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ABSTRACT 

The flow in a linear turbine cascade (Gregory-Smith et al. 
(1990)) is numerically investigated using a Reynolds Stress 
Turbulence closure. A particular attention is given to 
secondary flows where the normal Reynolds stresses are 
expected to play an important role. The most classical 
turbulence closure, the k-epsilon model uses the 
Boussinesq Eddy Viscosity concept which assumes an 
isotropic turbulent viscosity. The Reynolds stresses are then 
related to local velocity gradients by this isotropic eddy 
viscosity. Corollary, the principal axes of the Reynolds 
stress tensor are colinear with those of the mean strain 
tensor. The advantage of Reynolds Stress Turbulence 
closure is the calculation of Reynolds stresses by their own 
individual transport equations. This leads to a more realistic 
description of the turbulence and of its dependance on the 
mean flow. 

The most classical Second Order turbulence model 
(Launder et al. (1975)) is applied to a linear turbine 
cascade, and the results are compared to secondary velocity 
and turbulence measurements at cross-passage planes. 

INTRODUCTION 

The secondary flow in a turbine cascade has attracted the 
attention of both designers and researchers, it is expected to 
be of major importance in the loss generation process 
downstream the turbine cascade. Sieverding (1985) gives 

comprehensive review of the major secondary flows 
formation and their interactions. The major secondary 
flows are the leading edge vortex (Horseshoe vortex) and 
the passage vortex. They seem to be the result of the 
incident boundary layer rolling up and stretching, by 
respectively the leading edge front and the curvature effect 
of the suction side and the pressure side. Other secondary 
flows, less major but of importance because they are 
associated with a high turbulence level, occur in the corner 
junction of the endwall and the blade, there are other 
secondary flows at the trailing edge which arise due to the 
stretching produced by the main flow velocity difference 
between suction side and pressure side. Horseshoe vortex, 
passage vortex, trailing edge vortices and corner vortices 
may affect the aerodynamic performance of a turbine and 
increase the heat transfer from hot fluid to the endwall and 
the blade surfaces. Experimental visualization and study of 
secondary flows will be found in Yamamoto (1987a and b), 
Langston (1990), Moore et al. (1991) and more recently in 
Goldstein (1995) and in Wang et al. (1995). Gregory-Smith 
et al. (1990) gives detailed measurements of secondary 
velocity, pressure and Reynolds stresses in several cross 
passage stations. These detailed data are very helpful for 
the validation and the development of the turbulence 
models used by Navier-Stokes software. 

With the increasing power of computers it becomes 
possible to use second-order models in an industrial 
framework (Laurence (1992)). The purpose of this paper is 
to evaluate the results of the most classical Second Order 
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closure (Launder et al. (1975)) assuming linear 
Isotrapisation of Production and return to isotropy for the 
rapid part of the pressure-strain correlation. The viscous 
dissipation term which occurs in the small scale of the 
turbulence is assumed to be isotropic. This model is 
implemented in the incompressible version of the industrial 
finite element code N3S developed by the Research and 
Development Division of Electricite de France (Chabard 
(1991), Compe et al. (1995)). The flow in the turbine 
cascade is assumed to be steady and incompressible. The 
calculation results are compared to experimental results 
performed at Durham University (Gregory-Smith et al. 
(1990)). 

TURBULENCE MODEL 

The equations governing the fluid motion are the Reynolds-
averaged Navier-Stokes equations for: 
the mean velocity vector v , 

the Reynolds stress tensor : R .• =v'• v' . , where 	is the ij 	I  

velocity fluctuation and the kinetic energy dissiption rate E. 

The model used is the Launder, Reece and Rodi (1975) 
model for all the unkowns terms unless for the wall 
interaction part of the pressure-strain correlation which is 
modelled following Gibson and Launder (1978). 

The dissipation is assumed to be isotropic: e•• =. 

