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ABSTRACT 
The results of numerical simulations of three-

dimensional turbulent viscous flow through the spiral 
casing and distributor of the Hölleforsen hydraulic 
turbine (Turbine-99 test case) are presented. Two 
CAD geometries, with and without the penstock, are 
analyzed in details to determine the effects of the 
upstream geometry, i.e. the inlet boundary conditions 
to the spiral casing. Conservation of mass and mo-
mentum equations of the flow are analysed using 
finite volume methods with the commercial software 
ANSYS CFX10.0. Standard k-ε with scalable wall 
function and SST k-ω based turbulence models are 
applied to study the flow characteristics. Comparisons 
are made between the numerical simulations with 
and without the penstock and available experimental 
results. The numerical results are found to more 
closely match with the experimental results when 
the penstock is included in the simulation. Therefore, 
detailed inlet boundary conditions are necessary to 
simulate accurately the spiral casing flows if the 
penstock is not included in the simulation. The nu-
merical simulations also seem to show little sensitivity 
to the turbulence model. 

KEYWORDS 
Initial boundary condition, spiral casing, turbulence 
model, penstock.  

1. INTRODUCTION 
The flow in hydropower turbines is very complex 

with several flow phenomena appearing simultane-
ously such as: three dimensionality, unsteadiness, 
separation, swirling flow and turbulence. Due to these 
circumstances it is highly challenging for computa-

tional fluid dynamics (CFD). CFD involves the so-
lution of the governing equations for fluid flow at 
thousands of discrete points on a computational grid 
in the flow domain. When appropriately validated, 
a CFD analysis allows engineers to determine the 
magnitude, direction and speed of flow at any point 
in the flow domain. Unlike a physical model, the 
geometry of the CFD model can be changed on the 
computer and re-analyzed to explore different options 
in the project design and in the operational conditions 
to solve problems involving fluid flow. To predict 
turbulent flow in complex geometries with computer 
simulation instead of model experiments can signifi-
cantly reduce the cost of the project and enhance  
a profound knowledge of the flow problem. Much 
attention has been directed to runner and draft tube 
simulations, while the spiral casing has received minor 
attention since the losses are minor compared to the 
runner losses. 

The flow in the water intake and the penstock de-
livers the flow entering the spiral casing, see Fig.1a 
of the Hölleforsen model. Spiral casing is a major 
component of reaction turbines. The function of the 
Spiral casing is to distribute the water as evenly as 
possible to the stay and guide vanes and then to the 
turbine runner. The understanding of the water pas-
sage through the spiral casing to stay vanes is very 
important in diminishing the losses of the flow and 
insures a symmetrical flow to the runner. Also the 
design of the casing must meet the requirement of 
the turbine performance in order to attain better over-
all economic benefit of hydroelectric power plants 
and to withstand the bursting pressure of maximum 
headwater plus water hammer. 

The water intake and penstock being upstream of 
the spiral casing, they are responsible for the flow 
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profile entering the spiral casing. Questions are raised 
about the inlet boundary conditions at the entrance 
of the spiral casing due to the presence sometimes of 
an elbow just upstream; see Fig.1a. However, most 
simulations of the spiral casing are generally per-
formed without the water intake and the penstock. 
For example Carlos Eduardo [12] performed simula-
tion of the Hölleforsen model casing without the water 
intake and the penstock. The correlation between the 
simulation and the experimental result available were 
not optimum.  

The present work focuses on simulations of the 
flow through spiral casing and the distributor (guide 
vanes and stay vanes) and intends to study the effect 
of upstream boundary conditions on spiral simulation. 
The effects of upstream geometry and turbulence 
model are investigated in details. The Hölleforsen 
test case used for Turbine-99 (www.turbine-99.org) 
is used, since an extensive set of experimental data 
are available in the spiral casing to validate the simu-
lations. The objective is to get boundary conditions 
for subsequent simulations including the runner and 
ultimately the entire system.  

