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Theoretical analysis of turbines for predicting of operating 

characteristics is a complex and poor way which gives only values and 

details of flow field behavior and causes for loss of efficiency cannot 

be investigated. Computational Fluid Dynamics (CFD) analysis is a 

robust technique for prediction of performance characteristics of 

hydraulic machineries and the actual fluid flow behavior can be 

observed.  In this study the CFD analysis of a Francis hydraulic turbine 

is carried out which was selected for operation at a hydropower station 

on Kunar River in Afghanistan during some theoretical designs and 

calculations. Francis turbine is simulated based on designed data and 

operating behavior of turbine is predicted and fluid flow in turbine 

domain is observed. 
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Introduction:- 
Afghanistan is among the lowest in electricity usage about 100 kWH per capita per year. Before 2009, only 10-15% 

of population had access to electricity and now electricity is extended to 30% of the population. Peak supply in 2014 

was 750 MW with an untapped estimated demand of 2500 MW which is increasing around 25% per year in major 

cities. About 80% electricity was supplied by imported power from neighboring countries. Afghanistan needs to 

become energy independent and to increase generation capacity within the country. The main sources of generation 

are hydropower, fossil fuel and renewable energy resources. (RRP AFG 47282-001[12]). 

 

Hydro power in Afghanistan can be a key element for economic growth through management of available water 

resources of the country for energy production. It is found from analysis and planning of water resources of county 

that 800 MW hydro power station can be developed on Kunar River at Kunar province of Afghanistan. Kunar River 

is a main tributary of Kabul River basin which located in eastern Afghanistan and northern Khyber Pakhtunkhwa. 

Kunar River feeds from melting of glaciers and snows of Hindu Kush Mountains (Wahidullah H S et al [18]). 

Design of hydro power station on Kunar River included planning of reservoir, selection and design of hydro 

mechanical equipment, planning and layout of hydro power station. Arc-GIS is used to determine elevation volume 

and elevation surface area characteristics of reservoir (Wahidullah H S et al [18]).  Dead reservoir storage and 

sedimentation of Kunar River is evaluated with HEC-RAS sediment model (Wahidullah H S et al [19]) and finally 

required storage and firm demand is obtained. Hydro power station is planned with a layout behind of concrete 

gravity dam taking all required axillaries of hydropower station. 
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Efficiency of a hydro power station depends on efficiency of individual components such as turbine, draft tube and 

generator. Enhancements in efficiency and hydro-dynamic design of a hydro power station causes higher supply of 

electrical power which represent a considerable economic value. (Dr. Vishnu Prasad, [1]. According to recent 

studies turbine efficiency can be improved with better understanding of complex flow field in the runner blades and 

introducing moderate modification to runner blades. 

 

Three dimensional real flow analysis is done for an experimentally tested Francis turbine with horizontal rotation 

axis and operating characteristics of prototype were predicted in actual operating regime and compare with 

experimental results (Dr. Vishnu Prasad et al [2]).Numerical simulation of complete Francis turbine including 

unsteady stator-rotor interactions is performed with full generic model and no periodicity. The simulated entire 

model of Francis turbine and determined differences between single blade and complete turbine design (Ruprecht et 

al [4]). 

 

CFD can be used for developing of new hydraulic turbines and controlling of alternate designs for turbine efficiency 

before experimental optimization and testing of selected designs. Performance analysis of designed hydraulic 

Francis turbine for mentioned hydro power station is carried out using ANSYS CFD code to predict flow and loss 

characteristic and fluid flow behavior. 

 

Turbine design data:- 

The five units of low specific speed Francis turbine was selected based on specific speed, head and discharge. The 

location and layout of hydro power station was fixed based on available discharge and head. 

 

Steel scroll casing, stay vanes, guide vanes, runner, elbow type of draft tube of turbine were designed using 

standardized dimensions. Basic designed data and Francis turbine specifications are given in Table 1. 

 

Table 1:- Design data for simulation of Francis turbine 

 

Geometrical modeling of turbine:- 

The geometrical modeling of stay vane, guide vane, runner and draft tube of Francis turbine is done with ANSYS 

Blade-Gen and ICEM CFD software for flow simulation. The geometries of turbine components are shown in figure 

1. 

No Required parameters Designed values 

1 Type of turbine runner Normal Francis Runner 

2 Designed head (m) 289.17 

3 Maximum head (m) 339.5 

4 Minimum head (m) 171.3 

5 Designed discharge (m
3
/sec) 68.53 

6 Designed Power of Turbine (MW) 112 

7 Inlet diameter of turbine (m) 3.6 

8 Discharge diameter of turbine (m) 2.7 

9 Specific speed of turbine 140.358 

11 Designed speed of turbine (rpm) 500 

13 Number of runner blades 17 

14 Diameter of guide vane to trialing edge (D0) in (m) 4.3 

15 Length of guide vanes (m) 1.0 

16 Number of guide vanes 24 

17 Length of stay vanes (m) 1.0 

18 Number of stay vanes 12 

19 Inlet flow angle (α1)degree 28.42 

20 Inlet runner blade angle (β1)degree 15 

21 Outlet flow angle (α2) degree 90 

22 Outlet runner blade angle (β2) degree 13.29 

23 Stay vane blade angle in degree 20 

24 According to United States Bureau of Reclamation (USBR) manual for reaction turbines single passage 

elbow type draft tube is selected for turbine. 
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Using Blade-Gen proper co-ordinates in (r, z) direction and blade angle are inserted for each component. For further 

geometrical modification ANSYS Blade Editor is used and then geometries are transferred to ANSYS Turbo-Grid 

software for creation of mesh. The un-structured 3D mesh is also generated in ICEM CFD. 

