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Fig. 1: Hydropower generation in year 2011 (Billion kWh) [1]. 
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Abstract - The demand for renewable energy sources such as hydro, solar and wind has been rapidly growing over the last few 

decades due to the increasing environmental issues and the predicted scarcity of fossil fuels. Among the renewable energy sources, 

hydropower generation is one of the primary sources which date back to 1770s. Hydropower turbines are in two types as impulse and 

reaction where Kaplan turbine is a reaction type which was invented in 1913. The efficiency of a turbine is highly influenced by its 

runner wheel and this work aims to study the design of a Kaplan turbine runner wheel. First, a theoretical design was performed for 

determining the main characteristics where it showed an efficiency of 94%. Usually, theoretical equations are generalized and 

simplified and also they assumed constants of experienced data and hence a theoretical design will only be an approximate. This was 

confirmed as the same theoretical design showed only 59.98% of efficiency with a computational fluids dynamics (CFD) evaluation. 

Then, the theoretically proposed design was further analysed where pressure distribution and inlet/outlet tangential velocities of the 

blades were analysed and corrected with CFD to improve the efficiency of power generation. The original design could be improved to 

achieve an efficiency of 93.01%. In general, the blades’ inlet/outlet angles showed a significant influence on the turbine’s power 

output. Finally, a comparison of the optimised and theoretical design is presented.  
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1. Introduction 
Currently, harmful emissions and greenhouse gases are causing serious climate changes and a huge environmental 

pollution all over the world. Hence, scientists are desperately researching for possible green alternatives to replace the 

widely used fossil fuels where renewable energy sources would be their key priority. Although the use of renewable 

energies would not solve the problems over night, it would be the best move to solve the prevalent issues in the long-run.  
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Fig. 2: Hydropower and other renewable electricity generation, 1990-2010 (in terawatt-hours, TWh) [2]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Under these circumstances, renewable energy sources such as hydro, solar, wind, geothermal, wave and tidal current 

have been the current major focus of the global energy sector. Hydropower is the largest (at its current state), the oldest and 

the most reliable source of renewable energy generation. In 2010, hydro power generation accounts 16.3% (about 3500 

TWh) from the global electricity generation and some of the relevant facts are shown in Figures 1 and 2. Wind turbines 

work only when wind is blowing, Solar panels perform well only when the sun is shining but water is quite constantly 

flowing in the rivers [2, 3]. Hence, hydropower plants can be found all over the world and their turbines can have 

efficiencies of up to 95%, an average power generation capacity of up to 800 MW (theoretically) and heads of up to 1.8 

km, depending on the model type [4]. The world’s largest hydropower plant is the Three Gorges Dam in China with a 

generating capacity of 22,500 MW which was completed in 2012 with 32 turbines [5]. The design of the runner blades is 

crucial for an efficient turbine. The blades extract the energy of the flowing water and converts into rotational energy and 

then to electrical energy. Therefore, the blade design must be optimized to extract as much energy as possible to achieve 

the highest possible efficiency but is also endangered for cavitation. Hence, it is timely important to further study on 

hydropower turbines for improving their power generation capacity/efficiency [4, 6]. 

 

1.1. History of hydropower generation 
 

The Greeks are known as the first who used hydropower in 2000 years ago. As reported, they have built water wheels 

for grinding wheat into flour, sawing wood and also to power textile mills. Then, in mid 1700s, the evolution of the 

modern hydropower turbines began when B. F. de Bèlidor, a French hydraulic and military engineer, wrote “Architecture 

Hydraulique” which was a four volume report describing vertical and horizontal axis machines. Later in 1880, the 

Michigan’s Grand Rapids Electric Light & Power Company generated the hydro-electricity for the first time by a dynamo 

connected to a water turbine to light up 16 lamps in their theatres and stores. The world’s first hydroelectric power plant 

was built on the Fox River in Appleton, Wisconsin in 1882 with an output power of 12.5 Kw. About 33 years later in 

August 1913, the Kaplan-Turbine, as it is known today, was invented by Viktor Kaplan in Austria [3, 7].  

 

1.2. Turbines in hydropower 
Hydropower plants can be equipped with different types of turbines depending on the head and discharge of the site to 

reach the highest possible efficiency. These turbines can be divided into three major types: Francis, Kaplan and Pelton 

turbines as shown in Figure 3 and also they can be classified as reaction and impulse types. Figure 3 shows the application 

areas of turbines depending on the head (H) and a dimensionless coefficient relating to specific speed (σ).  
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The head H is difference between headwater and tailwater. As shown in Fig. 3, Pelton turbines are used for high heads 

while Francis and Kaplan turbines are used for medium and low heads, respectively. σ is a characteristic factor which 

depends on the wheel’s rotational speed (N), volumetric flow rate (�̇�) and acceleration due to the gravity (g), and it is given 

in Eq. (1). 