The turbulent kinetic energy is defined as k = V212 1, 

The constants of the model are : 

C I  C2  C' i  C'2 C, C, C,I Ca 

1.8 0.6 0.5 0.3 0.22 0.18 1.44 1.92 

NUMERICAL METHOD 

The time discretization is based upon a fractional step 
method consisting for three sub-steps : 
1- The advective part of the scheme uses a classical 
characteristic method to minimize numerical diffusion. 
2- The pressure gradient is accounted for explicitely. Then, 
an implicit step for diffusion and source terms couples all 
the variables (velocity, Reynolds stresses and dissipation) 
leading to an increased numerical stability. 
3- At last, mass conservation is achieved by solving a linear 
Stokes problem coupling pressure increment and velocity. 
Note that, for steady flows, as the computation converges in 
'time', this pressure increment tends towards zero. Sub-step 
two approaches then full implicitation for velocity, as it 
does for all other variables. 
As positiveness of normal of normal Reynolds stresses is 
not formally assured, it is enforced by assigning, when 

negative, an arbitrarily small positive value at every time 
step. This occurs only at the very beginning of the 
calculation, in regions of the flow not yet reached by 
advection. 
The PI-IsoP2 spatial discretization is based on a classical 
weak formulation on unstructured meshes, consisting of 
triangles or tetrahedra. 
The non-symmetric linear system stemming from the 
diffusion step is solved using a fast iterative method 
(Conjugate Gradient), whereas a direct factorization 
technique is applied to the Stokes problem. 

TEST CASE 

The linear turbine cascade is described in Gregory-Smith et 
al. (1990). 

A grid is used upstream of the cascade to generate a 
relatively high turbulence level. The turbulence intensities 
measured upstream of the cascade at slot I (see figure 1) 
were : 4.1% in streamwise, 4.7% in spanwise and 3.9% in 
normal direction. These measurements with those of 
boundary layer profile at slot 1 are used as inlet conditions 
for the calculation. The mean velocity and the Reynolds 
stresses were measured with a double x-Wire probes. 

The design data for the cascade is reported in Table I. 

Table I Cascade Design Data 

Flow Inlet Angle 42.75° 

Blade Exit Angle -68.60° 

Blade Chord 224 mm 

Blade Axial Chord 181 mm 

Blade Span 400 mm 

Blade Pitch 191 mm 

Reynolds 	Number 
and exit velocity) 

(chord 4 x 10' 

The calculation was conducted for a single blade with 
periodicity conditions at the mid-pitch. In spanwise 
direction, the calculation was conducted from the end wall 
to midspan with non-slip conditions at the end wall (log 
law) and zero-gradient conditions at midspan for all the 
variables. The finite elements method used is the PI-IsoP2 
spatial discretization, it is based on a classical weak 
formulation on unstructured meshes, consisting of 
tetrahedra. 102994 grid points were used for the velocity 
and 14064 for the pressure. The number of elements was 
70422. 
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figure 1:  cascade and traverse slots 
(from Gregory-Smith et al. (1990)) 

RESULTS AND DISCUSSION 

The calculation results are compared to the measurements 
at slot 5 (figure 2 and 3), at slot 8 (figure 4 and 5) and at 

slot 10 (figure 6 and 7). The slot 5 is at 55% of axial chord, 
the slot 8 is just upstream of the trailing edge and the slot 
10 is at 28% of an axial chord downstream. 

Figure 2 shows the comparison at slot 5 between 
measurements (left row) and calculations (right row) for 
secondary velocities and rms values of streamwise and 
cross-passage Reynolds stresses. The secondary velocities 
(top row) are well predicted by the calculation, the passage 
vortex is well developed and its center has the same 
location, both in measurements and in the calculation, very 
close to the endwall and suction surface corner. The 
turbulence levels of streamwise Reynolds stress (middle 
row of figure 2) is slightly overpredicted in weak mean 
strain regions (loss core) and close the suction surface. 
Measurements show very weak turbulence along the 
suction surface, this is probably due to the flow 
acceleration close the suction surface. The local turbulent 
Reynolds number is then very low. This requires a low 
Reynolds turbulence closure. This version is under 
development in the software used here. The cross-passage 
and spanwise Reynolds stresses (down row of figure 2 and 
up row of figure 3) are underpredicted in strong mean 
strain regions (endwall-suction side corner). Middle row of 

figure 3 shows a good agreement between the u' v' 

correlation prediction and measurements, both calculation 
and measurements results show positive values everywhere, 
which means that there is a cross-passage momentum 
transfer from suction side to pressure side due to a negative 
shear stress which is due to the acceleration of the flow 
close to the suction side. However the absolute values of 

u' w' correlation are underpredicted. 

