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Abstract: 

Francis turbine is a most commonly used hydraulic turbine because of its wide range of operating conditions. Due to wide rang e 

of operation, fatigue stresses are developed in runner blade which result cracks at high stress zone, so for the safe operation, 

modeling of the water flow and the analysis of flow induced stresses are important for the Francis turbine runner. The operat ional 

data for Francis turbine has been taken for the practical operating case of 55MW hydro power plant. The analysis is performed  

with ten different discharge values at a constant net head. The high stresses are developed at the trailing edge of blade towards the 

hub of runner, which exp lains the observed fatigue cracks in these areas. 

 

Keywords: CFD, Francis turbine runner.  

 

I.           INTRODUCTION 

After some period of operation with various loading 

conditions in hydraulic turbines, failure in the fo rm of cracks 

is init iated in the runner, which causes the serious problem in  

operation. The loads during the operating condition acting on 

the Francis turbine can be of steady or unsteady type. The 

loads in steady type include the water pressure and the 

centrifugal fo rce and unsteady type is composed of the high 

frequency pressure fluctuations due to stator- rotor interaction 

as well as vortex rope phenomenon. Under this type of loading 

conditions fatigue cracks development is the real worry as to 

the basic respectability of the runner and it speak to a danger 

to safe operation of the hydraulic turbines. 

Mainly defects are generated near the joints of blade 

with the hub and shroud in which high stress zone is 

developed at the inlet  of blade and  shroud connection while at 

outlet of blade towards the hub.  

In this study the analysis of stresses in a low head 

Francis turbine runner induced due to the steady fluid  flow 

was performed. Th is was conducted in two steps: in  the first 

step flow simulation through CFD was done for static water 

pressure calculation on the runner blade and in the second 

step, stress analysis of the combined load produced based on 

static pressure of water and centrifugal force due to rotation of 

runner was carried out.  The application of CFD is an easy and 

efficient way for analysis of fluid flow through turbine runners 

[1, 2, 3]. Nava et.al. [4] used CFD to reg ister the loads brought 

about by water pressure on a blade of the Francis turbine 

runner. Analysis of three dimensional steady flow of the flow 

passages has been done from in let of runner to the outlet in the 

Francis turbine by Ikeda et.al. [5]. Their analysis gave the 

dispersed pressure and water speed inside the computational 

area. Saeed et.al. [6] also performed stress analysis on Francis 

runner by CFD simulation. 

Aim of th is study was for the stress analysis in the 

varient discharge conditions to identify the high stresses zone 

in the runner for the failure pred iction like fat igue cracks.  

In this paper analysis of stresses have done by using 

FEM approach with required boundary and operating 

conditions. A model of Francis turbine runner working for 

55MW under 67m net head with 187.5 rpm rotational speed 

having 15 blades have been  taken for flow simulat ion for ten 

different mass flow rates  and with the result of CFD, stress 

analysis.   

 

II. RELATED WORK 

1. FLOW S IMULATIONS  

Detailed analysis of the fluid flow through the turbine runner 

is important to study about the fluid flow conditions – for this 

reason the complete turbine runner path has been considered. 

Since the computational domain has a complicated geometry. 

CFD simulation of all the stream channels of the Francis 

turbine runner was performed  to acquire more exact 

consequences of the pressure distribution on the runner blade. 

 

Fig.1 Geometric model used for simu lation 

1 . 1 GEOM ET RI CA L M ODEL  

 

The init ial step was building the geometrical model of the 

flow domain. According to the provided specifications, three-

dimensional geometrical model has been made, shown in  

fig.1. 

As shown in the figure, the entire liquid way between the 

channel from the guide vanes side and the outlet from the draft  

tube side for the turbine is considered. The extension to the 

outlet was added to avoid any impact of flow near the blades. 

It should be noticed that the extension is a part of the draft  

tube. The examined fluid model (flu id domain) is extracted 

from the structured model (Francis turbine runner model).  
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1.2 DISCRETIZATION PROCESS 

The flu id domain discretizat ion can be proficient by various 

means, yet the regularly received in three-d imensional CFD 

depend on tetrahedral volumes. In this study, three-

dimensional discretizat ion has been utilized with the finite 

volume method (FVM) gave by the ANSYS CFX 

programming. The fin ite volume method favored numerical 

methodology in CFD including complex geometries [7]. For 

the computational area, unstructured 3D tetrahedral meshing 

has been utilized, because of its flexibility when estimat ing 

complex geometries (Fig. 2). The whole computational mesh 

consists of 685,506 elements and 168,276 nodes . Global mesh 

size has been considered as 0.2 while for runner blade 0.05.   