 

 

𝜎 =
2𝑁√𝜋�̇�

(2𝑔𝐻)3/4
 (1) 

 
 

 

 

 

 

 

 

 

 

 

 

The Kaplan turbine is a reaction type which is suitable for low pressure hydropower plants and can be used with big 

discharges. The Kaplan runner, similar to the Francis runner, also should be submerged in the water for proper operation. 

The water enters to the runner through regulated guide vanes which are radially mounted around the turbine inlet and hits 

with a certain angle of attack on the runner blades as shown in Figure 4. To achieve the highest possible efficiency at 

varying flow rates, the guide vanes and runner blades are adjustable and can be regulated by a controller. At a constant 

flow rate static blades are sufficient. The guide vanes can also be shut in case of a problem to protect the runner. As the 

water hits the blades it transmits its energy to the blades and streams out through the draught tube. The runner can be 

positioned vertically as shown in Figure 4, otherwise horizontally or somewhere in between. If the cross section of the 

draught tube is assumed to be constant, the velocity does not vary from the inlet to outlet due to the continuity. Static 

pressure changes at the suction head does not affect the efficiency and hence the runner could be placed anywhere in the 

draught tube. When the runner is placed inside the tube, the guide vanes must be placed just in front of the runner for 

producing an accurate twist. But if the draught tube is quiet long, the risk of cavitation increases due to a high head [4,8].  
 
1.3. Previous work on Kaplan turbine design and optimization 
 Previous study by Bashir et al. [9] investigated the experimental and CFD predicted power outputs of a Kaplan 

turbine. The both results were quite similar where CFD results showed slightly less values to the experimental values in 

most of the flow rates. Another work by Dragica et al. [10] analysed the discrepancy between numerical simulations (also 

Fig. 3: The use of turbines with varying head [4]. 
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Fig. 4: A Kaplan turbine (runner wheel and guide vanes). 
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Fig. 5: Details of the case study.  

Fig. 6: Design diagram for a Kaplan turbine [4]. 
 

known as CFD) and experimental measurements of a Kaplan turbine to find out how accurate the numerical methods really 

are. They observed several aspects such as Steady state simulations, Curvature Correction, Kato-Launder, Shear-stress-

transport, Scale-adaptive-simulation and Zonal Large-eddy-simulation. Steady state simulations with various turbulence 

models turned out to be the most inaccurate method by showing considerable errors of full discharge rate. The best results 

were made by Scale-adaptive-simulation, Shear-stress-transport and Zonal Large-eddy-simulation with less than 1% of 

discrepancy to the real measurements. 

 

2. Case study details 
 

 

 

 

 

 

 

 
 

In this work, a theoretical design of a Kaplan runner wheel is presented. Then, the theoretically proposed design is 

further analysed with CFD to achieve the optimum performance. The ultimate aim is to achieve the highest possible 

power output by optimizing the turbine blades. A case study is considered where a Kaplan turbine is assumed to be 

inside a dam of a river-based hydropower plant as shown in Figure 5. The head (H) of 6 m and a constant volumetric 

flow rate �̇� of 5 m³.s
-1 

are considered. Net head 𝐻𝑁 and suction head 𝐻𝑆 are defined across the middle plane of the 

turbine runner to headwater and tailwater, as presented in Figure 5. The value of 𝜎 is taken as 1.45 and which can be 

read out from Figure 3.  

 

3. Theoretical design 
Procedures followed in the theoretical design process are discussed in the followings. 

 
3.1. Flow parameters 

The rotational speed 𝑁 of the turbine is given by Eq. 2 [4]:  

 

 
𝑁 =

𝜎(2𝑔𝐻)3/4

2√𝜋�̇�

1.45(2 × 9.81 × 6)3/4

2√𝜋5
= 6.538s−1 = 392.28 𝑚𝑖𝑛−1 (2) 

 

Then, the specific speed is obtained form Eq. (3): 

 

 
𝑁𝑠 =

𝑛√�̇�

𝐻3/4
=

6.538√5

63/4
= 228.78 (3) 
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Fig. 7: Schematic of blades’ cross sections and relevant velocity triangles [4]. 
 

Figure 6 illustartes the relationship between hub (inner) and outer diameters of the wheel (𝐷𝑎, 𝐷𝑁), 𝜎, diameter 

number (𝛿), ratio of  (𝐷𝑁/𝐷𝑎)  and number of blades (𝑧"). The outer diameter of the runner can be defined with Eq. (4): 

 

 
 𝐷𝑎 =

2𝛿

√𝜋
× √

�̇�2

2𝑔𝐻

4
 =

2×1.3

√𝜋
× √

52

2×9.81×6

4
 = 0.996 𝑚 (4) 

 
The diameter number (𝛿) of 1.3 is related to 𝜎 = 1.45 and diameter ratio (𝐷𝑁/𝐷𝑎) of 0.4. Thus, the hub diameter (𝐷𝑁) 

can be calculated as below:  

