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ABSTRACT 
 

This paper deals with the development and validation 
of the Menter and Langtry correlation-based transition model in 
the RANS code elsA. Two types of experimental linear cascades 
of low pressure turbine (LPT) airfoils having different loading 
distributions have been considered for the validation: the 
T106C and T108 blades. Experimental data have been provided 
by the Von Karman Institute in the framework of the European 
program TATMo. Different Reynolds numbers varying from 80 
000 to 250 000 and different freestream turbulence intensities 
have been investigated. The results obtained for the T106C 
blade are in good agreement with the experimental data: the 
bubble size and the kinetic energy losses are well predicted. 
Sensitivity to freestream turbulence is also well demonstrated 
for the considered Reynolds numbers. However the results for 
the T108 blade show the limitations of the current version. 
These limitations are explained and discussed in this paper. The 
second part of this paper deals with the numerical and physical 
aspects of periodical unsteady inlet conditions which are 
introduced in order to take into account the incoming wakes. 
The original Menter and Langtry transition model has required 
a modification for performing correct unsteady computations of 
wake induced transition which is discussed in this paper. The 
unsteady results obtained with elsA are in quite good agreement 
with the experimental data.  
 
NOMENCLATURE 

 

c Blade chord 
M Mach number 

S Strain rate magnitude 
Tu Turbulence Intensity 
U Local velocity 
Ω Vorticity magnitude 
γ Intermittency  
Re Reynolds number 
Rev Vorticity Reynolds Number 

Reθt Transition onset momentum thickness 
Reynolds number (from correlation)   

R�eθt Local transition onset momentum thickness 
Reynolds number (from transport equation) 

λθ Thwaites pressure gradient parameter 
ρ Density 
y Distance to the nearest wall 
y+        Normalized distance to the nearest wall 
k Turbulent kinetic energy 
ω Specific turbulence dissipation rate 
µ Molecular viscosity 
µt Turbulent viscosity 
δ Boundary Layer thickness 
θ Momentum thickness 
ξ Kinetic energy loss coefficient 
 
Subscripts 
 
0 Total condition 
1 Upstream condition 
2 Downstream condition 
ax Axial 
is Isentropic 
sep Separation 
eff Effective 
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INTRODUCTION 
 
 Typical Low Pressure Turbine (LPT) of modern bypass 
turbofan engines are composed of several stages and contributes 
around 1/3 of the engine overall weight. In order to reduce the 
weight of the LPT, the trends have been toward decreasing the 
number of blades while maintaining the same amount of stage 
work. Reduction of blade number also permits a reduction of 
the manufacturing and maintenance costs. As a consequence the 
loading per blade has been increased leading to the well known 
concept of “high lift design” [1]. Because an increase of 1% of 
the LPT efficiency or a decrease of 8% of weight leads to a 
reduction of 1% of the specific fuel consumption (SFC) the 
concept of “high loaded blade” has been, for several years, a 
subject of main interest for LPT designers [1].  
 At altitude cruise conditions the LPT turbine works at 
relative low Reynolds numbers. Typically, Reynolds numbers 
encountered at cruise altitude are about 100 000 [2]. Such low 
Reynolds numbers result in a laminar boundary layer forming 
on the suction side of the blades. It is well known that a laminar 
boundary layer is unable to overcome an important adverse 
pressure gradient. Due to the high lift concept and the resulting 
intense adverse pressure gradient, the laminar boundary layer 
presents on the suction side may separate. Downstream the 
separation point boundary layer transition is triggered and, in 
the most favorable case, the boundary layer rapidly reattaches in 
a turbulent state. A short laminar separation bubble therefore 
exists on the blade. The phenomenon of transition triggered by 
separation bubble was described by Horton [3] and by Hatman 
and Wang [4-6] in a general scope. The role of laminar to 
turbulent transition in gas turbines engines was described more 
precisely by Mayle [7]. Horton and Howell have described the 
specificities of laminar to turbulent transition in LPT [2]. The 
size of the bubble depends on the relative Reynolds number, the 
freestream turbulence level intensity, the adverse pressure 
gradient and other physical parameters. For constant freestream 
conditions (turbulence intensity and adverse pressure gradient) 
when lowering the Reynolds number the bubble size increases. 
Firstly, the passage of a short bubble to a long bubble, also 
named bursting, is observed. Then, for extreme low Reynolds 
numbers massive separation takes place and the boundary layer 
does not reattach. This situation is the most unfavorable 
because the losses are directly linked to the bubble size: the 
losses will be higher according to the length of the bubble.  