The current paper is structured as follows. Sec-
tion 2 presents the test case, the geometry, grid, the 
boundary conditions, the turbulent models used and 
the experimental results available. In Section 3 the 
numerical results are presented with detail comparison 
and analysis of the deviations with the experiments. 
Section 4 presents the conclusions of this study.  

2. TEST CASE 

The full scale unit of the hydropower plant 
Hölleforsen is situated on the river Indalsälven in 
Sweden. It consists of three Kaplan turbines units 
with a total installed capacity of 50 MW at the op-
erational head of 27 m , with a runner diameter of 
5.5 m each and a discharge capacity of 230 m3/s per 
turbine.  

The Hölleforsen hydropower plant Kaplan tur-
bine model is known as the Turbine-99 test case. An 
extensive set of experimental data in the spiral casing 
and the draft tube are available. Numerical Simula-
tions are therefore performed on the model. It is a 
1:11 scale of the prototype turbine with a runner 
diameter of 500 mm and a runner speed of 595 rpm. 
The operational condition close to the best efficiency 
for the scheme at the operational head of 4.5 m, at 
60% load is chosen. For this operational condition 
the volume flow rate is 0.522 m3/s. 

2.1. Geometry and grid 

The geometry of the model is presented in Fig.1. 
Two geometries are available: one with and one 
without the water intake and the penstock. The stator 

has 24 guide vanes and 10 stay vanes. All the guide 
vanes are identical and have a symmetrical outline. 
In contrast, the stay vanes have unlike profile, see 
Fig. 2. Marks #1 and #2 show stay vanes with iden-
tical profile between each other and the rest of stay 
vanes have identical profile. 

   
(a) 

  
 (b) 

 
(c) 

  
(d) 

Figure 1: CAD model of the penstock, spiral casing 
and distributor of the Hölleforsen turbine (a, c, d) 

with the penstock (b) without the penstock  
(N.B. all the dimensions are in meters). 
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Figure 2: Stay vanes and guide vanes of the spiral 
casing. For the stay vanes, #1 marks those with 
deviant shapes and #2 marks those positioned in 

deviant angles. 

The computational grid consists of unstructured 
hexahedral elements created in ICEM CFD. The grid 
generation tool is based on a global block topology 
and generates 3D multi-block structured or unstruc-
tured hexahedral volume grids. The block topology 
model is generated directly on the fundamental CAD 
geometry. Two high density hexahedral grids with 
approximate first node wall distances of y+ = 50 and 
y+ = 1 were generated for each numerical simulations 
of the computational domain with and without the 
penstock, see Table 1. Gride A and B were used for 
the k-ε model, where grids C and D are used with 
the SST model. The grid from the inlet spiral casing 
to the outlet is identical on both cases. The grids have 
a good quality. Some high y+ values are obtained on 
the most top part of the spiral casing. This is due to 
the presence of pinched elements in this region, which 
produce inadequate values. Pinch elements are hexa-
hedral blocks with one collapse surface or two col-
lapse edges. They do not have any influence on the 
results. Maximum and average y+ values as well as 
minimum face angle and number of nodes for the 
different grids are presented in Table 1. 

Table 1. Characteristics of the grids used. 

 No. of Node Max. y+ Ave. y+ Min. angle
A 7,800,768 611.3 25.7 14 º 
B 7,499,284 339 24.9 11.8 º 
C 13,801,522 336 1.63 23º 
D 13,356,377 467.7 2.27 11.1º 

 

Note  A: With the penstock: y+ = 50 
 B: Without the penstock: y+ = 50 
 C: With the penstock: y+ = 1 
 D: Without the penstock: y+ = 1 

2.2. Boundary condition 

The number and type of boundary conditions must 
accord with the governing equations of the flow. 
Different boundary conditions may cause quite dif-
ferent simulation results. Improper sets of boundary 
conditions may introduce non-realistic results or 
convergence problems. So orchestrating the bound-
ary conditions for different problems is very essen-
tial. Mean time, different variables in the environ-
ment may have different boundary conditions ac-
cording to certain physical problems. Therefore, it is 
important to set boundary conditions that accurately 
reflect the real situation to allow you to obtain accu-
rate results.  