 

 𝐷𝑁 = 𝐷𝑎 × 0.4 = 0.996 × 0.4 = 0.398 𝑚 (5) 

 

The number of blades (𝑧") are related to 𝜎 and can be read out from Figure 6. The suction head (𝐻𝑆𝑚𝑎𝑥) is defined by 

Eq. (6): 

 

  𝐻𝑆𝑚𝑎𝑥 =
𝑝𝑎𝑡𝑚

𝜌𝑔
−

𝑝𝑣

𝜌𝑔
− 𝜎𝑐𝐻 

 

 𝐻𝑆𝑚𝑎𝑥 =
101300

999 × 9.81
−

1279

999 × 9.81
− 1.3 × 6 = 2.396 m 

(6) 

 

Where 𝑝𝑎𝑡𝑚 is the atmospheric pressure, 𝑝𝑣 is the vapour pressure of water, 𝜎𝑐 is the cavitation coefficient, and 𝜌  is 

the density of the water. For this work, the water temperature and vapour pressure were chosen as 15 °C and 1279 Pa, 

respectively. Usually, 𝜎𝑐 is obtained by the turbine manufacturer through model testing [11]. A maximum suction head 

(𝐻𝑆𝑚𝑎𝑥) of 2.396 m was given by Eq. (6) as the maximum possible head to avoid cavitation and hence the suction head 

(𝐻𝑆) of 2 m was chosen for the case study. 

 

3.2. Turbine blade design 

 

 

 

 

 

 

 
 

 

Non-adjustable identical blades were considered for this work due to the constant discharge. Hence, the blades can be 

permanently fixed to the hub as they no need to be adjusted. To define the shape of the blades theoretically, velocity 

triangles were considered at the leading and trailing edges and also in the middle of the blade at 5 different diameters (𝐷𝑁, 

𝐷1, 𝐷2 , 𝐷3, 𝐷4, 𝐷𝑎) as shown in Figure 8. Altogether, 15 velocity triangles were considered for each blade. Figure 7 

shows the sectional views at a certain diameter of 3 blades in a straight plane where 1, 2 and ∞ represent the velocities at 
the inlet, outlet and middle of the section, respectively. Here, 𝑐 is the velocity of the fluid flow, 𝑤 is the relative velocity, 

and 𝑢  is the tangential velocity. The meridian relative velocity 𝑤𝑚 establishs its own triangle with the average of 𝑤1 and 

𝑤2 and the angle 𝛽∞. The chord length is given by 𝑠" and the distance between the blades by 𝑡" which also depends on the 

wheel diameter [4, 12]. Each blade section at different radii will have different velocities, angles and chord shapes. The 

relevant calculations are presented below for the velocity triangle at the middle of the blade on the outer diameter 𝐷𝑎. The 

tangential velocity of the balde (𝑢) can be given by Eq. (7):  
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 𝑢 = 𝜋𝐷𝑛 = 𝜋 × 0.996 × 6.538 = 20.452 𝑚. 𝑠−1 (7) 

 

The relative velocity in meridian direction 𝑤𝑚 depends on the discharge and area of the fluid flow in the runner and 

this would be the same for whole runner section. Hence, the inlet velocity 𝑤0 would also be similar to 𝑤𝑚.   

 

 
𝑤𝑚 = 𝑐0 =

�̇�

𝐴
=

�̇�

1
4 𝜋(𝐷𝑎

2 − 𝐷𝑁
2)

=
5

1
4 𝜋(0.9962 − 0.3982)

= 7.643 𝑚. 𝑠−1    (8) 

 

The tangential velocity of the fluid flow (𝑐𝑢∞) depends on the head and blade’s tangential velocity, defined by Eq. (9): 

 

 𝑐𝑢∞ =
(𝐻−𝐻𝑠)𝑔

𝑢
 =

(6−2)×9.81

20.452
 = 1.919 m. 𝑠−1 (9) 

 

The difference of the tangential velocity (∆𝑤𝑢) depends on the head and tangential velocity of the blades. The 

efficiency of the runner is assumed to be the highest possible efficiency for Kaplan runners, 94% [6].  

 

 ∆𝑤𝑢 = 𝑤𝑢1 − 𝑤𝑢2 =
𝐻𝑔𝜂𝑒

𝑢
 =

6×9.81×0.94

20.452
= 2.705 m. 𝑠−1 (10) 

 

Where, 𝜂𝑒 is the efficiency of the runner, 𝑤𝑢1 and 𝑤𝑢2 are the tangential relative velocities at the leading and trailing 

edges, respectively. The relative velocity in the tangential direction is defined by Eq. (11): 

 

       𝑤𝑢∞ = 𝑐𝑢∞ − 𝑢 = 1.919 − 20.452 = −18.533 m. 𝑠−1 (11) 

 

The relative velocity at the middle of the blade 𝑤∞ is:  
 