However, in real environment, flow field in a turbine stage 
is essentially unsteady due to the relative motions between 
rotors and stators [2]. Unsteady wakes shed coming from the 
upstream stage strongly affect the separation induced transition 
process: the periodical incoming wakes, which are zones of 
high turbulence level intensity, promote the transition process. 
The incoming wakes can cause beneficial effects by reducing a 
long separation bubble to a small bubble or, eventually, 
completely suppressing separation of the boundary layer [8-10]. 
After the passage of the wake, calming phenomenon is observed 
and the bubble re-forming is more or less rapid. This 

phenomenon is still not completely understood and source of 
numerous studies [11]. 

Transition prediction is a main challenge for LPT 
aerodynamics but the simulation of the phenomenon remains a 
major challenge in Computational Fluid Dynamics (CFD). 
Obviously Direct Numerical Simulation would be the best 
solution for describing accurately transitional flows but, due to 
the extensive computational effort required, its use on real 
geometries or problems of practical relevance is years away. 
Large Eddy Simulation [12-14] have been performed for 
transionnal LPT flows but it is still limited to two dimensional 
(2D) or quasi three dimensional experimental configurations. 
RANS and URANS methods remain the only presently 
applicable method in an industrial context when dealing with 
transitional flows such as LPT flows. Most modern RANS 
codes include transition prediction capability by the mean of 
transition criterion coupled with turbulence model. However the 
use of transition criterion in RANS codes is still problematic 
from a numerical point of view. The γ - R�eθt model proposed by 
Menter and Langtry [15,16] overcomes these difficulties by 
predicting transition only by the use of local quantities. The 
model does not attempt to model the physics of transition but 
proposes a framework for implementing empirical correlations 
based transition criteria in a general purpose flow solver with 
structured or unstructured parallelized solver. Because the 
model is only based on local quantities it represents a promising 
way to include possible transitional effects to be automatically 
taken in account in complex three dimensional RANS 
simulations. The model is based on two transport equations: one 
for the intermittency γ and the other one for the transition onset 
Reynolds number based on the momentum thickness R�eθt. The 
model has been initially incompletely published by Menter and 
Langtry [15], two functions were missing for proprietary 
reasons. Several research groups have paid attention to the 
Menter transition model and have proposed their own 
correlations for the missing functions [17-27]. Finally Langtry 
and Menter published in 2009 the model accompanied by the 
closure functions [28].  

The γ - R�eθt model has been implemented in the RANS 
code elsA developed at ONERA [29]. A calibration of the 
missing functions has been performed at ONERA by Content et 
al [27]. In the first part of this paper a description of the Menter 
and Langtry transition model is given. The model is completed 
by the correlations of Content et al [18] which are also 
presented. When dealing with unsteady wake induced transition 
it has been noticed that the model might require a slight 
modification. This modification is discussed and reported in this 
paper. In the second part of this paper the validation of the 
model for two LPT test cases is presented: steady two and three 
dimensional results obtained for the T106C [9,30] and T108 
[31] blades are presented completed by unsteady quasi three 
dimensional results obtained for the T106C test case. 
 
 
MODEL DESCRIPTION  
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The transport equation for the intermittency is formulated 
as follows: 

( ) ( )j t

j j f j

U
P E

t x x xγ γ

ρ γργ µ γµ
σ

 ∂  ∂ ∂ ∂+ = − + +   ∂ ∂ ∂ ∂   

       (1) 

In Eq. 1, Pγ
 and Eγ are source terms which control the 

production and destruction of intermittency and defined as 
follows: 
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with S the strain rate and Ω the vorticity magnitude. The 
constants used to tune the Eq. [1-3] are defined as follows: 
ce1=1.0; ca1 =2.0; ce2 =50.0; ca2 = 0.06 ; σf =1.0. The function 
Fturb presents in Eq. 3 is defined as:  

 ( )44RT
turbF e−=                                                             (4) 

 T

k
R

ρ
µω

=                                                                    (5) 

Van Driest and Blummer [32] have highlighted that for Blasius 
laminar boundary layer: 

  
2 193

v ,maxRe
Re

.θ =                                                              (6) 

where Rev is the local vorticity Reynolds number defined as: 

 
2 2

v

y U y
Re S

y

ρ ρ
µ µ

∂= =
∂

                                           (7) 

