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ABSTRACT 
Computations of the Turbine-99 benchmark have 
been performed for two dimensional steady inlet 
boundary conditions. Three different turbulence 
models were used: zero equation model, k-ε and 
shear stress model (SST). The results from the 
engineering quantities indicate small differences on 
the mean pressure recovery and the loss factor, while 
larger differences appear for the wall pressure 
recovery.  
 
INTRODUCTION 
Draft tube flow simulations are challenging for the 
numerical community due to the different flow 
phenomena appearing simultaneously such e.g. 
turbulence, separation, swirl and unsteadiness. 
Turbine-99 aims to determine the state of the art 
within the area by proposing a test case, which 
consists of a model draft tube of the Hölleforsen 
hydropower station with detailed pressure and velocity 
measurements at different cross-sections. 

The first workshop was held in Porjus in 1999. A large 
scatter in the pressure recovery (±50%) was 
obtained. The scatter was attributed to the large 
number of free parameters such as grid topology and 
inlet radial velocity. The second workshop was held in 
Älvkarleby in 2001. There, grid, turbulence model and 
boundary conditions were set by the organizers. The 
scatter encountered during the first workshop 
disappeared. However, some discrepancies still 
appeared between the participants results. The 
reason was attributed to the implementation of the 
boundary conditions and the determination of the 
engineering quantities, i.e. pre and post processing. 
After discussion, the elaboration of a protocol was 
proposed to make simulations details such as max 
residual or scheme order available to be able to 
explain discrepancies between different results. 

The third IAHR/ERCOFTAC Turbine-99 workshop is a 
natural continuation of the two first workshops. For this 
workshop, three cases are proposed: steady 
calculation, unsteady calculation and optimization. 
The present work presents steady flow simulations 
performed with 3 different turbulence models: zero 

equation (ZE), standard k-ε and shear stress transport 
(SST) models. The use of the zero equation model 
may be surprising at first. It is motivated by the small 
sensitivity of the engineering quantities to the 
dissipation length scale with the standard k-ε model, 
cf. Cervantes and Engström [1]. Detailed analysis of 
the resulting flows was performed to compare the 
different turbulence models and possible 
improvements have been identified.  
 
NUMERIC 
The commercial code ANSYS CFX 10.0 was used to 
perform the simulations. The code used the finite 
volume method and has a coupled unstructured 
solver. 

Turbulence models 

Three different turbulence models have been used: 
zero equation model (ZE), standard k-ε and shear 
stress transport (SST). The eddy viscosity assumption 
is the base of the three different models used in the 
work. The eddy viscosity assumption assumes that 
the Reynolds stress ( )ρ− i ju u is proportional to the 

strain rate tensor ( )ijS  according to 

2
3i j T ij iju u S kρ µ δ− = −   (1), 

where k represents the turbulent kinetic energy.  

The zero equation model models the turbulence 
viscosity µT as the product of a turbulent velocity scale 
UT and a turbulence length scale lT such as 

TT l  U µρµ fT =   (2), 

where 7 /l 3
1

T DV=  and VD is the fluid volume domain, 

in the present case m 19.0lT = . UT is the maximum 
velocity in the fluid domain. This model was proposed 
by Prandtl and Kolmogorov and is based on an 
analogy with gas viscosity. Such a formulation may be 
correct if the flow had one length scale and time scale, 
which is not the case for internal turbulent flows. 
Nevertheless, the results may be of interest for 
comparison with more complex turbulence models. 
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The standard k-ε model is a two-equation model, 
where a transport equation for the turbulent kinetic 
energy k and one for the turbulent eddy dissipation 
ε  are introduced. These two variables yield the 
turbulent velocity and length scales to form the 
turbulent viscosity: 

µµ ρ
ε

=
2k  T C   (3), 

where Cµ is a constant. The transport equation for the 
turbulent kinetic energy fails to describe the flow near 
the wall. The use of wall functions, damped viscosity 
or two-layer models is necessary to overcome the 
failure. In the present work, scalable wall function was 
used [2]. 

