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ABSTRACT
An approach for the estimation of the turbulence length scale at the inflow boundary is presented. This
estimation yields reasonable turbulence decay, supporting the transition model in accurately predicting the
laminar-turbulent transition location and development. As an additional element of the approach, the sensitiv-
ity of the turbulence model to free-stream values is suppressed by limiting the eddy viscosity in non-viscous
regions. The method is implemented in DLR’s turbomachinery flow solver TRACE in the framework of the k-ω
turbulence model by Wilcox and the γ-Reθ transition model by Langtry and Menter. The improved model is
applied to the ERCOFTAC T3 testcases, T106A turbine and HPA 17/06 compressor cascade and is compared
to experimental data.

NOMENCLATURE

cp pressure coefficient, (pW − p2)/(pt1 − p2)

k turbulent kinetic energy, (u′2 + v′2 + w′2)/2
l chord length
lT turbulent length scale
M Mach number, U/a
Mis isentropic Mach number
p static pressure
pt total pressure
Re Reynolds number, U l/ν

Tu turbulence level (%)
y+ dimensionless wall distance, uτ y/ν

x, y, z Cartesian coordinates
bv new CFD flow field variable blend viscous
b wire thickness of the turbulence grid

Greek

β inlet angle
ζ loss coefficient
κ isentropic exponent, κ = 1, 4

θ momentum thickness,
∫ δ

0
ρU

ρEUE

(
1− U

UE

)
dy

ρ density
ω specific turbulent dissipation rate
γ intermittency of transition model

μ molecular viscosity
μt eddy viscosity

Subscripts

is isentropic
t total
th theoretical
0 Inlet: boundary condition
1 Inlet: upstream of the blade
2 Outlet: downstream of the blade
sep separation
eff effective
FS free stream
w wall
∞ outer flow
T turbine
V compressor

Abbreviations

CFD Computational Fluid Dynamics
DLR German Aerospace Center
TRACE Turbomachinery Research Aero-

dynamics Computational Environment
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1 INTRODUCTION

Laminar-turbulent transition plays a significant role in
the boundary layer development of modern highly-
loaded low-pressure turbine (LPT) profiles, and to
a smaller degree for compressor profiles. The sig-
nificance is even accentuated due to the drop of
Reynolds numbers at high flight altitudes, that means
at cruise conditions. Some turbine profiles operate at
Reynolds numbers as low as Re2th ≤ 1 · 105, show-
ing a large laminar boundary layer patch with sub-
sequent separation and turbulent reattachment, cf.
Mayle [1] and Hourmouziadis [2].

There exist many approaches for the prediction
of laminar-turbulent transition. For turbomachinery
flows, a combination of a RANS (Reynolds-averaged
Navier-Stokes) turbulence model with a correlation-
based transition model is widely spread. In this
work, the combination of the k-ω turbulence model by
Wilcox [3] and the γ-Reθ transition model by Langtry
and Menter [4] is applied.

The transition process is influenced by many pa-
rameters, e.g. turbulence intensity, Reynolds num-
ber, pressure gradient, etc. Most transition models
capture this influence by taking the corresponding
parameters into account, in one way or another. In
the present framework, the influence of the turbu-
lence length scale is also indirectly captured by the
turbulence decay behaviour of the turbulence model.
Depending on the prescribed turbulence length scale
(lT ) at the inflow boundary, different dissipation rates
will arise, with significantly altered decay of turbu-
lence intensity. This leads to a shift in transition pre-
diction, since the transition model is coupled to the
turbulence intensity. Turbomachinery flows are very
prone to this effect, due to high turbulence levels and
corresponding sensitivity to dissipation rate (or length
scale) prescription. As many experiments do not pro-
vide the turbulence length scale, the CFD users feel
free to choose a value, often one that best fits the
experimental data. Hence, a correlation for the esti-
mation of the turbulence length scale is derived. This
correlation reasonably fits various experimental data.