By comparing locally Rev and a critical local momentum 
thickness Reynolds number for the transition onset the 
intermittency production can be possibly turned on. The 
function Fonset which triggers the intermittency production is 
based on that assumption and defined as:  
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The aim of the second transport equation is to obtain locally 
this critical momentum thickness Reynolds number Reθc to 
compute Fonset. The transport equation for the transition 
momentum thickness Reynolds number reads: 
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t

t t

j j j

t

Re U Re Re
P

t x x x

θ θ θ
θ θ

ρ ρ
σ µ µ

∂ ∂  ∂∂+ = + + 
∂ ∂ ∂ ∂  

ɶ ɶ ɶ

  (9) 

 ( )( )1t t t t tP c Re Re F
tθ θ θ θ θ

ρ= − −ɶ                                (10) 

2

500
t

U

µ
ρ

=                                                                 (11) 

t is a time scale present for dimensional reasons, cθt = 0.03 and 
σθt = 10.0. Fθt is a blending function which is equal to 1.0 in the 
boundary layer and null outside [15]. The definition of Fθt is 
given and discussed latter in this paper. This function aims at 
distinguishing the boundary layer from the freestream. In Eq. 10 
Reθt is obtained from transition onset correlation like the Abu-
Ghannam and Shaw [33] or Mayle [7] correlations. Typically 
Reθt is a function of the local turbulence intensity level Tu and 
the Thwaites pressure gradient parameter λθ. The correlation of 
Langtry et al [16] has been employed in this study. Outside the 
boundary layer R�eθt matches Reθt while in the boundary layer 
the values of R�eθt at the edge of the latest are diffused. Since at 
the edge of the boundary layer R�eθt is equal to the transition 
onset momentum thickness Reynolds number computed from a 
correlation Reθt, in the boundary layer the latter is known 
locally through R�eθt. It is desirable for modeling aspect to 
slightly shift the critical transition onset Reynolds number used 
in Fonset computation to the value obtained directly from R�eθt 
that is why Reθc is determined as a function of R�eθt (Eq. 12) and 
employed in Eq.8-a. 
  

( )c tRe f Reθ θ= ɶ                                                        (12) 

To close the transition model two functions had to be 
determined until Menter and Langtry published them: the 
function which links Reθc to R�eθt (Eq. 12) and the function Flength 
employed in Eq. 2: 
  

 ( )length tF f Reθ= ɶ                                                       (13) 

The results presented in this paper are based on the ONERA in 
house correlations obtained by Content et al [27]: 
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The transition model is coupled to the k-ω SST turbulence 
model [34] by modifying the production and destruction terms 
in the turbulent kinetic energy – k – equation: 
  

k eff kP Pγ=                                                                 (16) 

( )( )0 1 1 0k eff kD min max , . , . Dγ=                              (17)

 ( )eff sepmax ,γ γ γ=                                                                              (18) 

where Pk and Dk on the right hand side of the Eq. [16-17] are 
the original production and destruction terms of the k-ω SST 
model [34]. The effective intermittency γeff (Eq. 18) which is 
employed in the turbulence model could be γ the intermittency 
obtained from the transport equation or γsep (Eq. 19) an 
intermittency function introduced by Menter and Langtry [28] 
in order to model separation induced transition. It has been 
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observed that, when dealing with separation induced transition 
issues with the k-ω SST model, production of turbulence 
downstream the transition onset may not permit a reattachment 
of the boundary layer [28]. Therefore the γsep function has been 
introduced by Menter and Langtry [28] in order to detect 
laminar boundary layer separation and to permit locally an over 
production of turbulent kinetic energy which will promote a 
reattachment of the boundary layer. This local over production 
of turbulent kinetic energy is achieved by allowing values of γsep 
to exceed 1.0
 

1 1 0 0 0 2
3 235

V
sep reattach t

c

Re
min s max . , . F , . F

. Re θ
θ

γ
    = ⋅ −   

     

    (19) 

( )( )4
20reattach TF exp R= −                                                      (20) 

 
Separation of the laminar boundary layer can be detected 
because when a laminar boundary layer separates the ratio 
Rev/2.193Reθc goes to large values. The function Freattach makes 
the over production of turbulence energy being null when 
enough eddy viscosity is produced.  

