commercial
software. Steady-state analyses were achieved using the Shear Stress Transport (SST) turbulence model [15]
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developed by F. R. Menter. In the analysis, total pressure was defined at the spiral case inlet, and constant static
pressure was defined at the tail water block outlet.

The simple model [8] did not include the spiral case, it contained a single guide vane and a single runner
blade, provided that periodic boundary conditions were used together with the draft tube. It was assumed that
the mass flow enters the guide vane at an angle of 40°, which was the exit angle of the spiral case stay vanes. The
simple turbine model was used to obtain faster results from different designs and to finalize optimization studies.
The runner optimization process was accomplished in the simple turbine model and the final results were
achieved by solving the full turbine analysis. The simple model is shown in Figure 8. Simple model analyses were
only a guide for the studies and the analysis results created with the simple setup were not used in the numerical
and visual results given in this study.

Figure 8. Simple model.

The full turbine model (Figure 9) was created by using interface models to ensure that the flow reaches the
tailwater block without loss from the spiral case inlet. Unlike the simple model, a 360° turbine model was used in
the full turbine model. In this model, the full turbine model was created by duplicating the guide vane 24 times
and the runner blade 13 times. Each passage was connected to the next passage with a 1:1 interface. For the
steady state and single-phase simulation, the “frozen rotor” interface type was used at the transition from the
guide vanes to the runner and from the runner to the draft tube. This interface type allowed the relative
allocation of rotating and stationary domains to be frozen during the simulation. The components in the full
turbine model were the spiral case, guide vanes, runner, draft tube and tail water block, from the mass flow inlet
to outlet, respectively. The tailwater block was used to prevent outlet boundary conditions from occurring
directly at the outlet of the draft tube [16]. All numerical and visual values stated in this study show the results of
full turbine analyses.
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Figure 9. Full turbine model.

During the analyses, the runner domain was rotating at 187.5 rpm. Other components of the turbine were
set stationary. Turbulence intensity was 5% in all analyses.

Numerical analyses were accomplished with the help of Navier-Stokes equations in the CFX module of the
ANSYS commercial software used during the studies. These equations allowed describing fluid motions in 3
dimensions and were used together with the RANS formulation [4].

The values for the boundary conditions at the inlet and the outlet are shown in Tables 3 and 4. The pressure
differences of 689.725 Pa and 101.325 Pa are approximately equivalent to a net head of 60 m.

Table 3. Inlet boundary conditions.

Inlet Spiral Case

Features The total pressure, flow direction: normal to the boundary, medium turbulence intensity, and
Eddy viscosity ratio

Pressure 689.725 (Pa)

Table 4. Outlet boundary conditions.

Outlet Outblock

Features Static pressure, flow direction: normal to the boundary, medium turbulence intensity, and Eddy
viscosity ratio

Pressure 101.325 (Pa)

4.5. Mesh Independence Study

Mesh independence studies were also performed during CFD studies and conducted with 4 different mesh
element values for 60 m head and 20° guide vane openings for each mesh number of elements. These meshes
were named coarse, medium, fine, and very fine. The total number of elements [14] for these mesh values is
shown in Figure 10. During these studies, 94.94% hydraulic efficiency and 57.6 m3/s flow rate for coarse mesh,
95.34% hydraulic efficiency and 54.6 m3/s flow rate for medium mesh, 95.67% hydraulic efficiency and 54.5
m3/s flow rate for fine mesh, 95.76% hydraulic efficiency and 54.5 m3/s flow rate for very fine mesh values were
achieved (Figure 11). Labyrinth and disk friction losses were not considered during mesh independence studies.
These results were evaluated and a very small, negligible efficiency difference could be detected between the fine
and very fine mesh sizes [14]. So full turbine analyses were performed at the fine mesh due to the advantages of
the number of elements.
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Figure 10.Mesh sizes used for mesh independence study.

Figure 11. Loss compositions for different mesh numbers.

4.6. CFD-Post Evaluation Equations

During the CFD-post study, turbine characteristic results were evaluated in accordance with the IEC 60193
standard. In order to evaluate the turbine performance, the net head [16] and hydraulic efficiency of the turbine
were calculated with Equation (2) [8] and Equation (3). In order to evaluate the performance of each component
of the turbine, head loss calculation [4] was also carried out with Equation (4). This approach allowed us to
evaluate the losses occurring in each component.

Hnet, defined as net head, was calculated directly from the total pressure difference at the spiral case inlet
and draft tube outlet. Flow velocities at the inlet and outlet are also included in the calculations as well. While
calculating hydraulic efficiency, a classical approach, the ratio of mechanical power to hydraulic power, was used.
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Hydraulic power was calculated from the potential energy of mass flow, whereas the torque values of the runner
components resulting from the CFD method were used when calculating the mechanical power. Multiplication of
rotational torque by angular velocity indicated the mechanical power.