 

Figure 1:- Francis turbine assembled geometry 

 

ANSYS Turbo-Grid generates high quality structured volumetric mesh of turbo-machineries. The 3D mesh can be 

generated for different turbine components with require number of layers along the blades. Total number of nodes 

for CFD analysis are huge and large computational memory is required, therefore one blade of runner, distributor 

and stay vanes are analyzed with rotational periodicity and complete draft tube is considered, but scroll casing with 

same boundary conditions is analyzed separately. The mesh is refined to get the required y
+
 value for analysis. The 

mesh statistics is given in Table 2. 

 

Table 2:- Hydraulic Francis turbine mesh statistics 

Domain Number of nodes Number of element Type of element 

Runner 118910 104390 Hexahedra 

Guide vane 326672 298056 Hexahedra 

Stay vanes 659835 626640 Hexahedra 

Draft tube 85204 474897 Tetrahedral 

All domains 1190621 1503983 Tetra and hexahedra 

 

Boundary Conditions and Simulation Setup:- 

The inlet and outlet boundary conditions should be entered for CFD analysis and accuracy of results depend on 

location and nature of boundary conditions. Mass flow rate or discharge 68530 Kg is given at stay vanes as inlet 

boundary condition and 1 atmosphere static pressure at outlet of draft tube is specified as outlet boundary condition. 

The stay vane angle of 20 degree and five guide vane openings34, 38, 42, 46, 50 and 54 degree from tangential 

direction are considered for simulation with the design discharge to obtain peak efficiency regime. The all 

components are stationery except runner which is rotating with a specified speed. All boundary surfaces are 

considered as smooth walls with no slip conditions. 

 

Turbulence models based on Shear Stress Transport (SST) κ-ω is applied in this simulation for the viscous 3D flow 

analysis which is useful for catching the viscous sublayer.  
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Since there are very strong interaction between various components of hydraulic machineries especially between 

stay vanes, guide vanes, runner and draft tube of this Francis turbine. These interaction can be dealt with using some 

mixing models or interfaces. The following interfaces are used in this study. 

 Rotational periodicity, is considered to simulate one blade of each domain. 

 Frozen rotor, is applied at both sides of runner with guide vane and draft tube. 

 Stage (Mixing plane), is used between stay vane and guide vane. 

 

Results and Discussions:- 
This Francis turbine was analyzed to assess its performance characteristics. The Francis turbine is simulated for 

different rotational speeds then the turbine is simulated for various guide vane angles to obtain the best guide vane 

where turbine reaches its high performance characteristics. 

 

The speed of turbine which give high efficiency is searched to be 500 rpm where the discharge of 68530 kg is kept 

constant at guide vane angle of 38 degree. Efficiency variation with rotational speed is given in figure 2. 

 

Figure 2:- Variation of efficiency with speed at constant discharge and guide vane angle of 38° 

 

For understanding of efficiency behavior with guide vane angle the turbine is simulated for different guide vane 

angles at constant rotational speed of 500 rpm and discharge of 68530 kg. The guide vane angles are changed for 

each 4° and the best guide vane angle are obtained to be 50° and 54° where the efficiency is 88.089 and 88.085 

respectively. Variation of efficiency with guide vane angle is given in figure 3. 

 

The blade to blade pressure and velocity contours are shown in figure 4 with rotational speed of 500 rpm, guide vane 

angle of 50° and designed discharge. The pressure is seem to be maximum at stay vanes and minimum in runner and 

decreasing inside the guide vanes. Velocity is changing from minimum around 10 m/sec at stay vane to maximum of 

about 90 m/sec inside turbine runner. 

 

Meridional flow path of turbine is included stay vane, guide vane and Francis runner from upper to down 

respectively. The meridional pressure and velocity variation are given in figure 5 and it seems that stay vane bear 

high pressure where turbine runner is dealing with high velocities. 
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Pressure contours on hub of stay vane, guide vane and turbine runner are shown in figure 6. It can be observed that 

pressure at stay vane is at some constant margins and it gradually decreasing in guide vane, but turbine runner is 

facing a large changing behavior of pressure. 

 

The velocity vectors and velocity streamlines are given in figure 7. The velocity vectors indicates some shock loss at 

stay vane, guide vane and runner blades that has effects on the efficiency characteristics of turbine, but velocity 

streamlines are looked to be free of any vertices. 