The constant s1 (Eq. 19) controls the values of γsep and 
has a strong influence on the reattachment point because it will 
directly influence the over production of turbulent kinetic 
energy. As recently demonstrated by Corral and Gisbert [24] 
and other research groups [25,26][35,36] who employed the 
Menter transition model for modeling separation induced 
transition a constant value for s1 will not permit a satisfying 
modeling of separation induced transition in a general 
framework. The reattachment point of the boundary layer is 
different from a test case to another one depending on several 
physical parameters such as the freestream turbulence intensity 
or the adverse pressure gradient. While adopting a constant 
value for s1 it seems to be impossible to model the complex 
phenomenon of separation induced transition for a large range 
of different freestream conditions. Corral and Gisbert [24] tried 
to introduce a dependency of s1 to R�eθt in order to obtain the 
closest possible agreement between CFD results and 
experimental data for the T106C and T108 test case. However 
the Fs1 function published by Corral and Gisbert [24] is in fact 
constant and equal to 3.0 so no real dependency has been 
introduced. They succeed in matching experimental data with 
CFD predictions for the T108 test case but unfortunately the 
numerical results remained unsatisfying for the T106C test case. 
In this study we used, as published by Menter and Langtry [28], 
a constant value for s1=2.0. The blending function Fθt is present 
in Eq. 19 in order to assign the possible over production of 
turbulence kinetic energy only inside the boundary layer where 
per definition Fθt=1.0. 
 
Modification of Fθt 

 
It has been noticed when dealing with unsteady wake induced 
transition computations that Fθt may be equal to 1.0 outside the 

boundary layer. This shortcoming derivates from the definition 
of Fθt:  
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As it is pointed out by Eq. 23 the ratio y/δ (Eq. 21) is only a 
function of the local velocity and the vorticity magnitude Ω. If 
the vorticity becomes sufficiently large, which may happen in 
the blade channel when an upstream incoming wake is passing 
[10,13], Fθt can switch to 1.0 outside the boundary layer and 
strongly affect the R�eθt

 equation (Eq. 9).  Activation of over 
production of turbulent kinetic energy (Eq. 19) may also happen 
outside the boundary layer. 
This discrepancy has been corrected by defining δ as follows: 

75 tRe t

U
θ µΩδ

ρ
=

ɶ

                                                                    (24) 

with t previously defined in Eq. 11. Therefore in Eq. 21 a 
dependency on the wall distance has been introduced for the 
ratio y/δ and for the blending function Fθt. 
 

NUMERICAL METHOD 
 
The results discussed in the following parts of this paper have 
been obtained with the ONERA in house code Navier-Stokes 
elsA [29]. This code solves the unsteady 3D RANS equations 
with a finite volume method based on a multi-domain approach 
on structured and chimera grids. The convective fluxes are 
discretized with the upwind method of Roe and diffusive fluxes 
are discretized with a second-order accurate central-
differencing scheme. A Backward-Euler time integration 
scheme has been employed for both steady and unsteady 
computations. For the steady computations local time step with 
a scalar LU-SSOR implicitation method has been also 
employed. Concerning the transition variables, as proposed by 
Menter and Langtry [28], γ is set to 1.0 at the inlet of the 
computational domain and R�eθt is set according to Langtry’s 
correlation [28] with λθ=0.0. At wall boundaries zero flux 
condition is applied for both γ and R�eθt

. 

STEADY FLOW RESULTS 
 
T106C Cascade 
 
 The T106C blade is a LPT “ultra high lift” blade 
profile [9,30]. This blade section has been widely studied in 
both experimental and numerical investigations. The 
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experimental data used here have been provided by Arts et al 
[30] who experimentally investigated the blade performance in 
the framework of the European project TATMo. The 
characteristics of the T106C cascade are summarized in Tab. 1 
 
Chord c (mm) 93.01 
Pitch to chord ratio (g/c) 0.95 
Inlet flow angle (deg) 32.7 
Outlet flow angle (deg) 60.58 
M2is 0.65 

Tab. 1 T106C Main characteristics 
 
Figure 1 shows the blade geometry and the 2D computational 
grid which consists in a classical O4H grid. This grid has been 
obtained by De Saint Victor [38] following a study concerning 
the error estimate due to the grid.  The total number of grid 
nodes is about 36 600, y+ maximum values are below 1 along 
the blade. The number of grid points has been on purpose 
limited for maintaining reasonable CPU costs and short 
resulting calculation time compatible with an use in an 
industrial context. Two inlet turbulence intensity levels Tu have 
been considered: 0.8% which corresponds to the measurements 
performed at the VKI [30] with the natural turbulence intensity 
level of the facility and 1.8% which corresponds to a level 
reached downstream a turbulence grid introduced in the facility 
upstream the blade leading edge. Reynolds numbers Re2is based 
upon the isentropic exit Mach number M2is and the blade chord 
c range between 80 000 and 250 000. At the inlet of the 
computational domain a turbulent to laminar viscosity ratio µt/µ 
= 0.1 has been imposed for the test case with a turbulence 
intensity level Tu=0.8% and µt/µ = 10.0 has been imposed for 
the test case with a turbulence intensity level Tu=1.8%. This 
ratio can have a strong influence on the CFD results as 
mentioned by Spalart and Rumsey [39]. For the highest 
turbulence intensity level test case, measurements of turbulence 
decay upstream the blade leading edge provided by Arts et al 
[30 ] allow to set a credible value of µt/µ  in computations. For 
the lowest inlet turbulence level a low value of 0.01 [28] has 
been imposed.  
 