   𝑤∞ = √𝑤𝑢∞
2 + 𝑤𝑚

2 = √−18.5332 + 7.6432 = 20.047 𝑚. 𝑠 − 1 (12) 

 

The angle at the middle of the blade with horizontal (𝛽∞) is defined by Eq. (13): 

 

 
 𝛽∞ = 90° − tan−1 (

𝑤𝑢∞

𝑤𝑚
) = 90° − tan−1 (

−18.533

7.643
) = 157.589 ° (13) 

 

Usually, the runners over 𝜎 =1.3 is considered as fast runners and hence the runner in this work is a fast runner as 

𝜎 =1.45. The runner considered in this work has 𝑠"/𝑡" ratios of 0.75 and 1.3 in the outer and inner diameters, respectively. 

Then the blade partition 𝑡" can be calculated from Eq. (14): 

 

 
𝑡" =

𝜋𝐷

𝑧"
=

𝜋 × 0.996

4
= 0.782 (14) 

 

Thus, the chord length 𝑠" can be obtained:  𝑠" = 0.75𝑡" = 0.75 × 0.782 = 0.587 𝑚 

Then, all relevant velocity triangles were calculated with the same principle and the results are presented in Table 1.  
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Table 1: Details of the theoretical calculations. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The above presented theoretical calculations can be evaluated by checking the expected and resulting efficiency. As 

was mentioned, the expected efficiency 𝜂𝑒 of the runner was selected as 94%. For a comparison, the resulting efficiency 

can be calculated with the provided and actual output powers of the runner wheel. The provided power by the water to the 

runner can be calculated by Eq. (15): 

 

 𝑃𝑤𝑎𝑡𝑒𝑟 = 𝜌𝑔𝐻�̇� = 999 × 9.81 × 6 × 5 = 294005.7 W (15) 

 

By Euler formula given in Eq. (1) and the values of Table 1, the power of the turbine runner wheel can be calculated: 

 

 𝑃𝑟𝑢𝑛𝑛𝑒𝑟 = �̇�(𝑢1𝑐𝑢1 − 𝑢2𝑐𝑢2) = �̇�𝑢∆𝑤𝑢 (16) 

  

�̇� = ρ𝐴𝑐0 = 𝛿
1

4
𝜋(𝐷𝑎

2 − 𝐷𝑁
2)𝑐0 

𝑃𝑟𝑢𝑛𝑛𝑒𝑟 = ρ
1

4
𝜋(𝐷𝑎

2 − 𝐷𝑁
2)𝑐0𝑢∆𝑤𝑢 

𝑃𝑟𝑢𝑛𝑛𝑒𝑟 = 999 ×
1

4
𝜋(0,99582 − 0.39832) × 7.64 × 14.316 × 3.865 

= 276365.36 𝑊 

 

(17) 

Now the theoritical efficiency is given be: 

 

 
𝜂𝑟 =

𝑃𝑟𝑢𝑛𝑛𝑒𝑟

𝑃𝑤𝑎𝑡𝑒𝑟
× 100% = 94 % (18) 

 

This proves the accurcy of theoritical results and another check will be carried out to compare the theory with CFD. 
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3.3. Coordinate translation  
The velocity triangles itself are not enough to define the shape of the blades. According to the work presented by 

Bashir et al. [9], a translation of the information from Table 1 into 3D coordinates is necessary for generating a proper 3D 

model for the CFD analysis. Figure 8 shows the 3D coordinate system of the runner wheel. Red dots represent 15 

coordinates describing the blade design which were translated. Table 1 provides the information of the velocity triangle for 

each of the 15 red dots. Notation 1 describes the coordinates for the blade inlet, ∞ for the middle and 2 for the outlet. The 

following calculations translate the velocities, chord lengths and their angles into Cartesian coordinates. To define the 

translation of coordinates in y direction, the half arc length of the chord length 𝑠" from Table 1 needs to be described by 

angles 𝛽∞, 𝛽1 and 𝛽2 which are shown in Figure 8. 

 

 

 

 

 

 

 

 

 

 

𝑦1 = 𝑠𝑖𝑛(𝛽1 − 90)
Dsin (

𝑠"
𝐷 ×

180°
𝜋 )

2cos (𝛽∞ − 𝛽1)
= 𝑠𝑖𝑛(156.018 − 90)

0.996 × sin (
0.587
0.996 ×

180°
𝜋 )

2 × cos (157.589 − 156.018)
= 253.833 mm 

 

 

(19) 

 

𝑦2 = 𝑠𝑖𝑛(𝛽2 − 90)
Dsin (

𝑠"
𝐷

×
180°

𝜋
)

2cos (𝛽2 − 𝛽∞)
= 𝑠𝑖𝑛(158.976 − 90)

0.996 × sin (
0.587
0.996

×
180°

𝜋
)

2 × cos (158.976 − 157.589)
= −258.280 mm 

(20) 