Inlet boundary condition can be set in a number 
of ways depending on how we want to specify the 
conditions and what particular physical models we 
are using for the simulation. In the current research 
work the boundary mass flow rate is specified along 
with the flow direction. The mass flow rate which 
moves from the supply reservoir towards the intake 
of the penstock is equivalent to the initial boundary 
condition, which is specified currently as inlet flow 
rate 0.522 m3/s. The wall is the most common bound-
ary, encountered in confined fluid flow problems. The 
velocity of the fluid at the wall boundary is set to zero, 
no slip boundary condition. The outlet boundary 
condition can be used where it is known that flow is 
directed out of the domain. In our case the relative 
static pressure over the outlet boundary is specified. 
For all other transport equations the outlet value of 
the variables is part of the solution. 

2.3. Turbulence modeling 

Two different types of RANS models, standard 
k-ε with scalable wall function and SST k-ω Based 
turbulence model are applied to study the flow char-
acteristics. Turbulence models are based on hypothe-
ses about turbulent processes and require empirical 
input in the form of constants or functions. The most 
successful computational models for practical engi-
neering purposes are those relating two or more trans-
port equations, because they acquire two quantities 
to characterize the length and time scales of turbu-
lent processes.  

The standard k-ε model with scalable near wall 
function is the first model utilized for the different 
calculations. As a two equation model, it uses an 
eddy viscosity hypothesis for the Reynolds stresses, 
which assumes that the turbulent stresses are pro-
portional to the mean velocity gradient and relate 
them linearly. 



 Proceedings of the 2nd IAHR International Meeting of the Workgroup on Cavitation and Dynamic Problems in Hydraulic Machinery and Systems 220 

ij
i

j

j

i
tji k

x
U

x
Uuu δρµρ

3
2

__
______

−
⎟⎟
⎟

⎠

⎞

⎜⎜
⎜

⎝

⎛

∂
∂

+
∂
∂

=−  

ijijt kE δρµ
3
22 −=  

(1)

ρ is the fluid density, ui velocity fluctuations, Ui 
mean velocity components, Eij is the mean strain 
rate tensor, µt is the eddy viscosity and k is the tur-
bulent kinetic energy of the flow. The turbulent eddy 
viscosity is related to the kinetic energy of the turbu-
lent flow by: 

2

t
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where ε is the turbulent dissipation per unit mass 
and Cµ  is a constant. The transport equations for the 
turbulent quantities are: 
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The model closure coefficients for the calcula-
tion in the present work are: µC  = 0.09, kσ  = 1.00, 

εσ  = 1.30, ε1C  = 1.44 and ε2C  = 1.92. 
Shear stress transport model (SST) is the second 

turbulent model utilized. It is an eddy-viscosity 
model, which combines the k-ω model in the inner 
boundary layer and k-ε model in the outer region. It 
limits the shear stress in adverse pressure gradient 
regions. The transport equations for the turbulent 
quantities after some mathematical manipulations 
take the form: 
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where ω is the dissipation per unit turbulence kinetic 
energy (ω ~ ε/k) and the eddy viscosity defined as: 
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where F1 and F2 are a blending function and S is an 
invariant measure of the strain rate such as: 
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where y is the distance to the nearest wall and ν is 
the kinematic viscosity and: 
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The model constants used for the calculation are: 
'β  = 0.09, 1α  = 0.556, 2α  = 0.44, β  = 0.075,  

1kσ  = 1.176, 2kσ  =  1, 1ωσ  = 2 and 2ωσ  = 1.168 

2.4. Experimental result 
The experimental data used for evaluation of the 

computation in this work are provided by Håkan 
Nilsson, Chalmers University of Technology Swe-
den. The measurements are included in his PhD 
thesis [5], in which all details of the experimental 
set up, the LDA technique and how the measure-
ments were performed can be found. However for 
the expediency of comparison we tried to include a 
summary of the basic points and results. 