 

 

 

 

 

 

Figure 3:-Variation of efficiency with guide vane angle at speed of 500 rpm and constant discharge of 68530 Kg 

 

Figure 4:- Blade to blade pressure and velocity contours at 500 rpm speed and guide vane of 50° 
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Figure 5:- Meridional pressure and velocity contours at speed of 500 rpm and guide vane of 50° 

 

 

 

 

 

 

 

 

Figure 6:- Pressure contours on hub of runner, guide vanes and stay vanes at 500 rpm speed and guide vane of 50° 
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Figure 7:- Blade to blade velocity vectors and velocity streamlines at speed of 500 rpm and guide vane angle of 50° 

 

Figure 8:- Velocity streamlines in draft tube at 500 rpm speed and guide vane angle of 50° 

 

The velocity streamlines are shown in figure 8 which are free of serious vertices and whirls at guide vane angle of 

50° and rotational speed of 500 rpm. The efficiency draft tube is determined to be 76.568which is maximum at 

guide vane angle of 50° and 500 rpm speed of turbine. 

 

The normalized losses at turbine components, overall efficiency of turbine, hydraulic efficiency of simulated Francis 

runner and hydraulic efficiency of draft tube at different guide vane angles and 500 rpm speed at designed are given 

in Table 3. 
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The components of velocity triangles of simulated Francis turbine at different guide vane angles and 500 rpm speed 

with designed discharge are given in Table 4. 

 

Table 3:- The normalized losses and efficiencies at runner speed of500rpm 

Components GV = 34°  GV = 38°  GV = 42°  GV = 46°  GV = 50°  GV = 54°  

Net head (m) 315.057 338.246 363.068 387.659 406.844 428.853 

Runner loss (%) 11.770 11.229 9.245 9.421 9.673 8.974 

Guide vane loss (%) 0.545 0.666 0.641 0.794 1.371 1.825 

Stay vanes loss (%) 0.235 0.216 0.206 0.188 0.217 0.190 

Draft tube loss (%) 2.246 2.003 1.922 1.727 1.560 1.529 

Total loss (%) 14.796 14.114 12.014 12.130 12.821 12.518 

Overall efficiency of turbine (%) 83.726 85.308 86.057 87.102 88.089 88.085 

Hydraulic efficiency of runner (%) 80.963 82.143 84.696 84.383 86.159 86.477 

Draft-tube efficiency (%) 71.251 71.696 68.853 71.227 76.568 76.245 

 

Table 4:- Normalized velocity triangle’s components of the Francis runner at different guide vane angel and speed 

of 500 rpm 

Velocity components GV = 34°  GV = 38°  GV = 42°  GV = 46°  GV = 50°  GV = 54°  

Inlet velocity triangle 

Rotational velocity (u1)  1.212 1.170 1.129 1.093 1.067 1.039 

Velocity (W1)  0.8869 0.8258 0.7652 0.7150 0.6711 0.6308 

Velocity blade to blade (C1) 0.8864 0.8253 0.7648 0.7146 0.6707 0.6305 

Velocity meridional (Cm1) 0.264 0.249 0.232 0.224 0.212 0.203 

Velocity circumferential (Cu1) 0.846 0.786 0.728 0.678 0.635 0.596 

Flow angle (α1) 18.610° 18.676 19.603 18.916 18.985 18.916 

Runner blade angle (β1) 35.807° 33.050 30.088 28.407 26.237 24.651 

Outlet velocity triangle 

Rotational velocity (u2)  0.693 0.669 0.651 0.626 0.611 0.595 

Velocity (W2)  0.7043 0.6827 0.6677 0.6398 0.6231 0.6063 

Velocity blade to blade (C2) 0.7040 0.6824 0.6673 0.6395 0.6228 0.6060 

Velocity meridional (Cm2) 0.278 0.267 0.250 0.248 0.242 0.237 

Velocity circumferential (Cu2) 0.637 0.618 0.610 0.580 0.565 0.549 

Flow angle (α2) 23.783 23.805 22.922 23.829 23.773 23.844 

Runner blade angle (β2) 78.704 79.144 80.725 79.430 79.113 79.078 

 

Conclusions:- 
The CFD analysis results shows similar pattern for velocity and pressure variation on turbine blades with variation 

of rotational speed but it will be effected with variation of guide vane angle. The distribution between hub and 

shroud, efficiency and power output affected by the rotational speed of the runner and guide vane angle. The 

maximum efficiency and output power occurs at the same rotational speed and guide vane angle. The computed loss 

is minimum in draft tube at point of maximum efficiency. The streamline and pressure contour plots in different 

component confirm with actual flow behavior in mixed flow turbine. 

 

The best operating regime can be easily identified from computed flow parameters, losses and flow pattern from 

simulation results. Hence, it is concluded that using CFD approach is very effective and fast to study the 

performance and flow pattern inside the turbine space and to optimize the design by different combinations of the 

design parameters and geometry at low cost in lesser time.  
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