2 NUMERICAL METHOD

As an up-to-date numerical method, the parallel
CFD-solver TRACE of DLR Köln has been applied,
cf. Nürnberger [5], Kügeler [6], Marciniak [7] and
Becker [8]. In this solver, the three-dimensional
Reynolds-averaged Navier-Stokes equations are
solved on multi-block meshes by a finite volume
technique. The convective fluxes are discretized by
the TVD upwind scheme of Roe [9] and the diffu-
sive fluxes by a central differencing scheme. An
implicit predictor-corrector time integration algorithm

has been used for the steady simulations. The turbu-
lence is modelled by the two-equation k − ω model
of Wilcox [3], together with the Kato-Launder [10]
fix for the stagnation point anomaly. Furthermore,
non-reflecting boundary conditions by Saxer and
Giles [11] have been applied to the inlet and outlet
boundaries. The boundary layer transition has been
modelled by the γ − Reθ transport equation transi-
tion model after Langtry and Menter [4]. It evaluates
the local flow features to model natural, bypass and
separation induced transition. Only the wall distance
formulation is non local. The transport equations for
γ and Reθt are defined as followed:

δ (ργ)

δt
+

δ (ρUjγ)

δxj
(1)

= Pγ1 − Eγ1 + Pγ2 − Eγ2 +
δ

δxj

[(
μ+

μt

σf

)
δγ

δxj

]

δ
(
ρR̃eθt

)
δt

+
δ
(
ρUjR̃eθt

)
δxj

(2)

= Pθt +
δ

δxj

[
σθt (μ+ μt)

δR̃eθt
δxj

]

The source terms Pγ and Eγ of the γ equation as
well as the source term Pθt of the Reθt incorporate
the empirical transition correlations for natural and
bypass transition. Separation induced transition is
controlled by

(3) γeff = max (γ, γsep)

with
(4)

γsep = min

(
s1max

[
0,

Reθ
s2Reθt

− 1

]
Freattach, 2

)
Fθt.

For the complete description and the definition of the
coefficients mentioned in the equations please see
Langtry and Menter [4]. Throughout this paper the
boundary layers of all no-slip boundaries are highly
resolved with a dimensionless wall distance of the
wall adjacent cell down to y+ = 1. Convergence was
achieved for all cases presented here with density
residual drop of at least three orders of magnitude
and a relative difference of in- and outlet massflow ≤
10−3. Depending on the test case, the convergence
of steady simulations was achieved after 2000-4000
iterations.

2.1 Approach Description

There exist several rules of thumb or best practice
guides for the prescription of the turbulent length
scale, which usually lead to lT ≈ 10−4m for typ-
ical turbomachinery conditions. But, this leads to
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extremely harsh turbulent decay rates which implies
wrong values of turbulent levels and this finally re-
sults in a wrong prediction of transitional behaviour
on turbomachinery blades. Here, an estimation is
derived from the correlation of Baines and Peter-
son [12]. Originally, this correlation applied to high
turbulence flows through screens and reads as fol-
lows:

(5) Tu = 1.12
(x
b

)− 5
7

This correlation can be rewritten in terms of turbulent
kinetic energy k:

(6)
k

k0
=

[(
t

0.06s

)
+ 1

]− 10
7

The corresponding specific dissipation rate is:

(7) ω0 = 220k−0.613
0 .

The turbulent length scale estimates after:

(8) lT,0 =

√
k0
ω0

The T3 ERCOFTAC test series is used to show the
effect of different turbulence intensities and varying
turbulent length scales on turbulence and transition
models. To evaluate the new approach experiments
on flat plates from Roach and Brierley [13] are com-
pared to numerical simulations done with and without
the new approach.

Case Tu [%] Re [106] M∞ [−] U∞ [m/s]

T3A 3.0 0.60 0.0154 5.4
T3B 6.0 1.09 0.0282 9.4
T3A- 0.9 2.24 0.0582 19.8

Table 1: Parameter for ERCOFTAC T3-series flat plate

The variation of different values of lT for the T3B
flat plate is shown in figure 1. It is well seen that a
variation of lT results in different rates of turbulent
kinetic energy decay. A small value of lT = 0.00001m
predicts a too strong decay, whereas larger values
provide a too small dissipation rate. The correspond-
ing impact to the transitional behaviour is shown in
figure 2. Here the skin friction coefficient cf varies
very strongly for the different values of lT .

