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Abstract: The paper deals with application of hybrid RANS/LES turbulence model for computation of flow 
in axial turbine stage at off-design operation regime. This operating regime is characterized by massive 
separation of the boundary layer on the suction side of the rotor blades which leads to high-swirl flow field 
behind the axial stage. Used hybrid RANS/LES model is based on transport equation for the kinetic energy 
which is shared in both RANS and LES modes. The model is implemented into the in-house numerical code 
which was originally designed for solution of RANS equation. Therefore the numerical inviscid fluxes are 
modified here in order to reduce a native numerical dissipation for use in LES approach 
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1. Introduction 

The contribution deals with numerical simulation of flow in the axial turbine stage under the off-design 
conditions. Fig. 1 shows dependency of the normalized total-total and total-static efficiency on the 
rotational speed. The rotational speed is described by the similarity parameter u / c, where u is the speed 
of rotation and c is the outlet isentropic velocity. Note that the total-total efficiency and total-static 
efficiency are given as ηTT = (TT0 – TT) / (TT0 – TTis), ηTS = (TT0 – TT) / (TT0 – TSis), where TT0 is the inlet 
total temperature, TT is locale value of the total temperature, TTis is the isentropic total temperature and TSis 
is the isentropic static temperature. From Fig. 1 one can found optimal rotational speed of around 
u / c = 0.65. Decreasing of the efficiency for higher (u / c > 0.8) and lower (u / c < 0.45) rotational speed 
is given by separation of the boundary layer on the pressure and suction side of the rotor blades 
respectively. 

Whereas the separation on the pressure side of the rotor blade affects the tip region only, the separation 
on the suction side occurs on entire span of the rotor blade.  

                                                 
* Ing. Petr Straka, PhD.: Czech aerospace research centre; Beranových 130, 199 05 Prague; CZ, straka@vzlu.cz 
** RNDr. Jaroslav Pelant, CSc.: Czech aerospace research centre; Beranových 130, 199 05 Prague; CZ, pelant@vzlu.cz 

0,85

0,875

0,9

0,925

0,95

0,975

1

0,4 0,5 0,6 0,7 0,8  0.4                0.5                0.6                 0.7                0.8 

1 

0.975 

0.95 

0.925 

0.9 

0.875 

0.85 
u / c

η / ηmax ηTT / ηmax 

ηTS / ηmax 
 

a) b) 

Fig. 1: Dependency of the stage efficiency on the rotational speed; a) separation on the suction side 
of the rotor blades for lower rotational speed; b) separation on the pressure side of the rotor blades 

for higher rotational speed.
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Present contribution deals with simulation of regime u / c = 0.41 with separation on the suction side using 
the hybrid RANS/LES approach. Calculation was performed using the in-house code based on solution 
of system of averaged/filtered Navier-Stokes (NS) equations by the finite volumes discretization method. 
More details can be found in (Straka, 2015, 2016a, 2106b). The system of governing equation is closed 
with two-equation turbulence model based on nonlinear explicit algebraic relation for the Reynolds stress 
tensor proposed by Rumsey and Gatski (2001). Fig. 2a shows scheme of the axial turbine stage equipped 
with the hub- and shroud-seal. Used computational mesh is shown in Figs. 2b and 2c. 

2. Physical model, numerical methods 

The hybrid RANS/LES turbulence model proposed by (Davidson and Peng, 2003; Kok et al., 2004) is 
based on solution of averaged NS equations in regions near the walls and on solution of filtered NS 
equations in region of large detached eddies. Both parts (RANS and LES) of the model shares the same 
transport equation for the turbulent energy k. In RANS regime this equation is complemented by second 
transport equation for specific dissipation rate ω. 
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Fig. 2: a) Scheme of the axial turbine stage equipped with the shroud- and hub-seals; b), c) the 
computational mesh.
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Fig. 3: a) domains of the RANS and LES models; b) domains of application the central scheme 
and the Riemann solver.
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where ρ is the density, Pk is the production term, CD is the cross diffusion term, α, β *, β, σk and σω are 
model constants. The local grid size Δ is defined by Δ = max (Δξ, Δη, Δζ) where Δξ, Δη and Δζ are the 
distances between the cell faces in local ξ, η and ζ grid line directions. Constant CDES = 0.6086 is chosen 
according to (Kubacki et al., 2013). The turbulent/sub-grid-scale viscosity is given as 

),/min( * Δρβωρμ kCk DESt = . Note that in LES regime the model does not depend on transport 
equation for the dissipation rate ω. 

The vector of inviscid numerical fluxes F is calculated using the exact solution of the 1D Rieman problem 
in normal direction to the cell edges (referred as FRS). Although this approach has good features for the 
RANS modelling, it is too dissipative for the LES. Therefore for suppression of native numerical 
dissipation the central differencing scheme is used in LES domain (referred as FC). The resulting inviscid 
numerical flux vector can be formally written as Fmodif = ψFC + (1 - ψ)FRS, where ψ = [0.5 - 0.5cos(2πλ)]2. 
The parameter λ is limited ratio of the sub-grid and the turbulent length scales λ = max[0, 1 – (CDESΔ) / 

(k0.5
 / β*ω)]. In Fig. 3a there are displayed domains of RANS and LES parts of hybrid turbulence model. 

Note that in the LES domain it holds (CDESΔ) < (k0.5
 / β*ω). Fig. 3b shows the area of application the 

central differencing scheme. 

3. Results 

Fig. 4 shows high-swirl flow field behind the axial stage in form of isosurfaces of Q = (Ω2 – S2), where  
Ω2

 = 2ΩijΩij, S2
 = 2SijSij, Ωij is the vorticity tensor and Sij is the strain rate tensor. Instantaneous and time 

averaged distributions of the total-static efficiency ηTS in section 10 mm behind the rotor blades are shown 
in Fig. 5 (for clarity in the cylindrical coordinate system). In Fig. 6 there are compared span-wise 
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Fig. 4: Structure of vortices behind the axial turbine stage – isosurfaces of  Q = (Ω2 – S2) coloured with 
the normalized vorticity magnitude |Ωnorm| ; view on the pressure side (a) 

and on the suction side (b) of the rotor blade.
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Fig. 5: Distribution of the total-static efficiency ηTS in plane 10 mm behind the rotor blades; 
a) instantaneous field; b) time averaged field; (shown in the cylindrical coordinates). 
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distributions of normalized total-total and total-static efficiency of the hybrid RANS/LES and the 
unsteady RANS approaches. One can find differences in upper half of the span, namely in area 
of influence of leakage flows from the shroud-seal at approx. 75 percent of the span. 

4. Conclusions 

Hybrid RANS/LES model was implemented into the in-house numerical code which was here modified 
for using in LES approach. Benefit of the hybrid RANS/LES approach is that it allows to simulate 
behavior of large detached eddies in high-swirl flow field, but contrary to the full resolved LES it does 
not increase the computational costs. The needed computational time is comparable to the unsteady 
RANS approach. 
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Fig. 6: Span-wise distribution of normalized total-total and total-static efficiency – comparison  
of the hybrid RANS/LES and the unsteady RANS approaches. 
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