 

For defining the coordinates in z direction, the angle 𝛽1 in y direction should be established. Hence using tangents, the 

translation can be defined by Eqs. (21) and (22): 

 

 
𝑧1 =

y1

𝑡𝑎𝑛(𝛽1 − 90)
=

253.833

𝑡𝑎𝑛(156.018 − 90)
= 112.474 𝑚𝑚 

 

 

(21) 

 𝑧2 =
y2

𝑡𝑎𝑛(𝛽2−90)
=

−258.280 

𝑡𝑎𝑛(158.976−90)
 = −99.266 𝑚𝑚 (22) 

 

The translation of the 𝑥 axis can be defined as the diameter 𝐷 subtracted from the arch rise as given in Eq. (23): 

 

 

              𝑥1 =
𝐷

2
− 𝐷𝑠𝑖𝑛 (

arcsin (
2𝑦
𝐷

)

2
)

2

=
0.996

2
− 0.996 × 𝑠𝑖𝑛 (

arcsin (
2 × 253.833

0.996
)

2
)

2

= 428.927 mm (23) 

 
 

 

 

 

 

 

 

 

Fig. 8: A schematic of the runner wheel relating to coordinates translation: left - front view, right - top view. 
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(a) (b) 

Fig. 9: 3D models: (a) wheel, (b) wheel with guide vanes. 

 

Table 2: The calculated values (translated coordinates). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The calculated values of the translated coordinates in millimetres are given in Table 2. The 𝑦 and 𝑧 values of the 

coordinates in the middle of the blade are zero as they are the initial values for the shape and thus placed on the x axis. 

 
3.4. 3D model generation  

 

 

 

 

 

 

 

 

 

 

 

With the information given in Table 2 and the diameter calculations, the shape of the runner blades can now be 

properly defined. Then, a 3D model was generated in Solid Edge ST6 Academic and is shown in Figure 9-a. The red dots 

illustrate the calculated coordinates at the inlet, middle and outlet of the blade. Using the face modeller tool in Solid Edge, 

blade surfaces were created by joining of 15 dots (coordinates at 1, ∞ and 2) and the coordinate system is shown in blue on 

the runner. The use of an aerofoil shape is not possible due to the twisted shape of the blades. The sectional chords vary too 

much from the inner to outer diameter and hence the blades with 4 mm constant thickness were considered and this is 

suitable for the CFD analyses as well. In the analysis, the mechanical structure of the blades will not be considered as this 

work only concentrates on the fluid flow behaviour for optimizing the shape of the blades. 

 
3.5. Designing of the guide vanes 
 

The guide vanes were also designed by following the same principle as the blades and details are given in Table 3 

[11].  The final design of the guide vanes and runner is shown in Figure 9-b. The edges of the blades were created in round 

shape and this will be suitable for the CFD analysis as well. 

 
Table 3: Coordinates of the guide vanes. 
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Fig. 10: Left - 3D model of the runner and guide vanes, Right - Mesh created in ANSYS 15. 

 

4. CFD analysis 
The theoretically designed runner was analysed with ANSYS for further evaluation and optimisation of the design.  

 

4.1. CFD solving setup 
First a proper model should be created to define the fluid flow inside the turbine section. The 3D model of the runner 

and guide vanes (created with Solid Edge) were imported to the ANSYS Design Modeller. Figure 10 shows the structure of 

the 3D model and the mesh created for CFD analysis. The turbine runner is centred inside the draught tube which is a 2 m 

long cylinder for the CFD analysis. 

 

 

 

 

 

 

 

 

 

 

 

 

 

The fluid model consists of 2 bodies: the outer fluid which contains the static geometry, and the interior fluid which 

contains the rotating geometry (the runner). This mesh consists of more than 750,000 tetrahedral shaped cells. Tetrahedral 

shaped elements are necessary for accurate modelling as well as to achieve a low aspect ratio, a high orthogonal ratio and a 

low skewness ratio (i.e., a comparison ratio between optimal (equilateral) cells and the actual cells) [13]. After confirming 

the mesh’s accuracy, it is necessary to select appropriate settings (e.g., inlet area, outlet area, rotational axis, water density, 

temperature, flow direction, mesh motion area and speed, calculation approach). The water enters through the inlet with a 

speed of 7.643 m.s-1 (𝑐0) and exits through the outlet. The interior fluid which contains inside the runner rotates in counter 

clockwise about the z axis and has a rotational speed of 392.25 rpm. For the evaluation, the laminar k epsilon equations 

were used. 

