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Abstract. In turbomachines, transitional flows are likely to occur over many compo-
nents. In the case of a low-pressure turbine, the transition from laminar to turbulent
boundary layer is often separation-induced. The overall blade losses depend among others
physical effects on the size and the length of the separation bubble. The characteristics
of the separation bubble are strongly linked with the Reynolds number and the turbulence
intensity of the flow. So, turbomachinery designers require tools which could be used to
achieve an accurate prediction of the laminar-turbulent transition. Many computational
techniques are available to predict transitional behavior. However, only the computation
of the Reynolds Averaged Navier-Stokes (RANS) equations seems to be able to be used in
an industrial context, due to the relatively low computational ressource required.

The aim of this paper is to present and compare different approaches used to predict
transition on practical test cases. Two models using experimental correlations to simulate
transitional flows are described. The first uses boundary layer integral values, and the
second uses only local values. The chosen test cases are two low-pressure turbine cascades
with different aerodynamic loads and a multistage low-pressure turbine.
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1 INTRODUCTION

For fifty years, the air traffic has increased steadily. The reduction of fuel consump-
tion has become a very important objective in the design of aero-engines. For long range
missions, the original turbojet engine has been replaced by the turbofan engine. Unfortu-
nately, the different components of those engines require different rotational speeds and
all the components need to work at a high efficiency level. A way to fulfill those require-
ments is the multi-spool arrangement. Depending on theirs roles, the fan and compressor
stages are driven by different turbines stages. For instance, a fan which has a large radius
will be driven by a low pressure turbine at the same low rotational speed.

In typical operating conditions, the flow over a low-pressure turbine is characterized by
a relatively low Reynolds number. Initially laminar, the boundary layer developing over
the blade may become turbulent. A turbulent boundary layer produces much more losses
than a laminar one. This transition process is influenced by physical parameters of the
flow such as the free stream turbulent intensity, the pressure gradient or the roughness of
the blade1

Depending on the combination of those parameters, different transition modes may be
favored. Even if all the physical mechanism governing the transition modes are not well
understood, the transition modes have been experimentally studied and classified2. In a
flow over typical turbomachine component, three types of transition mode are more likely
to occur:

• Natural and Bypass Transition: At low turbulence intensity value, inside a laminar
boundary layer instabilities will develop. Those disturbances will grow and even-
tually result in structures named Tollmien-Schlichting waves. Those waves can be
amplified to end up in the formation of turbulent spots. The turbulent spots can
finally merge to obtain a fully turbulent boundary layer. This is called the natural
transition mode. For higher values of the free stream turbulent intensity, the pro-
cess of amplification of disturbance can be accelerated or bypassed: this is called
the bypass transition mode3.

• Separation-Induced Transition: Exposed to the effect of a strong enough adverse
pressure gradient, a laminar boundary layer may separate from the wall. The contact
of this separated layer with the free stream may favor a Kelvin-Helmholtz instability.
This instability promotes a quick transition, and the flow, now turbulent reattaches.
This is commonly denoted as a separation bubble4.

• Wake-Induced Transition: In the case of a multistage component, periodical wakes
interact with the boundary layers. The wakes generated by upstream rows have a
major influence over the transition of a downstream blade. The incoming wake has
a quite high turbulent intensity (typical values between 15 and 20 percent) and can
then promote a quick transition when penetrating a laminar boundary layer.
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Concerning a low-pressure turbine profile, it should be emphasized that the adverse pres-
sure gradient over the suction side of the blade promotes especially a separation-induced
transition.

With the current design trend aiming to reduce the number of airfoils per row for
the same performance5, High Lift (HL) and even Ultra High Lift (UHL) blades have
been introduced. For those profiles, the adverse pressure gradient on the suction side
is stronger, resulting in a potential increase of the size of the separation bubble. For
multistage components, this problem has been avoided by taking benefit of the wake
interactions.

Hence, the design of a modern low-pressure turbine seems to be a challenging task.
The designers require reliable tools to simulate and to understand the complexity of the
flow over the blades, and especially the transitional flows. Some Computational Fluid
Dynamic (CFD) methods are able to simulate very accurately transition. For instance,
the Direct Navier-Stokes Simulation (DNS) or the Large Eddy Simulation (LES) provided
good results in some cases 6,7. However, in an industrial context, where the computational
resource is limited and the involved geometries are complex, only the Reynolds Averaged
Navier-Stokes Equations (RANS) technique seems appropriate. Thus, transition models
have been developed and coupled with RANS turbulence models for industrial uses.