Reynolds number effect 
 
Figure 2 shows the midspan isentropic Mach number 
distributions along the blade for the considered Reynolds 
numbers. For all considered Reynolds numbers boundary layer 
separation occurs on the suction side in the adverse pressure 
gradient region. Separation is well visible on the isentropic 
Mach number plots: a small to long plateau appears in the 
decelerating region. The experimental data and the CFD results 
are in very good agreement. The isentropic Mach number peak 
is well captured as well as the separation point except for the 

 
 

Fig. 1: 2D Computational Grid for the T106C cascade 
 
lowest Reynolds number Re2is=80 000. The reattachment point 
is also well captured. In the separated flow region the isentropic 
Mach number distributions obtained numerically match very 
well the ones obtained experimentally. A decrease of the 
Reynolds number leads to an increase of the pressure plateau 
size which corresponds to a growth of the bubble. The results 
obtained with the γ - R�eθt reproduce quite well this tendency. 
According to Arts et al [30] bubble bursting occurs for 
Re2is=140 000 while for Re2is < 120 000 an open bubble takes 
place on the suction side. As it is visible in Fig. 3 the bubble 
topology is well predicted by CFD computations.  
 

 
          (a) Re2is=250 000                      (b) Re2is=160 000 
 

 
          (c) Re2is=100 000                      (d) Re2is=80 000                                        

 

Fig. 2: Comparison between experimental and numerical values of 
M is for the T106C cascade – Tu=0.8% 
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                 (a) Re2is=100 000                       (b) Re2is=120 000                                   
 

Fig. 3: Contours of non-dimensional turbulent kinetic energy for 
the T106C cascade – Tu=0.8% - Bubble topology 

 
Figure 4 compares measured and calculated distributions of 
total pressure defect (P01-P02)/P01 as a function of the position 
along the blade pitch half a chord downstream the blade trailing 
edge. The peak value is under estimated in CFD but this 
discrepancy tends to be less important when the Reynolds 
number is lowered. The wake width is quite well estimated. 
  

 
     (a) Re2is=250 000                        (b) Re2is=160 000 

 
 

           
(c) Re2is=100 000                      (d) Re2is=80 000 

 
Fig. 4: Comparison between experimental and numerical values of 

the total pressure defects at x/Cax=1.5  for the T106C cascade – 
Tu=0.8% 

 
Figures 6 and 7 compare experimental and numerical mass-
averaged values of kinetic energy losses and the outlet flow 
angle at x/Cax=1.5. The kinetic energy loss coefficient is 
defined as: 

1

2
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P
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P

P

α
α

α
α

ξ

−

−

 
−  
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 

−  
 

 

with α=1.4 
 
A very good agreement is obtained between the numerical and 
the experimental results. The differences between the numerical 
and the experimental results are less than 10% except for the 
lowest Reynolds number Re2is=80 000 for which the 
discrepancies are more pronounced. The abrupt increase of 
losses for Re2is < 140 000 due to the bubble growth is well 
predicted. The outlet flow angle is over predicted but the 
experimental tendency is well captured: when the Reynolds 
number is lowered the bubble size increases which will reduce 
the deviation of the flow. The differences between the numerical 
and the experimental results are about 1 degree except for the 
lowest Reynolds number Re2is=80 000 for which the difference 
is about 2 degrees.    
 
Turbulence intensity effect 
 
Increasing the turbulence intensity level Tu has an evident effect 
on the isentropic Mach number distribution [30]: the transition 
process is promoted and the flow reattaches before the trailing 
edge. Bubble bursting is shifted to a lower critical Reynolds 
number and massive separation of the boundary layer is 
prevented. This beneficial effect is well visible on the 
experimentally measured kinetic energy losses which are 
significantly reduced for the lowest Reynolds numbers. For the 
range of studied Reynolds numbers the simulations at Tu=1.8% 
with the Menter transition model under predict the bubble size 
as illustrated in Fig. 5 which presents the isentropic Mach 
number distributions along the blade for a median and a low 
Reynolds number. The flow reattaches more rapidly in the 
computation than it is suggested by the experimental data.  
 