5.CFD Results

Steady-state CFD analyses of the full turbine model were solved with fine mesh and the results were
examined. Leakage and disc friction losses in CFD analyses were taken from the IEC 62256 standard as a function
of the specific speed nq (Figure 12). The IEC 62256 standard [17] provides standards for the rehabilitation and
performance improvement of hydraulic turbines, storage pumps and pump turbines. It appeared that the
combined losses of a Francis turbine runner with a nq of approximately 65 may be around 1%. This loss value
was taken into account in the calculation of the total hydraulic turbine efficiency calculated with the CFD model.

Figure 12. Losses from hydraulic turbine components according to IEC 62256 standard.

Efficiency values created by considering the operating points were examined. It was observed that the
turbine reached the highest hydraulic efficiency at 60 m head and 55 m3/s flow rate. The hydraulic turbine
efficiency value reached 60 m head and 55 m3/s flow rate, which was called the best efficiency point, was 94.95%.
As a result of CFD analyses, the hydraulic efficiency values reached the nominal head and flow rate values of 40,
48, 55, and 60 m3/s are shown in Table 5.

Table 5. Turbine hydraulic efficiency values at nominal head according to CFD analysis results.

Head (m) Flow Rate (m3/s) Hydraulic Efficiency (%)

60 40 89.88

60 48 93.13

60 55 94.95

60 60 94.26

The blade loading chart occurred in each span of the runner blades at 60 m head and 55 m3/s flow rate,
which was the best efficiency point of the design, is shown in Figure 13. Runner pressure contours are shown in
Figure 14. At the best efficiency point, an almost homogeneously decreasing pressure distribution was observed
on the suction and pressure sides of the runner blades from the mass flow inlet to the outlet, and there were no
negative pressure zones on the runner surfaces. At the same time, it was observed that the runner could work
with higher efficiency in a wider working range with better cavitation performance with the x-blade form
realized with the new design [18].
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Figure 13. Blade loadings of runner blades at 60 m head and 55 m3/s flow rate as a result of CFD analysis.

Figure 14. Turbine runner pressure distribution as a result of CFD analysis at 60 m head and 55 m3/s flow rate
(a) isometric view; (b) bottom view.

Vortex ropes at the runner outlet were also examined at the best efficiency point and no vortex ropes
extending to the draft tube walls were observed at the runner outlet (Figure 15).
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Figure 15. Runner outlet vortex rope at 60 m head and 55 m3/s flow as a result of CFD analysis.

6.Model Test Results

The model test of the redesigned turbine runner was accomplished in the Graz University of Technology
Institute of Hydraulic Fluid Machinery Laboratory in accordance with the IEC 60193 standard. The IEC 60193
standard provides standards for model acceptance tests of hydraulic turbines, storage pumps and pump turbines,
and accordingly, for the model test of Francis turbines, the smallest value of the model runner diameter should
be 250 mm (Table 6). The runner diameter of the turbine for which the model test was carried out was 340 mm.

Table 6.Minimum requirements for the model runner according to IEC 60193 standard.

Parameter
Type of Machine

Radial (Francis) Diagonal (Nuxed-flow) Axial (Kaplan, bulb) Impulse (Pelton)

Reynolds Number
Re (-) 4 × 106 4 × 106 4 × 106 2 × 106

Specific Hydraulic
Energy (per stage)

E (J·kg－1) a)
100 50 30 b) 500

Reference
Diameter D (m) 0.25 c) 0.30 0.30 -

Bucket Width B
(m) - - - 0.08

a)With respect to the Froude similitude condition, the test specific hydraulic energy for cavitation tests may be chosen so that the
resulting Re number is lower than the value given.

b) Emin－ 20 J·kg-1 if D≥0.4 m.

c) For pumps and pump-turbines with low specific speed, a reference diameter such as 0.20 m ≤ D ≤ 0.25 m may be allowed if the outer
diameter is equal to or greater than 0.5 m.

The turbine runner redesigned by the CFD method and the model turbine runner used in the model test are
shown in Figure 16.

During the model test, the static pressure difference between the turbine inlet and outlet was measured and
the turbine net head was determined. The inlet pressure was measured from four points circumferentially from
the inlet of the spiral case, and the outlet pressure was measured from the outlet of the draft tube [19]. The
DN250 flow meter was used to measure the flow rate of the turbine.

A torque transducer was positioned on the turbine shaft for measurement of rotational speed and torque.
Torque measurement was performed by measuring the angular deviation of the shaft, and speed measurement
was carried out by the infrared method.
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Figure 16. Redesigned runner with CFD (left) and the runner used in the model test (right).

According to the model test results, the hydraulic efficiency values achieved at 60 m head are shown in
Table 7. The hydraulic efficiency of the model turbine was measured as 95.19% at 60 m head and 55 m3/s flow
rate, which was found to be the best efficiency point in CFD studies. The comparative graph of flow-dependent
hydraulic efficiency values based on CFD analysis and model test results is shown in Figure 17.