Even if some physical concepts have been developed to model transitional flows8, many
current models rely on experimental correlations9. These correlations are used in a RANS
framework through an intermittency function. The value of the intermittency can be
obtained from non-local values (for instance depending on integral values of the boundary
layer) or from local values.

The aim of this paper is to present how transitional flows can be simulated to meet
industrial requirements and constraints. Two transitions models using an intermittency
function have been implemented into the CFD code TRACE, developed by the German
Aerospace Center (DLR). The first model is an in-house model denoted as Multimode10,16.
The second model is the γ−ReΘ from Menter et al11 with the closure correlations described
by Malan et al13. Those two models will be compared on three different test-cases: the
low-pressure turbine cascade profile T106A, the UHL low-pressure turbine cascade profile
T106C and a multistage low-pressure turbine named MTU-B5 .

2 COMPUTATIONAL ENVIRONMENT

The CFD code TRACE code was used for this work. This is a density-based Navier-
Stokes solver, developed for special turbomachinery use by DLR15. All of the transition
models are coupled with the k-ω model from Wilcox14 .

2.1 The Multimode Model

This model is an algebraic model which uses non-local values. These values are obtained
for structured mesh via an integration over the boundary layer in the direction normal
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to the wall. For each transition mode, a value of the intermittency is computed with the
help of experimental correlations and of non-local boundary layer values. For the selected
transition mode, the intermittency is related to the k-ω turbulence model accordingly to
the following equations:
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The transition model influences the production and the destruction terms in the two equa-
tions of the turbulence model. By this mean, the computed boundary layer is indirectly
influenced. The source term into the ω-equation is multiplied by at least 0.02. It ensures
that a turbulent dissipation is also present inside a laminar boundary layer.

A laminar boundary layer has an intermittency equal to 0 and a fully turbulent bound-
ary layer has an intermittency value of 1. In the case of a separation-induced transition,
the intermittency is allowed to grow up to a value of 4. This maximum of 4 remedies
the shortcomings of the two equations turbulent model. The turbulence model cannot
reproduce the reattachment very well due to the isotropic modelling assumption. Hence,
the separated shear layer may reattach and the final value of the intermittency is set to
1. A more complete description of the model has be done by Kožulović16 and Kožulović
et al10.

2.2 The γ −ReΘ Model

This model has been developed by Menter and Langtry, and has been published in
many publications 11,12,13. It uses two transport equations: a transport equation for the
intermittency γ (2) and a transport equation for the Reynolds number based on the
momentum thickness R̃eΘt (3).
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Pγ = f (Flength, Fonset) (4)

Eγ = f (Flength, Fonset)

PΘt = f (ReΘt)

The parameter Fonset controls the start of the transtion, while Flength influences its
length. ReΘt is a actual value of the momentum based thickness Reynolds number de-
pending on the boundary layer. In the original publication11, all of the experimental
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correlations describing Fonset have been published. The authors correlations governing
the evolution of ReΘt and Flength were published later12. In the meantime, several cor-
relations were published by others authors13,17.The closure correlations implemented in
TRACE are those published by Malan et al13.

According to their authors11, this model is able to simulate all of the transition modes.
In addition, the model is also able to simulate the re-laminarisation of a turbulent bound-
ary layer, which happen in the presence of a strong favorable pressure gradient. The value
of γ is used for the coupling with the k-ω model as described in Malan et al13.

Contrary to the multimode model, the intermittency is only used in the k-equation,
while the ω-equation remains unchanged. In this case, the maximum value of the inter-
mittency is 2, for the same reasons as in the multimode model.

3 TESTCASES

Three computational testcases will be presented to evaluate the capacity of the models
to predict accurately transitional flows. Two testcases are low-pressure turbine cascades:
the T106A and the T106C. The last testcase is a five stage low-pressure turbine.

3.1 The T106A Turbine Cascade

The T106A is a low-pressure turbine cascade designed by MTU Aero Engines. It
has been extensively investigated in experimental and computational studies. The ex-
perimental measurements used for comparison with the computations have been done at
DLR Braunschweig18. The characteristics of the turbine cascade are summarized in the
table 1.

inlet angle -37.7 [◦]
outlet angle 30.7 [◦]

chord 0.1 [m]
pitch 0.0799 [m]

pitch to chord ratio 0.799 [-]

Table 1: Geometrical parameters of the T106A cascade

The mesh used for the computations, shown in figure 1, is a quasi 3D mesh. It is
divided into 8 blocks, for an overall number of points of 19290. In figure 1, every other
point is displayed. During all the computations, the first cells in the boundary layer had
a value of y+ lower than one and the boundary layer is resolved with 35 points in the
direction normal to the wall.