 

 
F ig . 2 .  Runne r  mes h ing  

 

1.3 BOUNDARY CONDITIONS 

The boundary conditions for the inflow velocity components 

and outlet pressure conditions are described below. 

 

1.3.1. INLET BOUNDARY CONDITIONS 

Inlet boundary conditions for the Francis turbine runner has 

been taken from one of the hydraulic project of 55MW, The 

inlet boundary conditions are created from inlet velocity 

profile, in  light of the fact that the guide vanes are excluded in  

the computations. The inlet boundary condition comprises of 

the tangential (whirl) and radial velocity (velocity of flow) 

component for the working point. Axial velocity component 

for the operating  point is set to zero. The simulations were 

carried  out for ten d ifferent operation conditions. The given 

operation conditions and calculated velocity components for 

these operating conditions are presented in Table 1.   

 

1.3.2 OUTLET BOUNDARY CONDITIONS 

Outlet boundary conditions are defined by an opening with an 

average relative pressure to zero Pascal. 

 

Table 1. Velocity variation in different operating conditions 

No. Discharge 

m
3
/s 

Radial velocity 

m/s 

Tangential 

velocity m/s 

1 110 9.135 19.437 

2 105 8.762 18.583 

3 100 8.385 18.021 

4 95 8.000 17.513 

5 90 7.601 16.308 

6 85 7.180 15.017 

7 80 6.726 14.440 

8 75 6.231 13.864 

9 70 5.685 13.185 

10 65 5.088 12.786 

 

2. STRESS ANALYS IS 

After CFX analysis, post-processing results data have been 

transferred to static structural in workbench. So lid geometry of 

runner has been imported in static structural and further 

generated in design modeler.  

 
Fig.3: So lid model of runner 

 

 
Fig.4: So lid mesh of runner 

 

Their after the model was meshed using 3D 

tetrahedral elements and keeping the maximum element size 

0.1. The generated mesh of the runner had no. of elements 

(31884) and nodes (65139). 

The 3D FEM analysis for the whole structure of a 

Francis runner has been performed by ANSYS to evaluate 

stress distribution of the runner for specific operating 

conditions. 

For the stress analysis loads due to static pressure on the blade 

and centrifugal force based on the rotational speed were 

considered. For the combined stress solution, static pressure 

distribution on the blade was obtained from flow analysis for 

ten different operating conditions (65, 70, 75, 80, 85, 90, 95, 

100, 105 and 110m3/s) was included within a multi analysis 

session.      

Imported static water p ressure, rotational velocity 19.635 rad/s 

in clockwise direct ion from the generator side, earth gravity 

9.8066 m/s2 in downward  direction at the middle of runner 

and a fixed support is placed at the mating point of shaft and 

the top of crown  as the boundary conditions are given (fig.5).  

 

     
F ig . 5 :  Bound ary  cond it ions  fo r  F EA  

III. RESULTS AND DISCUSSION 

Three-dimensional analyses of fluid flow through the turbine 

blades channel have been carried out and the computational 

results are presented and discussed in the following 
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subsections. The distributions of pressure and water velocity  

within the computational domain are illustrated in the form of 

contour and streamlines that are generated with the ANSYS 

CFX postprocessor. 

 

 STREAMLINES DISTRIBUTIONS 

 

The streamlines of the tangential velocity in the fluid domain  

obtained from the CFD analysis for d ifferent discharges are 

shown in Fig.6. Tangential velocity at d ifferent operating 

conditions (discharge) is listed in table 1.  

   

                    (a)  Streamlines at 110m3                                      

      

 

(b) Streamlines at 85 m3/s 

  

                  (c) Streamlines at 65 m3/s 

Fig.6 Streamlines at different discharge 

 

It is visible from fig.6 that at low discharge 65m3/s the flow 

separates from the blade surface and recircu lation of flow is  

maximum extended from crown to the outlet. And at the 

higher discharge 110m3/s streamlines flow are s mooth and 

recircu lation is also narrow towards the outlet. It is clear from 

fig.6 (A, B and C) that as the discharge increases, the flow 

distribution improves and the flow becomes more uniform. 

With the increase in d ischarge from 65m3/s to 110m3/s the 

flu id completely  fills the volume between the runner blades 

and the flow is quite smooth.  