Table 7. Turbine hydraulic efficiency values at nominal head according to model test results.

Head (m) Flow Rate (m3/s) Hydraulic Efficiency (%)

60 40 91.61

60 48 93.92

60 55 95.19

60 60 94.12

Figure 17. CFD and model test turbine hydraulic efficiency chart.

The draft tube cone used in the model test was made of transparent plexiglass material. Flow movements at
the runner outlet are monitored with high-resolution cameras from this area. Vortex rope that may occur at the
runner outlet from the draft tube transparent cone was examined and no vortex rope extending to the draft tube
walls was observed at 60 m head and 55 m3/s flow rate, equivalent to the CFD analysis results (Figure 18).

Figure 18. Vortex rope occurring at the runner outlet at a 60 m head and 55 m3/s flow rate in the model test.
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7. Discussion and Conclusions

In this study, the redesign and CFD analyses of a Francis-type hydraulic turbine runner with a specific speed
value (nq) of 64.4, which is currently in operation on the Kızılırmak River in Türkiye, were studied. The
maximum efficiency value of the existing turbine in the power plant was measured as 87.9% as a result of the
efficiency measurement performed in 2020. Moreover, the turbine runner was damaged by various abrasions
since it has not been subject to large-scale rehabilitation work to date.

After the CFD studies model test of the redesigned runner was performed in accordance with the IEC 60193
standard and the results were evaluated. As a result of CFD analyses, the hydraulic efficiency of the runner at 60
m head and 55 m3/s flow rate, which was considered the best efficiency point, was found as 94.95% (Table 5). As
a result of the model test, a hydraulic efficiency value of 95.19% was reached at the guide vane opening
corresponding to the power plant's 60 m head and 55 m3/s flow rate (Table 7). The maximum efficiency value
reached as a result of CFD studies and model tests was also found to be over 7% higher than the maximum
hydraulic efficiency value of the original turbine existing in the power plant.

By evaluating the CFD analyses and model test results, it was revealed that the two methods gave similar
results at the 55 m3/s flow rate, where the best efficiency point was seen in the CFD analyses [20], and this result
continued very close to each other up to the 60 m3/s flow rate. As flow rate values decreased from 55 m3/s,
where the best efficiency point was seen in CFD analyses, to lower flow rates, the hydraulic efficiency difference
tended to increase in favor of the model test. For example, while the hydraulic efficiency value obtained as a
result of the model test at a flow rate of 55 m3/s was 0.24% higher than the hydraulic efficiency value obtained
as a result of CFD analyses, this value was 0.79% higher at a flow rate of 48 m3/s and 1.73% higher at a flow rate
of 40 m3/s (Figure 17).

At the best efficiency point, no vortex movements extending to the draft tube walls were observed at the
runner outlet in both the CFD (Figure 15) and model test results (Figure 18).

Evaluating the CFD and model test studies carried out in this study together, the following conclusions can
be drawn;

- The performance results within operating ranges, other than the best efficiency point, in the Francis-
type turbine runner design realised with the CFD method, still needs to be verified with experimental
methods, however, the CFD method is a reliable way to reveal the best efficiency point of Francis
turbine runner.

- The use of an x-blade type runner blade instead of conventional runner blade forms in the Francis
turbine improves the turbine's hydraulic efficiency and pressure distribution.

- In addition to experimental studies, another reliable way to detect Francis turbine vortex ropes at the
best efficiency point is the CFD method.

In future works, the turbine runner, which was redesigned and model tested within the scope of this study,
is planned to be manufactured, assembled at the power plant, and put into operation. The performance level of
the turbine runner will be measured on-site by the IEC 60041 standard [21] and thus its final verification will be
achieved.

CFD method is a frequently used method today to evaluate the performance of hydraulic turbines. Although
it is more time-consuming and costly compared to CFD analyses [22], it is still considered that the most reliable
way to evaluate turbine performance is through experimental methods [12].
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CFD Computational Fluid Dynamics
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RANS Reynolds Averaged Navier Stokes
BEP Best Efficiency Point
SST Shear Stress Transport
IEC International Electrotechnical Commission
Masl Meters Above Sea Level (m)
GWh Gigawatt hours
nq Specific speed
n Rotational speed (rpm)
ƞ Efficiency (%)
ƞhydr Hydraulic efficiency (%)
Q Flow rate (m3/s)
Hnet Net head (m)
HLoss Loss in meters (m)
Pspiral Spiral case pressure (Pa)
PDrafttube Draft tube pressure (Pa)
ρ Density (kg/m3)
ʋ Velocity (m/s)
g Gravitational acceleration (m/s2)
T(z) Torque on Z axis (Nm)
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