 
4.2. Limitations 

After the first few trials in ANSYS-Fluent, some of the limitations were observed which might have some impacts on 

the optimisation process. The issue was that ANSYS showed some limitations of viewing results of moving solid objects 

(i.e., the runner in this case). The possible solution was the creation of a cylinder around the moving geometry (runner) and 

subtracts the solid body from the cylinder volume so that only the fluid geometry of the runner is left [14]. This volume of 

the fluid around the runner is then defined as the interior fluid which is now able to rotate for the calculation process (see 

Figure 10). Due to this issue, the flow behaviour with streamlines and turbulences can hardly be analysed. Previous work 

by Technical University Graz [15] has used the same method for optimisation of a Kaplan turbine where the results were 

accurate enough to implement modifications. In general, the smaller the clearance between the cylinder drawn and the 

runner the higher the accuracy is. However, tight clearance between the cylinder and runner may affect the mesh quality. 

The right adjustment was determined with the procedures explained by ANSYS [14]. 

 

5. Results and Discussion 
 

5.1. Optimization of the runner wheel with CFD 
The original theoretically designed runner with 4 blades showed only 50.98% of efficiency in ANSYS. Hence, it was 

optimized with CFD by adjusting the blades to achieve a higher tangential velocity difference ∆𝑤𝑢 which would help to 

achieve a better efficiency. At first, the effects of the number of blades on the runner’s efficiency were evaluated. With 

ANSYS, the tangential velocities of the inlet and outlet edges of the runner (𝑐𝑢1 𝑎𝑛𝑑 𝑐𝑢2) were checked when the number 
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Fig. 11: Tangential velocity Cu vs inlet velocity Co. 

 

 

of blades increased from 3 to 7. Here, the mass flow rate �̇� and tangential velocity of the blades 𝑢 were kept the same and 

the corresponding results are presented in Table 4. 

 
Table 4: Details of the theoretical design with 3-7 blades. 

 

 

 

 

 

 

 

 

 

It is clear that the number of blades affects the efficiency. The highest efficiency was achieved as 64.21% with 6 

blades. However, Menny [4] stated that the highest efficiency should be achieved with 4 blades for this type of turbines. 

Then, the inlet velocity 𝑐0 of the draught tube was analysed. The inlet velocity depends on the water flow rate through the 

runner. As more water enters the turbine section, the flow rate �̇� increases due to the constant diameter of the draught tube 

and hence the inlet velocity also increases. As was calculated before, the inlet velocity 𝑐0 was achieved as 7.643 m.s
-1

. 

With ANSYS, the inlet velocity can also be changed to investigate its impact on the tangential velocity difference of the 

water and the results are shown in Figure 11. Then, Figure 12 represents the trend of the increasing power output with the 

increasing inlet velocity 𝑐0. As evident, the power output increases rapidly from an inlet velocity of 6.5 m.s
-1

 to 7.64 m.s
-1 

and then the rate of increase decreases. As evident, the power output increases rapidly from an inlet velocity of 6.5 m.s
-1

 to 

7.64 m.s
-1 

and then the rate of increase decreases. As shown in Figure 13, the efficiency of the runner is not increasing as 

the inlet velocity increases and it comes to a maximum of around 51.5% at an inlet velocity between 7.64-8.0 m.s
-1

, and 

then starts to decrease. As the changes of the number of blades and inlet velocity were not that effective, then it was 

attempted optimize the blades to improve the efficiency by following a similar methods to Bashir et al [9]. Here, 

theoretically defined inlet angle 𝛽1 and outlet angle 𝛽2 were analysed which define the shape of the blades and these 

influence the power output as well. Styrylski et al. [16] stated that a high pressure situation usually occurs on the top blade 

surface (in the rotational direction) than the bottom surface. The pressure difference between the top and bottom surfaces 

affects the rotational movement and hence the power output of the runner. Here, the optimisation of the blade shape (by 

changing 𝛽1 and 𝛽2) with ANSYS was executed in 9 steps and the results are given in Table 5. The highest efficiency 

achieved was 93.01% and this design is called the optimized design here onward. Then, another check was carried out with 

the optimized design to check the effects of number of blades (see Figure 14). Regardless the previously obtained results 

given in Table 4, the highest efficient runner was obtained with 4 blades and this agrees with the previously reported 

findings [4] as well. 

 

 

 

 

 

 

 

 

 

 

 

 

 



HTFF 151-12 

Fig. 12: Power output with different inlet velocities Co 

 

Fig. 13: Efficiency vs inlet velocity Co 
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Fig. 14: The optimized runner’s power output. 
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Fig. 15: Tangential velocities at different diameters: Theoretical, CFD theoretical and CFD optimized designs. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Table 5: Results of the optimisation steps. 

 

 

 

 

 

 

 

 
5.2. Comparison of theoretical and CFD optimized designs  

Tangential Velocity 

As shown in Figure 16, the tangential velocity affects the power output and hence the efficiency of the runner as well. 

The theoretical and CFD tangential inlet/outlet velocities follow the same trend but the theoretical magnitudes are higher 

than that of the CFD. The tangential velocity difference  ∆𝑤𝑢 of the theoretical, CFD and CFD optimized designs are 3.865 

m.s
-1

, 2.096 m.s
-1

 and 3.824 m.s
-1

, respectively.  
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Fig. 16: The expected power output (top) efficiency (bottom) of the original and optimized runners with the changes of the inlet velocity. 