In figure 1 also experimental data for the normal-
ized turbulent kinetic energy decay k

k0
from the T3

ERCOFTAC test series is shown. It is well seen
that the correlation given by Baines and Peterson
(B. & P.) after equation 6 reflects the experimental
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B.&P.(Eq. 6)
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Figure 1: Turbulence decay of T3 flat plate

data in a well appropriate way. Additional TRACE
simulations with the new approach for all three
test cases are carried out in this figure too. Here
also each simulation reproduces the corresponding
experimental data very well and the transitional
behaviour is predicted correctly for the T3B test case
in figure 2. The correct cf distribution, which is also
provided from the numerical simulations with the
new approach, is reached for a turbulent length scale
of lT = 0.001m. So a prescribed turbulent length
scale of 0.001m provides a correct decay of turbulent
kinetic energy and gives a skin friction coefficient
distribution which is accurate enough compared to
experimental data.

Rex [10
5]

0 2 4 6 8 10
0.000

0.002

0.004

0.006

0.008

0.010
cf [-] turbulent

laminar

γ - ReΘ with lT=0.00001
γ - ReΘ with lT=0.0001
γ - ReΘ with lT=0.001
γ - ReΘ with new approach
EXP

Figure 2: Influence of different lT on cf

Besides the flow conditions for transition prediction
a reasonably prescribed turbulent length scale of
lT = 0.001m will result in very large value of eddy
viscosity for highly turbulent flows (cf. fig. 3). This in
turn leads to loss production in high turning flows, e.
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g. in the passage between turbine blades. In figure 3
eddy viscosity ratios μt

μ for the different turbulent
length scales are presented. Figure 3 indicates that
the loss coefficient ζ also depends on the variation
of lT as higher values of lT result in higher values
of ζ. Obviously, the correct prescription of the
turbulent length scale results in improved transition
prediction, but also in excessive loss generation in
the turbine passage. Both the large value of the
turbulence model’s diffusive term and the coupling
of the production term to the strain is responsible for
this loss increase. Since the additional losses are
generated above the boundary layer, that means in
non-viscous regions, this behaviour is non-physical.
For this reason, a criterion for the determination of
viscous regions (boundary layers and wakes) has
been developed as an additional element of the
implemented approach (cf. fig. 4).

t [s]
0.00 0.05 0.10 0.15 0.20 0.25 0.30

100

101

102

103

μt
μ [-]
__

γ - Reθ with lT=0.00001
γ - Reθ with lT=0.0001
γ - Reθ with lT=0.001
γ - Reθ with new approach

Figure 3: Influence of lT,0 on eddy viscosity

This criterion is based on the large values of tur-
bulent dissipation rate ω. It takes the relationship be-
tween the turbulent dissipation rate estimated from
the k-ω turbulence model and the turbulent dissipa-
tion rate in the free stream of the flow estimated by
the new approach of Baines and Peterson. The ef-
fect of the very high ratio in the boundary layer and
wakes is used to separate them from the free stream.

(9) ωQuot =
ω

ωFS

The eddy viscosity is only applied in these viscous
regions, effectively preventing the loss production in
non-viscous areas by multiplying the eddy viscosity
by a factor bv, which is 1 in the boundary layer and
the wake region and near zero in the free stream (cf.
fig. 4).

(10)
μt

μ
:= bv · μt

μ

0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1

bv

Figure 4: Viscous regions in T106A turbine cascade

As a result, applying the correlation of Baines and
Peterson to the TRACE code leads to appropriate
turbulence decay rates and accurate loss prediction.

Of course, the dissipation rate can also be pre-
scribed according to measured data, if present. If
so, the estimation of turbulent length scale by eqs. 7
and 8 is not necessary, but the limitation of eddy
viscosity by eq. 10 still can be applied.

As a final step, some minor adaptions to the γ-
Reθ transition model have been conducted, in partic-
ular to the separation induced transition formulation
at very low Reynolds numbers.