  
(a) Re2is=160 000                      (b) Re2is=100 000 

 

Fig. 5: Comparison between experimental and numerical values of 
M is for the T106C cascade – Tu=1.8% 
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Fig. 6: Mass-weighted kinetic energy losses as a function of Re2is 
for the T106C cascade 

 

 
Fig. 7: Mass-weighted outlet flow angle as a function of Re2is for 

the T106C cascade 
 
When looking at the kinetic energy losses in Fig. 6 the 
beneficial effect of a turbulence intensity increase is well 
captured by calculation and the computational results are in 
good agreement with the measured values except for the lowest 
Reynolds number Re2is=80 000. In fact the production of 
turbulence kinetic energy via γsep is too important which causes 
an early reattachment of the flow. However this has a priori here 
no consequence on the losses prediction. Arts et al [30] 
investigated three different inlet turbulence intensity levels: 
Tu=0.8%, Tu=1.8% and Tu=3.2%. The numerical and 
experimental results for Tu=3.2% are not presented in this 
paper. Arts et al [30] experimentally noticed that the kinetic 
energy losses are quite similar for Tu=1.8% and Tu=3.2% which 
may explain why, even if the bubble size for Tu=1.8% is under 
predicted in the computations with respect to the experimental 
data, the losses remain well predicted.  
 
T108 Cascade 
 

The T108 cascade is a high lift configuration also 
tested at the VKI in the framework of the European research 
program TATMo [31]. The blade loading of the T108 is 
different from the blade loading of the T106C: the blade is front 

loaded which as a consequence leads to a gradual diffusion 
downstream the velocity peak and thus to a lower adverse 
pressure gradient.  
 
The blade characteristics are given in Tab. 2 below.  
 
Chord c (mm) 93.01 
Pitch to chord ratio (g/c) 1.05 
Inlet flow angle (deg) 32.7 
Outlet flow angle (deg) 60.5 
M2is 0.6 

Tab. 2 T108 Main characteristics 
 
The flow conditions are similar to those employed in the T106C 
cascade study: Reynolds numbers Re2is ranging from 200 000 to 
80 000 have been considered for an unique turbulence intensity 
level Tu=0.08%. Since the Menter transition model is dedicated 
to an intensive use in engineering in an industrial context, three 
dimensional (3D) computations have been performed for the 
T106C and T108 test cases. We have been able to verify, but 
not reported here, that isentropic Mach number distributions 
and kinetic losses remain unchanged at mid-span between the 
2D and 3D simulations. The following results for the T108 
blade are based on three dimensional computations. A blade to 
blade view at mid-span of the T108 geometry and the 
computational grid is visible in Fig. 8. The 3D mesh grid has 
about 1 876 00 nodes.  

 
Figure 8- Blade to blade view at mid span of the T108 

geometry and computational grid 
 
Figure 9 compares calculated and measured isentropic Mach 
number distributions for various Reynolds numbers. For the 
high Reynolds number Re2is=200 000 the peak velocity is well 
computed as well as the isentropic Mach number until boundary 
layer separation. The experimental results suggest the presence 
of a very small bubble between x/Cax=0.75 and x/Cax=0.85 
even if no real plateau is visible on the isentropic Mach number 
distribution (Fig. 9-a2). The numerical results show a noticeable 
small plateau located at x/Cax=0.85 and a reattachment point at 
x/Cax=0.9. In fact it has been noticed that in computations 
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separation of the boundary layer occurs at x/Cax=0.75 but a 
small separated flow region remains confined in the vicinity of 
the wall. Therefore transition onset and reattachment are late 
predicted by the model. As a consequence the predicted bubble 
is thicker and longer which explains the discrepancies in terms 
of isentropic Mach number. Finally, the predicted mass averages 
losses for Re2is=200 000 are more important compared to the 
measured losses (Fig. 10). When the Reynolds number is 
gradually lowered the bubble becomes more apparent on the 
experimental isentropic Mach number distributions which 
display a small plateau. Therefore the experimental and 
measured Mach number distributions are in better agreement for 
the lowest Reynolds numbers than for the highest ones except in 
the separated flow region. The numerical distributions indicate 
a pronounced bubble size while in the experimental data the 
bubble remains as short type and no bursting is observed. For 
the lowest Reynolds number Re2is=80 000 the boundary 
separation is important in CFD computations. 