 

 

(a) 

(b) 

 

Power output and efficiency 

With the increase of the tangential velocity difference ∆𝑤𝑢, the new power output of the runner 𝑃𝑟𝑢𝑛𝑛𝑒𝑟 is given as: 

 

 
𝑃𝑟𝑢𝑛𝑛𝑒𝑟 = 𝜌

1

4
𝜋(𝐷𝑎

2 − 𝐷𝑁
2)𝑐0𝑢∆𝑤𝑢 

𝑃𝑟𝑢𝑛𝑛𝑒𝑟 = 999 × 0.25𝜋(0,99582 − 0.39832) × 7.643 × 14.316 × 3.824 = 273,456.3 W 

(24) 

 

With the optimised runner’s power output and the total power provided by the water (294005.7 W), the new efficiency 

of the CFD optimized design can be obtained: 

 

𝜂𝑟 =
𝑃𝑟𝑢𝑛𝑛𝑒𝑟

𝑃𝑤𝑎𝑡𝑒𝑟
× 100% =

273456.3 

294005.7
× 100% = 93.01%  

 

The theoretically calculated power output was 276365.36 W whereas the power output provided by the CFD for the 

same design was 149883.2 W while the CFD optimized design provided 273456.3 W. The water provides a constant power 

output of 294,007.7 W for a water stream with 6 m of head and a flow rate of 5 m
3
.s

-1
. Hence, by the CFD optimization 

carried out so far, the efficiency of the runner 𝜂𝑟 has been increased from 50.98% to 93.01%. Furthermore, the power 

output of the optimized design with the flow rate changes (inlet velocity) was observed and shown in Figure 16-a. It is 

obvious that the power output increases with the increasing inlet velocity. The corresponding efficiency values were also 

determined and shown in Figure 16-b.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Although the power output increases with the inlet velocity the efficiency of the runner reaches a maximum of 93.01% 

with an inlet velocity of 7.64 m.s
-1

 and then starts to decrease. The original theoretical design in CFD shows a maximum 

efficiency of about 51-52% (exactly 50.98%), somewhere between 7.64 and 8 m.s
-1

. However, the theoretical calculations 

provided an efficiency of 94%. There could be several reasons to have such differences between theoretical and CFD 

results. According to the previous works [3, 4, 17], the theoretical designs are mostly for achieving an approximate design 

only. Many of the theoretical equations are based on several assumptions that would lead to accuracy problems. As they 

mentioned, the theoretically designed runners always need to be evaluated and developed with software packages such as 

CFD for achieving the optimum performance. However, the designs performed with CFD would also have varying degrees 

of accuracy depending on the issues such as the quality of the mesh and the calculation method used [9, 18, 19]. Moreover, 

the draught tube and the runner shaft should also be considered for proper optimization of a turbine. Although the 

geometries of the draught tube and the runner shaft would not influence the theoretical efficiency [4, 6, 17, 20, 21], the 

CFD analyses would be influenced by them when defining boundary conditions. Additionally, the tangential velocities 
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Fig. 17: Velocity stream lines: Left - Optimized design, Right – Theoretical design. 

 

provided by CFD may also slightly be inaccurate due to the limited shaping of measurement planes. The planes for the 

surface integral measurements at the blades’ inlet and outlet were not exactly on the actual inlet and outlet edges because 

these can only be inserted as even planes. Thus, the planes were inserted as close as possible to the inlet and outlet edges.  

Flow behaviour 

The flow behaviour across the CFD optimized design was also observed and shown in Figure 17. A clear difference in 

flow behaviour is visible between both designs. However, the difference of the flow behaviour inside the runner section 

cannot be seen due to the graphic rendition of a moving geometry with ANSYS as was explained before. The water leaves 

quite straight through the draught tube of the optimised runner whereas a more swirl flow behaviour is observable from the 

theoretical design. Hence, the water leaving from the theoretical runner still has some potential in generating power [4]. In 

other words, theoretical design is not capable of extracting energy of the flowing water effectively as good as the optimized 

design. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Pressure distribution 

The pressure distribution across the runner before and after the optimisation is illustrated in Figure 18. As shown by 

the index bar, the maximum pressure of the optimised runner has increased from 160 Pa to 184 Pa and the minimum 

pressure from -63.8 Pa to 2.06 Pa. From the colour map, it is noticeable that the pressure on the bottom side of the runner 

has slightly dropped due to the optimisation. This would lead to have a higher pressure force in rotational direction causing 

to increases the power output and efficiency [22]. In the theoretical design (top), the back side of the blade (position 1) 

shows a higher pressure while the front face has a lower pressure (position 2). However, in the optimized design, the 

pressure on the area marked by position 1 is lower which leads to an improvement of the efficiency. At the 8
th
 step of the 

blade angles’ optimisation, it was tried to further reduce the pressure at this spot by increasing the inlet angle of the blade. 