3 TEST CASES

3.1 2D T106A Turbine Cascade

The T106A gives more insight in predicting transi-
tion in turbomachinery flow by providing experimental
data for varying Reynolds number, also the influence
of change in inlet angle and Mach number is shown.
A more detailed summary about T106A is given in
Hoheisel [14] and Hoheisel [15]. The used mesh con-
sists of 18000 cells and is shown in figure 5.

The dimensionless wall distance of the wall neigh-
boured cells is of the order of y+ ≈1. The chord
length of the profile is about l = 0.1m and the pitch is
tθ=0.0799m. The corresponding ratio is tθ

l = 0.799.
For the T106A turbine cascade a large variation of
parameters, at a turbulent intensity of Tu = 4%, is
conducted, whereas for all investigated parameter
just selected cases are shown.
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Figure 5: Computational mesh for T106A turbine cascade

3.1.1 Reynolds Number

Figure 6 shows the dependency of the loss coeffi-
cient on the Reynolds number for a turbulence in-
tensity of Tu = 4.0%. Especially for small values
of Re2th a significant rise in loss coefficient is seen,
whereas for higher values an almost constant value
of ζ can be assumed. The new approach of the
transition model can predict both aspects, trend and
level, of the Reynolds number influence, whereas the
turbulent simulation is able to predict the trend of loss
coefficient rise at small values of Reynolds number,
but is not able to give the right level of values.

Re2,th [10
5]

0 2 4 6 8 10 12
0.010

0.020

0.030

0.040

0.050 EXP
γ - ReΘ with new approach
fully turbulent with new approachζT [-]

Figure 6: Influence of Reynolds number on loss coefficient
T106A

The prediction accuracy of the transition model
is also shown for the pressure distribution over the
blade surface as seen in the following figures. It is
the pressure coefficient distribution cp given over the
true chord length x/l.

The cp distribution for the smallest given Reynolds
number shows a separation bubble at the near of the

x/l [-]0.0 0.2 0.4 0.6 0.8 1.0
-0.4

0.0

0.4

0.8

1.2

cp [-]

Figure 7: Influence of Reynolds number (Re2th = 150000)
on pressure coefficient distribution T106A

trailing edge on the suction side of the blade. This
separation bubble is well predicted by the transition
model. The turbulent simulation is not able to show
this transitional behaviour. For higher values of Re2th
the size of the separation bubble decreases and fi-
nally disappears for Re2th = 900000 (not shown).

x/l [-]0.0 0.2 0.4 0.6 0.8 1.0-0.4

0.0

0.4

0.8

1.2

cp [-]

Figure 8: Influence of Reynolds number (Re2th = 500000)
on pressure coefficient distribution T106A (De-
sign)

3.1.2 Mach Number

As a second influence parameter on the transitional
behaviour, the dependency of the loss coefficient on
the Mach number is given in fig. 9 (at constant the-
oretical Reynolds number of Re2th = 500000). The
transitional simulations are in good agreement with
the experiement. Just close to transonic conditions
(M2th ≈ 0.955) the loss coefficient is predicted too
high. Also it is seen, that at these transonic con-
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ditions ζ of transitional and turbulent simulation are
close to each other.

Ma2,th [-]
0.3 0.45 0.6 0.75 0.9

0.01

0.02

0.03

0.04

0.05

ζT [-]

Figure 9: Influence of Mach number on loss coefficient
T106A
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0.8
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cp [-]

Figure 10: Influence of Mach number M2th ≈ 0.80 on pres-
sure coefficient T106A

With decreasing Mach number from M2th ≈ 0.955
the loss coefficient for turbulent flow is considerably
overpredicted. Just the trend of decreasing ζ and
reaching of an almost constant value is reproduced
by the turbulent simulation. This behaviour is also
seen in the pressure coefficient cp distribution. Due
to increasing Mach number a separation bubble on
the suction side occurs which is very well predicted
by the transitional model as seen in figs. 10 and 11.
The influence of the Mach number on the pressure
side cp distribution in negligible. The steady acceler-
ation for all Mach numbers investigated here results
in a laminar boundary layer for the whole pressure
side of the turbine blade. On the suction side of the
blade there are significant differences in the pressure
coefficient distributions. The most significant change

in cp is the shift of its suction side peak downstream
with increasing mach number. The size of the sepa-
ration bubble is biggest for the highest Mach number
and it decreases with decreasing Mach number.