(a-1) Re2is=200 000                      (a-2) Re2is=200 000 

(b) Re2is=140 000                      (c) Re2is=120 000 

(d) Re2is=100 000                      (e) Re2is=80 000 
 
Fig. 9: Comparison between experimental and numerical values of 

M is for the T108 cascade – Tu=0.8% 
 

These discrepancies in terms of bubble topology strongly 
impact the prediction of downstream mass averaged kinetic 
losses: the losses are strongly over-estimated in CFD compared 
to measurements for the considered Reynolds numbers (Fig. 
10). The differences between the numerical and the 
experimental results are about 10% for the higher Reynolds 
number Re2is=200 000 but become more pronounced when the 
Reynolds number is lowered and reach 150%. The experimental 
tendency is not captured in CFD: when lowering the Reynolds 
number the measured losses remain quasi constant whereas the 
numerically evaluated losses strongly increase. These 
discrepancies are also noticeable in Fig. 11 which compares 
measured and calculated outlet flow angle as a function of the 
Reynolds number: the differences are about 1 degree and 
become more pronounced at relative low Reynolds numbers. 

 
Fig. 10: Mass-weighted kinetic energy losses as a function of Re2is 

for the T108 cascade 

 
Fig. 11: Mass-weighted outlet flow angle as a function of Re2is for 

the T108 cascade 
 

Comparison of the results - Model Discussion 
 
The results obtained with the Menter transition model for these 
two different blades, the ultra high lift T106C and the front 
loaded high lift T108, show two opposite tendencies. For the 
T106C case at Tu=1.8% the predicted bubble is too small while 
it is too large for the T108 test case at Tu=0.8%. These 
considerations suggest, in the bubble zone, an increase of the 
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values for γsep for the T108 test case and a decrease of the 
values for the T106C test case compared to those obtained with 
the current definition of γsep. The definition of γsep (Eq. 19) 
provided by Menter and Langtry [28] is not able to distinguish 
these two different bubble dynamics because it is only based on 
Reθc and constant definitions for s1 and Freattach (Eq. 19). For 
achieving a better modeling of separation induced transition s1 
and/or Freattach have to be tuned and re-defined as functions of 
physical parameters. Another solution could consist in defining 
a new correlation for Reθt compared to the one proposed by 
Langtry [28] taking in account bypass and separation induced 
transition modeling which would lead to Reθc values well suited 
for both transition phenomenon modeling. Same conclusions 
have been formulated by other research groups which studied 
separation induced transition with the use of the Menter 
transition model [24-26] [35-37].  This is the next step of the 
current work performed at ONERA with the γ - R�eθt model.  

UNSTEADY FLOW RESULTS 
 
In order to simulate the effect of incoming wakes on the 

T106C blade performance unsteady computations have been 
performed. The question of modeling the upstream 
experimental circular moving bars as part of the computational 
process of prescribing inlet-flow conditions has been treated by 
Lardeau and Leschziner [40]. They demonstrated the serious 
problems associated with vortex shedding treatment in the 
RANS approach and the implied numeral issues. They suggest, 
if experimental data describing the wake are available, to 
prescribe these latest as inlet-flow conditions. Prescribing the 
incoming wakes as part of the flow-inlet conditions upstream 
the blade passage is a simple way to simulate the influence of 
the upstream wakes shed. This strategy has been adopted in the 
present study and periodic profiles along one pitch of velocity, 
turbulent kinetic energy and total pressure have been prescribed 
at the inlet plan of the computational domain. Experimental data 
provided by the VKI during the European research program 
UTAT have been used to characterise the wake. The velocity 
deficit imposed is visible in Fig. 12 which displays the inlet 
velocity in the computational domain as a function of the pitch 
position. Computations have been performed for a Reynolds 
number Re2is=100 000. Outside the wake the turbulence 
intensity level has been maintained to Tu=0.8%. The bar pitch 
matches with the cascade pitch leading to a reduce blade 
passage frequency fr=0.68. All the computations have been 
carried out as quasi three dimensional calculations since we are 
only interested in the influence of the incoming wakes at mid-
span. The same mesh as for the steady computations (Fig. 1) has 
been used. Lardeau and Leschziner [40] have recommended to 
use at least 800 time steps per wake period to reach an accurate 
description of the wake kinematics and the interactions between 
the wake and the boundary layer. In this study 1600 time steps 
per period have been imposed. 