The shear stress transport (k-ω) based model is a 
two-equation model similar to the k-ε model. The 
transport equation for the turbulent dissipation is 
replaced by an equation for the turbulent frequency 
ω. Turbulent kinetic energy and frequency are related 
through the turbulent viscosity such as 

ω
ρµ k

T  =    (4). 

 
The k-ω formulation is advantageous for near wall 
treatment compared to the standard k-ε. The SST 
model is a development of the Wilcox and baseline 
(BSL) models. It is known to give accurate predictions 
of the onset and the amount of flow separation under 
adverse pressure gradients [2]. 
 
Boundary conditions 

The steady boundary conditions proposed for case 1 
were used for the calculations.  
The geometry proposed by the organizers ends 
immediately after the straight diffuser. Thus, 
recirculation is expected. The outlet boundary 
condition opening was used to allow flow in both 
directions, see [2] for more details.    
 
Grid 

The grids furnished by the organizers for case 1 were 
used. For the ZE and k-ε models, the grid for y+=50 
was used, while the grid for y+=1 was used for the 
SST model. The characteristics of the grids are: 
1002360 nodes, 981424 hexahedral elements and a 
minimum face Angle of 20.8°. The first grid has a 
maximum edge length ratio of 4585 and a maximum 
element volume ratio of 10.5, while the second has a 
maximum edge length ratio of 132 and a maximum 
volume ratio of 8.9. 
 
Discretization 
The schemes used for the discretization of the 
different equations are presented in table 1 for the 
three models. Convergence difficulties were 
encountered with the SST model. A blend factor of 
0.5 was necessary to obtain convergence, i.e. hybrid 
scheme.  

The reason for the lack of convergence with second 
order accurate scheme for the momentum and the 
continuity equation with the SST model is unclear. It 
may be attributed to the unsteady behavior of the flow 
in the draft tube. 
 
Table 1 – Scheme order used 

 ZE k-ε SST 
Continuity SBF 1 SBF 1 SBF 0.5 

Momentum SBF 1 SBF 1 SBF 0.5 
Ke - HR HR 
Ed - HR - 
Tef - - HR 

SBF: specified blend factor 
HR: high resolution 
 
 
RESULTS 
Convergence 

The residuals obtained for the simulations are 
presented in table 2.  

The minimum, area average and maximum values of 
y+ on the wall and the runner hub are presented in 
table 3. Higher values are obtained on the runner hub, 
especially for the SST model. The grid is not enough 
fine to allow y+   around 1. Nevertheless, the values 
obtained are satisfying compared to those obtained 
during the second workshop; see Cervantes and 
Engström [3]. 
 
Table 2 - Residual reached 

 ZE k-ε SST 
Umom.rms 9.8E-10 3.6E-8 1.1E-5 

Umom.max 2.8E-7 1.8E-5 2.8E-4 

Vmom.rms 1.3E-9 6.7E-9 1.2E-5 

Vmom.max 4.0E-7 2.4E-7 3.7E-4 

Wmom.rms 1.0E-9 1.1E-6 2.0E-5 

Wmom.max 3.0E-7 2.4E-7 3.4E-4 

P-Mass. rms 5.0E-8 1.2E-8 9.0E-7 

P-Mass max 1.1E-5 3.5E-7 8.3E-5 

Ke rms - 3.4E-8 3.9E-5 

Ke max - 2.0E-5 5.7E-4 

Ed rms - 1.8E-8 - 

Ed max - 9.7E-6 - 

Tef rms - - 1.1E-6 

Tef max - - 3.6E-5 

 
 
Table 3 – y+ values 

 ZE k-ε SST 
y+ min hub 9 19 30 
y+ mean hub 202 152 148 
y+ max hub 258 217 225 
y+ min wall 3 1 0 
y+ mean wall 50 32 1 
y+ max wall 133 126 6 

Engineering quantities 

The engineering quantities are presented in table 4. 
They are defined by: 
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The ZE model predicts a relatively high pressure 
recovery at the wall. The value of 1.397 for the k-ε 
model is identical to the value obtained for the second 
workshop with CFX-4 and a different grid; see 
Cervantes and Engström [3]. The SST model has a 
value similar to the experimental one: Cp-exp=1.12. The 
mean pressure recovery is similar for the turbulence 
models investigated. The loss factor is as well of the 
same order for the three models. 