x/l [-]0.0 0.2 0.4 0.6 0.8 1.0-0.4

0.0

0.4

0.8

1.2

cp [-]

Figure 11: Influence of Mach number M2th ≈ 0.955 on
pressure coefficient T106A

3.1.3 Inlet Angle β1

As a last influence parameter the inlet angle β1 was
varied. Here different incidence angles of the design
inlet angle β1 = 150.0◦ are shown. Figure 12 shows
the dependency of the loss coefficient on the inlet
angle.

β1 [°]
80 90 100 110 120 130 140 150

0.010

0.015

0.020

0.025

0.030

0.035

0.040
ζT [-]

Figure 12: Influence of inlet angle on loss coefficient
T106A

As expected, the lowest loss coefficient occurs
for the incidence free configuration at design point
(β1=127.7◦). The losses are increasing for negative
and positive incidence angles. This trend is also pre-
dicted by the transitional model, although the values

Deutscher Luft- und Raumfahrtkongress 2011

804



are not very accurate. The same applies to the turbu-
lent simulation, where the loss values for the highest
positive and negative incidence are almost good pre-
dicted, but near the design point, they are far away
from the experimental data.

As pointed out from the pressure distribution in fig-
ure 13 a separation bubble occurs for a large nega-
tive incidence angle on the pressure side of the tur-
bine blade due to a leading edge separation. This

x/l [-]
0.0 0.2 0.4 0.6 0.8 1.0

-0.4

0.0

0.4

0.8

1.2

cp [-]

Figure 13: Influence of inlet angle β1 = 90◦ on pressure
coefficient distribution T106A

separation bubble is quite long, starting at about 60%
of the axial length of the turbine blade. Downstream
of the reattachment point the boundary layer remains
in a turbulent state and the acceleration at the rear of
the blade does not cause any relaminarization. For

x/l [-]0.0 0.2 0.4 0.6 0.8 1.0-0.4

0.0

0.4

0.8

1.2
cp [-]

Figure 14: Influence of inlet angle β1 = 137.7◦ on presure
coefficient distribution T106A

the second highest investigated incidence angle a
leading edge separation occurs too, which results in
a small laminar separation bubble on the suction side
of the blade. The whole boundary layer downstream

of the transition location remains also in a turbulent
state.

Both the transitional and turbulent simulation yield
reasonably accurate pressure distributions for both
increased and decreased inlet angle, although the
corresponding loss predictions show significant er-
rors.

3.2 2D HPA 17/06 Compressor Cascade

In contrast to the previous turbine test case, now the
transitional and turbulent simulations are applied to a
characteristic compressor test case, the HPA 17/06
compressor cascade. The design and experimen-
tal investigation of this compressor cascade have
been conducted by the Institute of Propulsion Tech-
nology at DLR Cologne, cf. Küsters et al. [16] and
Köller [17]. The used computational mesh consists
of 10300 cells and is shown in fig. 15. Here, the in-
fluence of the Mach number and the inlet angle are
investigated.

Figure 15: Geometry and computational mesh of HPA
17/06 compressor cascade

3.2.1 Mach Number

In fig. 16 the loss coefficients for different inlet Mach
numbers are shown, where only the transitional sim-
ulation reasonably reproduces the loss values pro-
vided by the experiments. Only for the largest in-
vestigated Mach number the loss coefficient was pre-
dicted too small for both models.