The performance of the two transition models will be compared with experimental
data and also with a fully turbulent computation. All computations were performed
accordingly to the flow conditions summarized in table 2.

The results of those computations will be compared in term of pressure coefficient
distribution over the blade. In order to asses the capabilty of the transtions models, the
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Figure 1: The T106A Mesh

Reynolds Number Re2th 1,5/3/5/7/9/11 [105]
inlet angle -37.7 [◦]

Mach Number Ma2th 0.59 [-]
Turbulence Intensity 4 [%]

Table 2: Flow parameters used for the T106A cascade

results of fully turbulent computations and experimental results are also ploted for all
Reynolds number in figures 2 and 3.

For the lowest values of the Reynolds number (e.g. 150 000, 300 000 and 500 000,
shown in figure 2) a separation bubble can be noticed. The length of the separation
bubble is accurately predicted for both transition models. In the region of the separation
bubble, the γ − ReΘ model predicts a pressure coefficient value slightly higher than the
one predicted by the multimode model and the one measured during the experiment.

The results for the highest values of the Reynolds number (e.g. 700 000, 900 000 and
1 100 000) are shown in figure 3. In those cases, the boundary layer is turbulent. Then,
all the curves are superimposed. The transition model does not have any effect on the
development of the boundary layer. This is an important feature for a transition model:
it may not impact the accuracy of the turbulence simulation at high Reynolds number.
The comparison with the experimental and fully turbulent values is in all cases very good.
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Figure 2: Pressure coefficient distribution over the T106A (Part1)
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Figure 3: Pressure coefficient distribution over the T106A (Part2)
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3.2 The T106C Turbine Cascade

The T106C is also a low-pressure turbine cascade. It has the same profile as the the
T106A but the pitch to chord ratio is about 19% higher. The aerodynamic load is then
increased, so the expected separation bubble on the suction side would be larger and
thicker.

The measurements used here have been performed within the framework of the Eu-
ropean Community project TaTMo (Transition and Turbulence Modelling) at the Von
Kármán Institute19 .

The characteristics of the turbine cascade are summarized in table 3.

inlet angle -37.7 [◦]
outlet angle 30.7 [◦]

chord 0.1 [m]
pitch 0.095 [m]

pitch to chord ratio 0.95 [-]

Table 3: Geometrical parameters of the T106C cascade

The mesh used for the computation of the T106C is shown in the figure 4 (every other
point displayed). This is a quasi 3D periodic mesh, divided in 10 blocks. The overall
number of points is 26248 and about 30 points are used in the normal direction to the
wall to resolve the boundary layer. In all computations, the y+ value of the first cells is
below one.

Figure 4: The T106C Mesh

The simulations have been done for different Reynolds numbers while all others param-
eters remained constant. A summary of the parameters is given in table 4. The results
of these computations compared with the experiment are summarized in the Reynolds
number lapse rate in figure 5. The Reynolds number lapse rate describes the evolution of
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the losses with the Reynolds number. The losses are defined the following way:

Losses = 1−
1−

(
P2

P02

) γ−1
γ

1−
(
P2

P01

) γ−1
γ

(5)

where P01 is the inlet total pressure, P02 is the total pressure at outlet and P2 is the static
pressure at outlet.

Reynolds Number Re2th 1.2/1.4/1.6/1.85/2.1/2.5 [105]
inlet angle -37.7 [◦]

Mach Number Ma2th 0.65 [-]
Turbulence Intensity 1 [%]

Table 4: Flow parameters used for the T106C cascade
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Figure 5: Reynolds Number Lapse Rate of the T106C

For both models, the curve of the computed losses match the trend of the experimental
curve. However, the multimode model values are much closer to the experimental values
than the values computed with the γ − ReΘ model. In the latest case, the losses are al-
ways overestimated. A closer look to the isentropic Mach number distributions and to the
wake profile for differents Reynolds number could help to explain this results. In figure
6, the γ − ReΘ model seems to predict a more accurate isentropic Mach number distri-
bution than the Multimode model, and espcially the pressure plateau is better described
for all Reynolds number. Nevertheless, the wake profiles provide an explanation to the
overestimated losses. The multimode model is able to simulate a wake very close to the
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Figure 6: Isentropic Mach number distribution over the T106C
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Figure 7: Wake profiles of the T106C
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experimental measurements, because it has been calibrated to work with the k-ω model
implemented in TRACE (see section 2). The wake profiles simulated by the γ−ReΘ model
are systematically brighter and deeper. It can be explained by the fact that this model
has been originally built and calibrated to work with the k-ω SST turbulence model11.