The pressure recovery along the upper and lower 
center lines is presented in figures 1 and 2. The three 
models give similar results, indicating the small 
importance of turbulence. The pressure recovery is 
dominated by area changes. 

 
Table 4 – Engineering quantities 
 ZE k-ε SST 

Cp wall 1.487 1.397 1.241 

Cp mean 0.884 0.896 0.906 

ζ 0.281 0.290 0.272 
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Figure 1 – Pressure recovery along the upper wall 
(plane XZ, y=0). 
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Figure 2 – Pressure recovery along the lower wall 
(plane XZ, y=0). 
 
 
Flow visualization 

Figure 3 represents the velocity contours below the 
cone for the turbulence models investigated. The 
separation on the cone is not captured by the zero 
equation model, while the results are qualitatively 
similar for the other two models. Assuming a more 
accurate result for the SST model, the results of this 
simulation shows an early separation on the cone, 
which is negative to the pressure recovery. It should 
occur further downstream. 

The streamlines issued from the hub are presented in 
figure 4 as well as the velocity contours at sections Ib, 
II, III and IVb. Similar pattern is obtained for the vortex 
rope with ZE and k-ε after the elbow. For the SST 
model, the rope does not deviate to the left; it is fairly 
straight. The difference is also present on the velocity 
contours at the outlet plane of the draft tube. The flow 
near the vortex rope has a relatively low kinetic 
energy. On the left side looking downstream, the fluid 
has a higher kinetic energy.   This indicates a poor use 
of the straight diffuser due to the vortex rope.  
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Figure 3 a – Velocity contours near the cone, zero 
equation model (plane XZ, y=0). 
 
 

 
Figure 3 b – Velocity contours near the cone, k-ε 
model (plane XZ, y=0). 
 
 

 
Figure 3 c – Velocity contours near the cone, SST 
mode (plane XZ, y=0)l. 
 
 

 
Figure 4 a – Streamlines issued from the hub and 
velocity contours at Ib, II, III, IVb (zero equation 
model). 
 

 
Figure 4 b – Streamlines issued from the hub and 
velocity contours at Ib, II, III, IVb (k-ε model). 
 

 
Figure 4 c – Streamlines issued from the hub and 
velocity contours at Ib, II, III, IVb (SST model). 
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The mechanical energy (E) defined as the sum of the 
static pressure, the mean kinetic energy and the 
turbulent kinetic energy: 

21 1
2 2

E P U u2ρ ρ= + +   (8), 

at the plane XZ for y=0 are presented in figure 5. A 
stronger decrease of the mechanical energy is 
obtained at the inlet of the draft tube with ZE. The 
lowest mechanical energy is observed below the 
runner hub, indicating low mean velocity and 
pressure. The region is due to the separation on the 
cone, which creates a recirculation bubble below the 
runner hub, see figure 3.  An extension of the runner 
hub with a lower angle may be beneficial for the 
present regime to decrease the separation zone. 
Experiments performed by Vekve [3] on a Francis 
model at part load indicate that an extension of the 
cone length may be positive to the efficiency.  

 

 
Figure 5 a – Mechanical energy contours, zero 
equation model (plane XZ, y=0). 

 
Figure 5 b – Mechanical energy contours, k-ε model 
(plane XZ, y=0). 

 
Figure 5 c – Mechanical energy contours, SST model 
(plane XZ, y=0). 
 

 

 

CONCLUSION 
Three eddy viscosity turbulence models were used 
to simulate the Turbine-99 test case. The results 
indicate qualitatively similar values for the mean 
engineering quantities such as the mean pressure 
recovery and the lost factor. This indicate the weak 
influence of the turbulence on the main flow, which is 
dominated by inertial effects. 

Flow visualization has identified an early separation 
on the runner hub as well as a vortex rope issued 
from the runner hub, which negatively affects the 
function of the draft tube by blockage effects. 
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