However, the tangential velocity difference slightly increased with the increase of the inlet angle but no improvement was 

noticed in the efficiency. The area of the lowest pressure has also changed with the optimization (position 2) and this area 

is at a high risk for cavitation which is one of the common problems with fluids based machineries. Hence, the pressure 

distribution across the blade was analysed to investigate the critical areas if the pressure was below the vapour pressure. If 

the minimum pressure on the runner wheel is below the vapour pressure it can be assumed that the water is converting into 

steam so that cavitation occurs and would damage the wheel particularly over the critical area/s. In this work, the 

maximum temperature and the vapour pressure of the water are defined to be 15 °C and 1279 Pa, respectively [23]. The 

lowest pressure over the optimized runner can be noted as 2060 Pa which is higher than the vapour pressure at 15 
o
C and 

hence it can be assumed that there is no risk of occurring cavitation. In this work, the critical areas of the low pressure 

(shown in blue) are exactly on the same spots as was observed by Mecaflux [24] in his work. 
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Fig. 18: Pressure distribution across the runner wheel: Top – before optimization, Bottom – after optimization. 
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6. Conclusions 
A Kaplan runner wheel was theoretically designed to reach an efficiency of 94%. However, the CFD analyses showed 

that the same theoretical design only has an efficiency of 50.98%. Here, it can be argued that the theoretical design is low 

in accuracy particularly due to the numerous simplifying assumptions attached with the calculation process. However, such 

theoretical calculations should be good to have an approximate design. Therefore, the theoretical design was optimized 

with ANSYS for developing an efficient runner wheel. With the CFD analysis, it was possible to adjust the design 

parameters of the blades to improve the efficiency of the runner from 50.98% to 93.01%. The CFD results showed that the 

number of blades on the wheel and the size of the blades’ inlet and outlet angles would influence the tangential velocity 

difference between the blades’ inlet and outlet which showed a major impact on the turbine’s efficiency. As was observed, 

the higher the tangential velocity difference between the blades’ inlet and outlet the higher the power output is and hence 

the efficiency. The efficiency of the theoretically designed runner increased slightly as increasing the number of blades. 

However, increasing of number of blades is always not possible and there should be a maximum possible number of blades 

for a particular size of a wheel. Also, this will lead to more complexities in the design process (leading to cost increments 

as well) and hence would not be a better way of increasing the efficiency. A significant impact on the turbine’s efficiency 

was achieved by modifying of the blades’ inlet and outlet angles where an increase of up to 42.03% could be achieved in 

this study.  
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 Symbol Description   Unit 

  𝐴 Sectional area of draught tube [m²] 

𝑐 Velocity of fluid flow  [m/s] 

  𝑐𝑢2 Tangential inlet velocity    [m/s] 

  𝑐𝑢1 Tangential outlet velocity    [m/s] 

  𝐷𝑎 Runner diameter     [m] 

  𝐷𝑁 Hub diameter     [m] 

  𝐹𝑚 Meridian force     [N] 

  𝐹𝑟𝑒𝑠 Resulting force    [N] 

  𝐹𝑢 Tangential force   [N] 

  𝑔 Acceleration of gravity    [m/s²] 

  𝐻 Head      [m] 

  𝐻𝑠 Suction head     [m] 

  𝐻𝑆𝑚𝑎𝑥 Maximum suction head    [m] 

 Symbol Description         Unit 

 𝑀 Torque        [Nm] 

  �̇� Mass flow rate       [kg/s] 

  𝑛 Speed, Drive       [s-1] 

  𝑛𝑞𝑛 Specific speed       [-] 

  𝑃 Power        [Watt] 

  𝑝 Pressure        [Pa] 

  𝑝𝑎𝑡𝑚 Atmospheric pressure      [Pa] 

  𝑝𝑣 Vapour pressure of water       [Pa] 

𝑠" Chord length       [m] 

𝑡" Blade partition       [m] 

  𝑢 Tangential velocity        [m/s] 

  �̇� Flow rate (also discharge)         [m³/s] 

  𝑤 Relative velocity       [m/s] 

    

 Symbol Description   Unit 

  𝑤 Relative velocity     [m/s] 

  𝑥 Coordinate value, x-direction [m] 

  𝑦 Coordinate value, y-direction [m] 

  𝑧 Coordinate value, z-direction [m] 

  𝑧" Number of Blades   [-] 

  𝛼 Angle of attack     [°] 

  𝛽 Angle of velocity flow   [°] 

  ∆ Difference   [-] 

  𝛿 Diameter number    [-] 

𝜂 Efficiency   [%] 

  𝜎 “Schnellläufigkeit”  [-] 

  𝜎𝑐 Cavitation coefficient  [-] 

 ρ Density of water       
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