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Abstract

The turbulence model still represents a weak point of RANS simulations when dealing with complex turboma-
chinery flows. This is true especially for models based on the Boussinesq’s isotropic eddy viscosity assumption
that provide poor performance in a large variety of flow conditions, such as strong adverse pressure gradients and
recirculating regions. In presence of large blade loadings the turbulence model can impact severely on the predic-
tion of the low-momentum flow at the end-walls and influence the entire structure of secondary flows in the blade
passage, with an important effect on the computed global performance. This paper presents a turbulence model
comparison for the characterization of a highly-loaded low-pressure compressor at multiple operating points us-
ing 3D RANS simulations. The turbulence models employed are: Spalart-Allamars, Chien k-epsilon and Menter
k-omega SST, which are frequently used for the design of axial compressors. The aim is to provide an overview
of the implications of using a specific turbulence model, with a clear physical description of their impact on the
critical flow features of the machine. Comparisons against experimental results are then used to assess the relia-
bility of the models at design and near-stall conditions. It will be shown that for this type of compressors no single
turbulence model is generally better than others and the prediction depends on the operating point analysed, with
discrepancies increasing at reduced mass-flow operating conditions.
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1. Introduction

Several studies have been carried out in the past
with the aim to characterize three-dimensional sepa-
rations and secondary flows [1; 2; 3], which are con-
sidered the main source of losses in axial compres-
sors, with relevant impact especially when approach-
ing the stability of the machine. The role of the
CFD in predicting the impact of these mechanisms
has been increasingly important in the last years, up
to the point that it is nowadays considered essential
during the design process of turbomachinery [4; 5].
At the present state, RANS techniques are the most
feasible solution to investigate turbomachinery flows

and for compressor design, given still the large limi-
tations of more time consuming approaches (such as
LES and DNS) [6; 7]. However, the weakest point
of RANS simulations is that the turbulence model
adopted impacts severely on the prediction of the sec-
ondary flow structures. Turbulence model assess-
ment on transonic axial compressors was performed
in [8; 9; 10; 11; 12; 13]. The authors found that lim-
ited to the presented application, the S S T model pro-
vided better performance in separated flow regions,
followed by k − ϵ and Spalart-Allmaras (S A) turbu-
lence models. However, no turbulence model is gen-
erally better than others in predicting real and complex
flow features [14], especially in compressors develop-



ing large scale structures. The effect of the turbulence
model on an axial compressor known to develop large
scale vortices, such as tip-leakage and corner vor-
tices, was analyzed in [15]. In the tip region the best
prediction was provided by the S S T model, while
close to the hub it was the k− to have superior perfor-
mance against experimental results. Linear compres-
sor cascades with highly-loaded blades were analysed
in [16; 17; 18]. The k− ϵ model showed more reliable
results, with respect to the S S T and Spalart Allmaras,
for what concerns the size and the intensity of the hub
corner separation. However, these studies highlighted
that the performance of the turbulence models is case-
by-case dependent, and no general conclusion can be
drawn about their reliability and accuracy.

The objective of this paper is to provide a turbu-
lence model assessment for an highly-loaded low-
pressure compressor by means of 3D RANS simula-
tions. The models mostly used for the design of tur-
bomachinery are considered: Menter k − ω S S T and
Chien k − ϵ turbulence models. Also results for the
Spalart Allmaras model will be briefly described de-
spite no results were available at near-stall conditions.
The DREAM compressor, installed in the VKI R4 fa-
cility, and representative of the first stage of a modern
low pressure compressor, will be used for this pur-
pose. The main idea is to provide a physical expla-
nation to the evolution of secondary flow structures
appearing at operating points with reduced mass-flow,
while highlighting advantages and drawbacks of the
employed turbulence models by means of the valida-
tion against the experimental results.

2. Compressor test-rig and instrumentation

2.1. Experimental facility and test section

The VKI R4 facility is a closed-loop high-speed
test-rig, composed by a tank used as settling chamber
(1), the test section (2), a discharging collector at the
compressor outlet (3), a return channel to guide the air
back to the reservoir (4), and a throttling valve to run
the compressor at different operating conditions (5)
(Figure 1). An independent variation of temperature
and pressure into the facility is possible by means of
the heat exchanger (located upstream of the test com-
pressor) and the closed-loop configuration, allowing
to test cruise and take-off aircraft conditions. The test
section considered is the DREAM compressor stage:
a 1.5 stage, with equal number of inlet guide vanes
(IGV) and outlet guide vane (OGV) stators, represen-
tative of the first stage of a low-pressure compressor

(Figure 2, where the measurement planes are clearly
identified).