Figure 4 and 5 show the comparison between calculations 
and measurements at slot 8. Both calculations and 
measurements show that the passage vortex center has 
moved up and away from the suction surface compared to 
slot 5. As at slot 5, the turbulence levels of streamwise 
Reynolds stress (middle row of figure 4) remains slightly 

overpredicted in weak mean strain regions (loss core) and 
all the normal Reynolds stresses are underpredicted in the 
strong mean strain regions (endwall-suction side corner and 
along suction side). However, both measurements and 
calculations show a larger zone with high turbulence levels • 
compared to slot 5. This is probably due to the flow 

deceleration at slot 8 in such a way that —u' 2  aU/ox 

becomes a positive source term in the turbulence kinetic 
energy balance (see production term P ii  in the Reynolds 

stresses equations). The absolute values of u v' and u' w 
correlations are underpredicted. 
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Figure 6 and 7 show the comparison between calculations 
and measurements at slot 10. Both measurements and 
calculations show an upward shift from the endwall of the 
passage vortex center compared to slot 8. As at slot 5 and 8 

The absolute values of u' vi and V w correlations are 
underpredicted in the same way that normal Reynolds 
stresses and then turbulence kinetic energy. This may 
involve that the model underpredicts the flow acceleration 
and deceleration phenomena along the streamwise direction 
and then underpredicts the streamwise velocity gradients 
which produce turbulence. As pointed out by Gregory-
Smith (1990), the boundary layer close to the endwall is 
highly skewed at slot 5: the measurements of yaw angles 
(not reported here) show a variation of 5 0  per millimetre 
compared to 1° per millimetre at slot 8 (Gregory-Smith 
(1990)). This requires a very refined rid close to the 
endwall which in turn needs a low Reynolds closure to 
match high gradients in this region. The coarse grid used 
here and the high Reynolds version of the model are 
suspected to be the reason of the prediction failure in these 
regions and suction side zone. The lack of a refined grid 
and of low Reynolds closure could also be seen close to 
suction side and pressure side. The measurements give very 
low levels of turbulence close to these sides (especially at 
slot 5) indicating the likelihood of laminar boundary layer. 
Whereas calculations with high Reynolds version show a 
relatively high levels of turbulence. The low Reynolds 
version is under development. 

Figure 8 shows good comparisons between calculations and 
measurements of total pressure coefficient, yaw and pitch 
angles at slot 10 which demonstrate that the mean flow 
properties are well captured by this computation. 

CONCLUSION 

The most-  classical Second Order turbulence model 
(Launder et al. (1975)) is applied to a linear turbine 
cascade, and the results are compared to secondary velocity 
and turbulence measurements at cross-passage planes. The 
model show a good quantitative prediction in the high 
Reynolds number regions. The model is able to localize 
secondary flow regions with fairly good precision. 
However, it overpredicts the turbulence in low mean strain 
regions and underpredicts the turbulence in the strong mean 
strain regions. The model gives a relatively high levels of 
turbulence close to the suction side and pressure side 
compared to measurements which indicate a laminar 
boudary layer close to the two sides. The failure of the 
model in the acceleration and deceleration regions and in 
the laminar boudazy layers is natural because the turbulence 
damping due to the acceleration close to suction side needs 
a low Reynolds turbulence closure. The low Reynolds 

version is under development for three dimensional flows. 
Adittionally, the grid used for the calculation are expected 
to be too coarse to catch high gradients close to the 
endwall, other calculations with refined grid will be 
performed for this case. 
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