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Abstract 

Modern concept of HPP refurbishment procedure consists of many aspects of the
turbine re-design. One of the most useful data is the previous operational data during the life-
time of the unit. In many cases, high stressed areas are damaged. Lack of the measurements
makes the solution of the problems and verification of the numerical results very difficult. 

This work represents an integrated approach in solving hydraulic and structural
problems in design stage or optimization of an axial hydro turbine.

CFD approach is implemented in solving the flow through a complete axial turbine,
taking into account all the necessary factors influencing the real flow. Frozen rotor condition
is taken as an input in the computations. The results from the CFD calculations are used as
an input for the performed FEA modeling and structural analysis.

1. Introduction

The prediction of the hydraulic, as well as the struñtural performances of a

hydraulic turbine is one of the most important steps in the development procedure.

However, for re-design of an old machine, a fast and reliable flow analyses tool is

necessary for allocation of the geometry that can be improved. This work describes

a computational analysis approach which takes into account the hydraulic loads on

the runner during operation and the influence on the stress performances of the run-

ner itself. A Kaplan turbine was calculated, as an example of the applicability of this

methodology. 

The simulation of three-dimensional turbulent flow through the runner, as a

part of the complete turbine calculation is presented. The operational regimes were
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calculated based on the Computational Fluid Dynamics - CFD Methodology

(Navier-Stokes equations and the k-  turbulent model) and the hydraulic loads were

applied to the runner using FEA (Finite Element Analysis) software.

The mesh discretization, boundary conditions and calculated results are

presented and they shall be a useful example for development, optimisation, refur-

bishment or rehabilitation projects, since the runner behaviour can be a major crite-

rion for increasing the performances of the turbines. The complete flow field con-

sists of spiral case, a channel between stator vanes, a channel between guide

vanes, a channel between rotor vanes and the draft tube cone. The calculations are

performed in one step for all geometry. 

The results of the calculations are presented as: 

q velocity vectors distributions 

q pressure distribution 

q pressure distribution on the blade walls

q pressure distribution in several cross section planes 
The numerical analyses were performed using the Ansys CFX and

Workbench packages.

The work presented in this paper coincides with the current trend of

improvement in the CFD field, as a faster and less expensive way of testing and

development of hydraulic machinery. The results are promising, but a lot of experi-

ments are still necessary for the completion of the validation process.

2. CFD Simulation

The first step in the flow calculation is the geometry modelling. In this case,

the calculated flow area was meshed by means of volume element method. The

number of grids for total flow passage is over one million elements (shown in table

1).

After the completion of the geometry modelling of the turbine, the next step

is to discretize the flow domain (produce the mesh). Fig. 1.b) shows the complete

calculation grid (mesh) of the flow field. The optimal number of calculation elements

is hard to set, having in mind the time needed for the calculation, as well as the

accuracy that is required. 

Next step in the calculation procedure is creating the boundary conditions.

The main boundary conditions are the Inlet into the spiral case and the Outlet from 

470Zbornik na referati - Kniga 1

Me|unarodno sovetuvawe “ENERGETIKA 2006” / International symposium “ENERGETICS 2006”



the draft

tube (fig. 1a). Flow rate (discharge) is set at the inlet and the average pressure over

the outlet. Additional boundary conditions come from the positions of the guide

vanes and the runner blades, which correspond to each operation point, including

the rotational speed of the runner.

Figure 2. Boundary conditions for the calculation
a)Inlet and Outlet BC;

b) Frozen rotor interfaces between guide vanes, runner and draft tube cone

Interaction rotating was simulated by means of Frozen rotor model as a

simplification of the unsteady model i.e. the steady state of rotating and stationary

regions is predicted with rotor solved in rotating frame and the stator is solved in

stationary frame in a fixed relative positions. The reason for choosing this boundary

condition lies in the experience with this kind of calculations (fig. 2). Other bound-
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Fig. 1 shows the CFX geometry model and the discretized domain of the calculat-

ed turbine. 

Figure 1. CFD model of the flow field for the calculated turbine

a) CFD model of the calculated turbine;  b) Meshing of the flow field

a) b

a) b



ary conditions include constant temperature, smooth walls and Kato-Launder cor-

rection for the stagnation points. 

The calculation was performed by means of Navier-Stokes equations and

the k-  turbulent model. The k-  two-equation models have been built into most gen-

eral-purpose computational fluid dynamic software packages. 