 

PRESSURE DISTRIBUTIONS 

       The runner surface pressure distributions obtained from 

the CFD analysis for different discharges are shown in fig.4. 

In all cases, maximum magnitude of water pressure are  

observed at the leading edge of the blade near the shroud, 

which results from the rap id decrease in the magnitude of the 

tangential velocity close to the bend of the flow. 

   

         (a) Pressure and suction side at 110m3/s                 

 

  

 (b) Pressure and suction side at 85m3/s  

  

   

         (c) Pressure and suction side at 65m3/s  

Fig.7 Pressure distribution at different discharge 

In all the cases the maximum water pressure is observed to 

occur at the leading edge of the blade on both pressure and 

suction sides.  

            The reduction of pressure on the runner blade from 

leading edge to the trailing edge is observed due to the 

conversion of pressure energy into kinetic energy. Stagnation 

zone on the pressure side at the leading edge of the blade is 

observed, this is caused by acceleration of the flow due to 

turning from the radial to  the axial d irection. In  all cases the 

pressure differences from the pressure and suction sides are 

high and these differences result in torque on the shaft.      

It is observed that at higher discharges higher pressure are 

generated on both the sides of the blade for all the cases of 

loads. 

STRESS ANALYSIS RESULTS 

The obtained stresses distributions are shown in fig.8, 

maximum stresses are observed at the transition between blade 

and crown on the outlet side. The blades are deformed by 

water pressure in the circumferential d irection and towards the 

turbine axis. The highest stresses on the outlet edge are mainly  

due to radial tension. 
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Fig.8: Stress distribution of major principal stresses on the 

surface of the Francis turbine runner 

 

The maximum principal stresses at all the loading  conditions 

are below the yield strength which is shown in table 2. 

Table 2. Variation of maximum pressure and stresses in 

different discharges 

 

No. Discharge 

(m3/s) 

Maximum 

pressure 

(MPa) 

Maximum 

principal stresses 

(MPa) 

1 110 0.921 198 

2 105 0.879 184 

3 100 0.837 166 

4 95 0.794 154 

5 90 0.748 142 

6 85 0.700 131 

7 80 0.651 120 

8 75 0.600 107 

9 70 0.549 95 

10 65 0.500 83 

 

 

Fig.9: Variation of pressure and stresses v/s discharge 

 

The pressure and maximum principal stresses are 

varying approximately linearly with the discharge variation. 

From fig.10 variat ion in stress values are compared to the 

pressure.  

  High stress regions on the runner are observed at the joint 

sections of blades with crown and shroud shown in fig.8. The 

highest magnitude of stress is found to occur near the trailing 

edge of the blade. The maximum principal stress is 198MPa 

observed at the blade outlet edge near the transition from 

blade to crown (fig.10 (B)). The stresses in the middle  portion 

of the blade are small and do not exceed to 40MPa. It is 

observed that the principal stress gradually decreased as the 

distance from the trailing edge increased.   

Because of low stresses than the yield  strength after the 

combined analysis of static and dynamic stres ses, the fatigue 

cracks in the runner blade could be produced by the 

combination of the residual stresses, static stresses and 

dynamic stresses on the blade. 

                                 

                           

     (a) At 85 m3/s                 (b) At 110 m3/s 

FIG.10: MAXIMUM PRINCIPAL STRESSES 

 

Due to the region of high stresses identified near the trailing 

edge of the runner blade and on the outlet of crown it  can be 

said that these become a crit ical area for fatigue crack 

initiat ion.  

IV. CONCLUSION 

Analysis of stresses induced because of fluid flow in the 

Francis turbine has been performed by the flow simulation in  

CFD and analysis of stresses in FEA. From the results, 

following conclusion can be drawn: 
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 The simulat ion of the steady fluid flow for the entire 

Francis turbine runner has been performed for ten 

different operation conditions. The results include 

pressure distributions and streamlines of the tangential 

velocity in the considered hydraulic turbine runner. It has 

been shown that velocity and pressure are highly sensitive 

to the operation conditions.   

 

 Based on the data obtained from the CFD model, the 

fin ite element analysis has been performed to identify 

stresses acting on the runner. It has been found that the 

stresses in the trailing edge of the runner blade close to 

the crown achieve a crit ical state in every single working 

point. 

 

 Zones with maximum stresses are situated at the joint 

between the blades and the crown on the outlet side, 

which indicates appearance of fatigue cracks in these 

areas. 
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