   

 
Figure 12: Prescribed inlet velocity profile for the unsteady 

computation on the T106C blade 
 
          Figure 13 visualizes the convection of the wake through 
the blade channel at four equally spaced time steps during one 
wake passage period. The distortion of the wake [41][13,14] is 
well captured and, as visible in Fig. 14, R�eθt values are also well 
convected in the blade passage. Since the wake is a zone of high 
turbulence level intensity relative low values for R�eθt are 
encountered in this zone.  
 

      
t/T=0                                                t/T=0.25 

 

           
t/T=0.75                                                t/T=0.50 

 

Figure 13: Non-dimensionalised turbulent kinetic energy 
contours in the T106C cascade through the wake passing 

 
As mentioned in the first part of this paper the computations 
have been performed with a function Fθt (Eq. 21) which was 
modified compared to the function of Menter and Langtry [16]. 
When using the original function Fθt, R�eθt values in the blade 
channel became completely wrong and did not permit a good 
representation of the wake kinematics as it is visible in Fig. 14 
which shows the contours of  R�eθt  at t/T=0.25 obtained with the 
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original definition for Fθt . When looking at turbulent kinetic 
energy contours at t/T=0.25 (Fig. 13), one may notice that the 
wake is not well modeled in terms of R�eθt values (Fig. 14). On 
the other hand, the use of the modified Fθt function leads to a 
well representation of the wake kinematics in terms of R�eθt 
values as it is visible in Fig. 15. 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 14: R�eθt contours in the T106C cascade at t/T=0.25 

obtained with the original definition of Fθt 
 
 

      
t/T=0                                                t/T=0.25 

 

           
t/T=0.75                                                t/T=0.50 

 

Figure 15: R�eθt contours in the T106C cascade through the   
wake passing obtained with the modified function Fθt 

 
 
Figure 16 presents space-time plot of the skin-friction 
coefficient on the blade suction side for Re2is=100 000. The 
black lines materialise the separation and reattachment points.  

 
Figure 16: Space-Time plot of skin friction along the T106C 

cascade suction side at Re2is=100 000 
 
The periodic wakes interact with the boundary layer in the 
decelerating zone where for the steady case an open bubble is 
observed (Fig. 2-c). Compared to steady state results the 
periodic wake passage provokes a reattachment of the boundary 
layer before the trailing edge. The presence of an open bubble is 
not observed anymore. The bubble size, which is periodic, 
remains as long type and no total suppression of the bubble is 
reached. As suggested by Hodson and Zhang [9] on this ultra-
high-lift blade incoming wakes may not be enough to suppress 
the bubble.  
 
Figure 17 shows the computed and measured isentropic Mach 
number distributions for steady and time averaged-unsteady 
distributions. The periodic impact of the wakes at the blade 
leading edge causes a shift of the angle of attack. This shift is 
quite well captured by the computations even if small 
discrepancies are visible. On the other hand the peak of velocity 
is clearly not well captured. De Saint Victor [38] reported that 
1.5° deviation in the angle of attack largely affects the peak of 
velocity which may explain this discrepancy.  Downstream the 
peak of velocity, even if the previously mentioned shift remains, 
the experimental tendency is quite well captured by the 
computation. The unsteady time-averaged experimental curve 
suggests the presence of a bubble between x/Cax=0.65 and 
x/Cax=0.90 which is also the case for the curve obtained by 
computation (see also in Fig. 16). The beneficial effect of the 
incoming wakes on the bubble is well visible on the isentropic 
Mach number distributions when comparing steady and 
unsteady results: massive separation of the boundary layer is 
prevented. 
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Figure 17:  Comparison of computed and measured 
isentropic Mach numbers for the T106C cascade at 

Re2is=100 000 

 

CONCLUSION 
 

 The Menter and Langtry transition model completed 
by ONERA in-house correlations has been implemented in the 
RANS code elsA and tested on two experimental 
configurations: the T106C and T108 high lift blades.  Steady 
results for the T106C blade indicates that the model completed 
by the ONERA in-house correlation can predict the blade 
performance very well for different Reynolds numbers and 
different turbulent intensity levels. However discrepancies have 
been noticed for the T108 blade. An analysis of the origin of 
these discrepancies is presented and suggestions for improving 
the transition model have been formulated. In the second part of 
this paper unsteady results for the T106C blade are presented. 
Unsteady computations have been performed in order to 
simulate the effect of the incoming wakes. An important 
modification, explained in this paper, has been applied to the 
transition model for permitting a proper modeling. The results 
are in quite good agreement with the experimental data. Further 
unsteady investigations are necessary to continue the model 
validation and improvement. 
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