Existing experimental data were measured using 
the laser Doppler anemometer (LDA) technique along 
a measurement plane at the spiral casing section. 
The LDA technique uses the Doppler shift effect 
of reflected light from particles to determine the 
instantaneous velocity in a single point. The result-
ing Doppler frequency is proportional to the meas-
ured velocity. 

The location of the measurements from a top view 
of the spiral casing and the vertical view of the 
direction of the measurement grid is shown in Fig. 3. 
Different regions in the plane were investigated, see 
Fig. 4. At measurement 1 the velocity normal to the 
measurement plane and the vertical velocity compo-
nent (which are tangential and axial velocity com-
ponents), at measurement 2 the tangential velocity 
components and the velocity component along the 
measurement plane (which is the radial velocity 
components) and at measurement 3 the tangential 
and axial velocity components were measured. 
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Figure 3. Location of measurements from the top 
view of the spiral casing and the corresponding 

measurement plane. 

 
Figure 4. Schematic location of the  

Measurements [5] 

3. RESULTS  
ANSYS CFX10.0, state of the art commercial 

software is used to perform the RANS simulations 
in this study. It is based on the finite volume method 
and has a coupled unstructured solver. To solve the 
numerical equations, the advection scheme high reso-
lution is used. High resolution advection scheme mean 
Blend factor values vary throughout the domain based 
on the local solution field in order to implement a 
boundedness criterion. For accuracy Blend factor 
will be close to 1.0 in flow regions with low variable 
gradients and 0 in areas where the gradients change 
sharply to prevent over and under estimation and 
maintain robustness. Setting Blend factor of 0 and 
1.0 for the advection scheme is equivalent to using 
the first order advection scheme and second order 
differencing for the advection terms, correspond-
ingly [11]. The simulation process started with steady 
state calculation of the flow. Convergence is achieved 
for both turbulent models with and without the pen-
stock, by this we mean that the solution of the dis-
cretized equations tends to the exact solution as the 

grid spacing and control volume size is reduced to 
zero and all the RMS residuals of the momentum, 
mass and the turbulent equations are drop down 
below the targeted level.  

In order to validate our methodology and to as-
sess the accuracy of the numerical results compari-
sons with the available experimental data are per-
formed, which is important to see that the numerical 
results are qualitatively and quantitatively correct 
before they are further used. 

The first comparison is conducted at measure-
ment 1, in the distributor and parts of the spiral casing, 
see Fig. 4. There, the tangential velocity component 
increases toward the runner vanes, see Fig. 5, and 
the axial velocity component increases at the bend 
before the leading edge of the stay vanes and decreases 
toward the trailing edge of the guide vanes, see Fig. 6. 
In both figures, the velocity components are compared 
with the experimental data and the results obtained 
from the CFD simulations achieved using both tur-
bulent models with and without the penstock.  

From Figure 5, the tangential velocity from the 
numerical simulations of both turbulent models 
without the penstock is similar. However, they devi-
ate considerably from the experimental values. The 
simulations results with penstock of both turbulent 
models have a tiny variation between each other. 
They agree quite well with the experiment, the velocity 
is overestimated before passing the stay vane and 
underestimated after the passage. The importance of 
the penstock in the simulation is pointed out. 

 

 
(a) 

    
(b)                                    (c) 

    
(d)                                     (e) 

Figure 5. Tangential velocity contour plot at 
 measurement 1 in m/s (a) experiments (b) and (c) 
are from the SST turbulent model with and without 
the penstock (d) and (e) are from the k-ε turbulent 
model with and without the penstock, respectively. 
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The axial velocity results from the numerical 
simulation have all a similar shape independently of 
the case, see Fig. 6. The SST turbulent model with 
penstock has a good ballpark figure with the experi-
ment, while the three other cases have a similar shape 
with an underestimation of the maximum velocity 
region.  