3. Flow Calculation Results

Having in mind that the aim of the calculations is to obtain the pressure dis-

tribution on the runner blades for the structural co-simulation, the full turbine flow

domain may prove too robust and the CPU time usage inadequate for the task at

hand. Solving the governing equations in over 1.1 million computational points

takes a lot of time, that doesn't change a lot the flow field, especially in the flow

domain leading up to the runner itself. So, one set of sufficiently converged results

for the flow field up to the guide vanes can be used as an inlet boundary condition

for a simplified CFD model using one blade passage for the guide vanes and the

runner, as well as the draft tube cone, which is used as an outlet BC (fig. 3). It is

obvious that the discharge at the inlet can be relatively easily modified to corre-

spond to the required operation regime by multiplying the velocity vector values at

the inlet of the guide vanes (fig. 4).

Figure 3. Boundary conditions for the simplified case   

Figure 4. Velocity vector field at the guide vane inlet
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Due to the smaller number of elements, the convergence criteria were set to
lower values, which produced more than satisfying maximum and average residuals.
The pressure distribution on the pressure and suction side are presented in fig. 5.   

Figure 5. Pressure distribution
a)Pressure side; b) Suction side

The next step in the co-simulation process is to effectively transfer the calculat-
ed data regarding the pressure on the runner blade to FEA software package. Ansys
Workbench is used for this purpose. A procedure has been created for data transfer
using macro in CFX Post module. The values of the pressure loads are then applied to
the solid model prepared for Workbench.

4. FEA simulation

The first action that has to be taken is the geometry modelling of the complete
blade assembly, for mounting on the turbine shaft. Than a discretization is again need-
ed for the FEA simulation. A mesh of approximately 9,000 nodes is used for this specif-
ic case (fig. 6a). General verification of the entered geometry and the software capabil-
ities can be performed by calculating the natural frequencies of the turbine in air envi-
ronment (tab. 1). A graphical presentation of mode 1 is given in fig. 6b.

Figure 6. Turbine blade 
a) Mesh, b) Presentation of mode f1
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The right prediction (determination) of the natural frequencies in air is

important, but the real problem is the natural frequency in water environment

(tab.2), because the large number of potential excitation frequencies of hydraulic,

mechanical and electrical nature could trigger dangerous resonance phenomena. 

Table 2. Natural frequencies in air and water environment with corresponding ratios
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So, now the problem is how to simulate water environment in the FEA soft-

ware? There are two possibilities. The first one is to simulate additional mass (pres-

sure) onto the blade surface, thus creating lesser values of the natural frequencies.

This method showed some unreliability for the cases studied, but showed good

overall trend. The other is an analytical method developed by Dr. Blevins [4] which

suggests the following formula for taking into account the water environment influ-

ence:

Where: A-added mass of the fluid (from the Blevins table [4] for different

solids), m-mass of the analysed body (blade). Fig. 7 shows the data comparison

using this method. It is obvious that the error is greater for higher modes, because

the correction coefficient is the same for all modes, and the experiments prove oth-

erwise. However, it must be stressed that the first 4 or 5 calculated modes have

very good compatibility with the measurements, and it is also clear that this is the

area where most of the resonance problems can occur. In this manner, it has to be

mentioned that the hydraulic excitation frequency for this case is 38,096 Hz.

Figure 7. Comparison of the natural frequencies in water with analytical Blevins method

Figure 8. Calculated equivalent stresses on the blade
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Figure 9.

a) Layout of strain gauges on the runner blade, b) mean stresses on the blade 

The calculated results show good compatibility with the values of measured

stresses on the blade. The other important fact is that the stress distribution over

the blade surface also corresponds to the actual stress field. The following figs. 10

and 11 present the peak stress location and the total deformation of the blade for

this operating point

Figure 10. Peak stress location on the blade

Figure 11. Total deformation of the blade
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The lack of measured data for the total deformation values prevents the fur-

ther verification and calibration of the numerical FEA model in this case. Anyhow,

more data are necessary to make this method a more reliable tool in the design and

refurbishment processes.

5. Conclusions 

The work presented in this paper coincides with the current trend in appli-

cation of the CFD tools, as a faster and less expensive way in the development of

the hydraulic machinery. The results are promising, but a lot of additional measured

data are still necessary for the completion of the validation process.

The numerical analysis of the flow field in the turbine shows the velocity

vectors, pressure distributions and the streamline behaviour. Also, the over-all per-

formances of the machine are calculated. Using these results, conclusions regard-

ing the design processes and operational performances can be achieved.

The differences between the calculated and measured values, both for the

hydraulic, and for the structural characteristics are not significant having in mind the

main goal - verification process of the machine performances. Further improve-

ments in the flow modelling are still necessary (geometry and boundary modelling,

turbulence modelling, secondary flow effects, complex draft tube flow, as well as

fatigue analysis etc.)
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