3.3 The Multistage MTU-B low-pressure Turbine

The multistage low pressure turbine presented in this paper has been previously pre-
sented as MTU-B5. This is a five stage turbine, which has been experimentally investi-
gated at the test facility of the University of Stuttgart. The geometry of the turbine is
shown in figure 8.

Figure 8: “MTU-B” testcase geometry (side view)

The computations have been performed for different values of the Reynolds number.
The isentropic efficiency ηis is plotted for each transition model and for the experiment
versus the Reynolds number in figure 9. This Reynolds number is defined accordingly to
the exit conditions5.

The results obtained from both of the transition models are consistent with the exper-
iment. They show a decrease of the efficiency of the MTU-B turbine when the Reynolds
number decreases. In addition, it is remarkable to notice that the γ-ReΘ model seems to
predict more accurately this evolution.

The pressure coefficient distribution along the blades can provide a good indication on
how well is the transition process simulated. Many blades have been instrumented during
the experiment. Two blades far from each other could present two different behavior,
due to two different flow conditions. Hence the vanes 3 and 6 were chosen to describe
the results. The pressure coefficient distributions for each blade are showed at three
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Figure 9: Reynolds laspse rate of MTU-B testcase for differents transition models

height of the blade. Along the different rows, the Reynolds number decreases, due to the
progressive expansion of the flow in the turbine. In the first row, we could expect that
the only transition mode prensent would be the separation-induced mode. For all of the
following rows, this is not so clear. The adverse pressure gradient is present on the suction
side of the blades, but the wakes generated by the upstream rows change the free stream
turbulence intensity. It then is possible for the bypass mode and the wake-induced mode
to be responsible for the transition in the real machine. The situation concerning the
transition on those blades is very complex.

In a steady multistage simulation, we cannot simulate a wake-induced transition di-
rectly. At the mixing plane, the turbulent kinetic energy is mixed out which leads to
a higher turbulent intensity for the inlet of the downstream rows. In the averaged flow
field, the γ-ReΘ model describes the effect of wake-induced transition by the bypass mode,
which seems to work quite well.

The pressure distribution for vane 3 is shown in figure 10. The pressure coefficient
distributions are close for the two models. At 20 percent and 50 percent of the blade
height, the separation bubble is quite well simulated by both models, even if the pressure
distribution computed with the γ-ReΘ is slightly higher in the region of the separation
bubble. At 80 percent of the blade height, it is not clear if the γ-ReΘ model simulate a
separation bubble or if this separation bubble is too long. But all in all, the results are
satisfactory. The same results for the vane 6 are showed in figure 11.

The aerodynamic load of vane 6 is very high, and we can see that a separation bubble
appears over the whole vane. At 20 percent of the blade height, the separation bubble is
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Figure 10: Pressure coefficient distribution over the MTU-B vane 3
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Figure 11: Pressure coefficient distribution over the MTU-B vane 6
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quite small and is well reproduced by both models. At midspan and at 80 percent of the
blade height, the separation bubble there is longer than the separation bubble predicted
at 20 percent blade height. Both models are able to simulate a correct length for the
separation bubble.

4 CONCLUSION

This paper described the simulation of transitional flows in industrial context. Espe-
cially, the case of the low-pressure turbine was considered. Two transition models were
presented. Both of them used experimental correlations, but not in the same frame. The
multimode model uses non-local values (hence performs integration over the boundary
layer). The γ-ReΘ model, using transport equations, works with local variables. Com-
putations using those models were performed and compared with available experimental
data on three different test cases: T106A, T106C and a five stage turbine MTU-B.

The two models seemed adequate to simulate all of the different transition modes, even
if sometimes the losses were overestimated in the case of the γ-ReΘ model. It probably
means that the model needs to be tuned to work more accurately in TRACE.
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