In the following, isentropic Mach number distribu-
tions are presented. They are derived from the static
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M1 [-]
0.4 0.5 0.6 0.7 0.8 0.9
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0.030
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0.090

0.120
ζV [-]

Figure 16: Influence of Mach number on loss coefficient
HPA 17/06

pressure distributions as follows:

(11) Mis =

√√√√ 2

κ− 1

[(
pw
pt1

) 1−κ
κ

− 1

]

The results show that the blade loading increases
with increasing Mach number as indicated by figs. 17
and 18.

x/l [-]0.0 0.2 0.4 0.6 0.8 1.00.0

0.3

0.6

0.9

1.2

Mis [-]

Figure 17: Influence of Mach number M1 = 0.70 (De-
sign) on isentropic Mach number distribution
HPA 17/06

Well accepted criteria to evaluate the boundary
layer loading are the drop of Mach number on the
suction side and the captured area within the Mach
number curve. Both are small for the smallest inves-
tigated inlet Mach number (M1 = 0.50). This results
in small values of loss coefficient as seen in fig. 16.
Due to the rise in inlet Mach number the boundary
layer loading and the loss coefficient increase. This

rise in ζ is small as long as the Mach number dis-
tribution on the suction side remains subsonic. At
supercritical conditions local supersonic areas with
subsequent shock are present, leading to a signifi-
cant rise in loss coefficient (M1 > 0.70). Besides the
separation bubble the transition model is able to pre-
dict the distributions of isentropic Mach number more
accurately as compared to the turbulent simulations.

x/l [-]0.0 0.2 0.4 0.6 0.8 1.00.3

0.6

0.9

1.2

1.5

Mis [-]

Figure 18: Influence of Mach number M1 = 0.80 on isen-
tropic Mach number distribution HPA 17/06

3.2.2 Inlet Angle

Due to the inlet angle variation, the flow through
the cascade results in a rise of loss coefficient for
both cases, higher and lower inlet angles, as seen
in fig. 19. The higher loss coefficient is a result of
higher boundary layer loading on suction and pres-
sure side, for increasing and decreasing incidence,
correspondingly. Both the transitional and turbulent
simulations capture the loss increase reasonably, but
after a closer look, the transitional simulation is more
accurate than the turbulent one. Precisely, the loss
coefficient of the transitional simulation is in a better
agreement with the experiment near the design point
(β1=150.0◦ and M1=0.70).

For the lowest inlet angle (β1 = 142.5◦) a separa-
tion bubble on the pressure side is seen in the ex-
perimental data. This separation is not predicted by
the transition model (cf. fig. 20). On the other hand,
the suction side separation downstream the peak is
predicted for this and further increasing inlet angles.

For the second highest inlet angle (β1 = 154.3◦)
the laminar-turbulent transition process shifts to the
leading edge (cf. fig. 21). This implies a fully turbu-
lent boundary layer on the suction side of the blade.
For x/l > 0.5 there is a significant difference to the
experiments. This is a result of a turbulent separation
in the experiment, which has not been predicted by
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Figure 19: Influence of inlet angle on loss coefficient HPA
17/06
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Figure 20: Influence of inlet angle (β1 = 142.5◦) on isen-
tropic Mach number distribution HPA 17/06
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Figure 21: Influence of inlet angle (β1 = 154.3◦) on isen-
tropic Mach number distribution HPA 17/06

the numerical model. Since the boundary layer is in
turbulent state, this is clearly a deficiency of the tur-
bulence model, and not the transition model. Most
likely, this behaviour occurs due to the well known
separation resistance of the k-ω model. Overall, the
prediction accuracy is very good for low and moder-
ate inlet angles, but there are some deficiencies at
very high inlet angles.

4 CONCLUSIONS

A correlation for the prescription of the turbulence
length scale at inflow boundaries is provided. This
correlation aims at high turbulence turbomachinery
flows. Furthermore, the free-stream sensitivity of
the turbulence model is suppressed by a limitation
of eddy viscosity in the non-viscous regions. The
method is implemented in a framework of the k-ω
two-equation turbulence model and the γ-Reθ transi-
tion model. Three test cases have been investigated:
ERCOFTAC T3 flat plate, turbine cascade T106A and
compressor cascade HPA 17/06. The influence of
Reynolds number, Mach number and inlet angle at
the transition location, loss coefficients and pressure
distributions is evaluated. Overall, the new approach
yields reasonable turbulence dissipation rates and
also a very good agreement with the measurements.
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Ph.D. Thesis, Ruhr-Universität Bochum, also
DLR Forschungsbericht 2004-27, 2004.
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