 

 
(a) 

    
(b)                                 (c) 

     
(d)                                 (e) 

Figure 6. Axial velocity contour plot at measurement 
1 in m/s (a) experiments (b) and (c) are from the SST 

turbulent model with and without the penstock (d) 
and (e) are from the k-ε turbulent model with and 

without the penstock, respectively 

The second comparison is carried out at meas-
urement 2, at the entrance of the distributor, see Fig. 
4. In this section the tangential velocity components 
is examined, see Fig. 7. There, the tangential veloc-
ity component increases towards the entrance of the 
stay vanes and decreases towards the outer vertical 
wall of the scroll casing. 

The result obtained from the k-ε turbulent model 
with penstock has the best similarity with the experi-
ment at the bottom part of the measuring section. 
However, the SST turbulent model with penstock 
shows a better agreement with the experiment weigh-
ing against to the other. The outputs from the numeri-
cal simulation of both turbulent models without pen-
stock are similar and indicate inverse correlation, see 
Fig. 7. 

The third comparison is performed for measure-
ment 3, an extension of measurement 1 near the outer 
wall of the spiral casing, see Fig. 4. In this section, 
the tangential velocity component increases towards 
the centre of the runner and decreases around the 
outer most vertical wall of the spiral casing, see 

Figure 8. The axial velocity has lower values near 
the upper wall of the casing and has a highest value 
at the outer vertical wall towards the lower part of 
the scroll casing, see Fig. 9. 

 

 
(a) 

           
(b)                         (c) 

           
(d)                         (e) 

Figure 7: Tangential velocity contour plot at  
measurement 2 in m/s (a) experiments (b) and (c) 

are from the SST turbulent model with and without 
the penstock (d) and (e) are from the k-ε turbulent 
model with and without the penstock, respectively. 

The tangential velocity has a similar shape for all 
cases. Similarly to the other measurement sections, 
the numerical simulations with penstock present the 
best agreement with the experiments, see Fig. 8.  
A slightly better agreement is obtained with SST.  

In Figure 9, the correct shape is not captured by 
any cases. However, dissimilarity at the right bottom 
corner with the experiments is found without penstock 
not obtained with penstock. It should not be forget 
that we are looking at small velocity variation. 

The accuracy of CFD simulations depends strongly 
on the details of the turbulence model formulation 
and the corresponding boundary conditions. One 
would expect that the selection of suitable turbu-
lence model for the simulations might not be that 
difficult, but here the authors would like to address 
that it is challenging. Generally the selection of tur-
bulent model for a certain application depends on 
the underlying flow regimes and the level of accu-
racy required. According to the present results, the  
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(a) 

               
(b)                           (c) 

             

(d)                           (e) 
Figure 8: Tangential velocity contour plot at  

measurement 3 in m/s (a) experiments (b) and (c) 
are from the SST turbulent model with and without 
the penstock (d) and (e) are from the k-ε turbulent 
model with and without the penstock, respectively. 

 

 
(a) 

               
(b)                           (c) 

               
(d)                            (e) 

Figure 9: Axial velocity contour plot at  
measurement 3 in m/s (a) experimental (b) and (c) 
are from the SST turbulent model with and without 
the penstock (d) and (e) are from the k-ε turbulent 
model with and without the penstock, respectively. 

numerical simulations of the spiral casing are nearly 
insensitive to the turbulence model chosen, indicating 
a nearly in viscous flow. However, the SST model 
presents more accurate results. The correctness of 
the inlet boundary conditions has a more striking 
influence on the results. An analysis of the outlet 
boundary condition should also be conducted. 

4. CONCLUSION  
Numerical simulations of three-dimensional flow 

of the Hölleforsen spiral casing and distributor with 
and without penstock have been performed with 
finite volume method and two turbulence models: 
k-ε  and SST. Comparisons with available experi-
mental results indicate clearly the importance of the 
penstock to perform accurate simulation. Therefore, 
detailed inlet boundary conditions are necessary to 
simulate accurately the spiral casing flows if the 
penstock is not included in the simulation. 

The results found from the numerical simulation 
show that the turbulent models SST and the k-ε give 
similar result. However, the SST model performed 
slightly better.  
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