Figure 1: von Karman Institute R4 facility: closed-loop high-speed
compressor test rig.

Figure 2: Dream test section.

2.2. Test section instrumentation

Probe traversing is allowed at four circumferential
locations (0°, 90°, 180° and 270°) and for each mea-
surement plane, axially located at stage inlet (plane
1), IGV outlet (plane 2), rotor outlet (plane 3) and
stage outlet (plane 4). In this way, good resolution
measurements of total pressure, temperature, Mach
number and flow angles can be performed to prop-
erly characterize each location of the machine. For
the measurement of the global performance, 4 com-
bined total pressure and total temperature rakes are
distributed circumferentially in plane 0, located up-
stream of plane 1, and in plane 4. A constant rota-
tional speed of the compressor and a variation of the
throttling valve position allow to retrieve the compres-
sor map. +/- 0.00053 and 0.7% of the mass-flow at
design conditions are the uncertainty respectively as-
sociated to the pressure ratio and the mass-flow.



A fast-response pressure probe, employed to obtain
the phase-locked-average total pressure maps, is lo-
cated at the rotor outlet and employed with acquisition
frequency of 10Mhz for 10 seconds. It is character-
ized by resonance frequency of around 300 kHz and
uncertainty calibration of +/- 1.8 mbar.

These uncertainty values are presented in a 95%
confidence interval and calculated with the ASME
method [19]. Further information about the test sec-
tion instrumentation can be found in [20].

3. Numerical approach

3.1. Numerical setup

Fully-turbulent compressible RANS equations
were solved by means of Numeca Fine/Turbo, and
spatially discretized with a cell-centered finite vol-
ume formulation on a multi-block structured grid. At
the inlet the total pressure and temperature retrieved
with experiments were imposed, together with the
turbulence intensity and viscosity ratio. The mass-
flow boundary condition was imposed at the outlet.
Air was considered as a calorically perfect gas, and
the solid walls as adiabatic. An explicit multi-stage
Runge-Kutta method combined with an implicit resid-
ual smoothing approach was considered for the time
integration to a steady-state condition. Non reflect-
ing boundary conditions with mixing plane approach
were employed at the rotor-stator interfaces. For the
turbulent closure, the Menter k − ω S S T , Chien k − ϵ
and Spalart-Allmaras turbulence models were consid-
ered. Due to the divergence of the solution at near-
stall (NS) conditions, the results for the S A model are
only available at design (DE) and middle (MID) oper-
ating points. The formulation of the aforementioned
models can be found in [21].

3.2. Numerical domain and mesh

3.2.1. Numerical domain
The role of real geometrical features, such as fillets

and cavities, was assessed to understand their impact
on the global performance and flow field of the ma-
chine. Fillets have been integrated into the domain
due to their influence on the secondary flows struc-
tures and limited impact on mesh size, while the cav-
ities have not been taken into account. Indeed, given
their closed geometry on the test facility, they have
very limited impact at rotor and stator inlets. More-
over, the rotor tip gap was set to the averaged mea-
sured value and hot geometries (i.e. in rotation) were
employed. A meridional section and a blade-to-blade

cut at 50% of the span of the presented compressor are
reported respectively in Figure 3a and 3b.

Figure 3: Numerical domain: meridional view (a) and B2B cut 50%
span with channel repetition (b) on a coarser mesh.

In the present paper only the 100% speed of the
compressor will be investigated.

3.2.2. Mesh quality
Autogrid5 and IGG softwares were used to gener-

ate a multi-block structured mesh. An O4H symmet-
ric B2B topology and a OH topology ware consid-
ered for every blade row and the rotor tip gap region.
For the creation of the hub and shroud fillets a B2B
section offset method was considered, with 35 span-
wise points and a minimum angle of 25° to guaran-
tee a good distribution and angular deviation of the
wall points. 81 cells and 20% constant size cells in
the mid-flow gap region were used in the span-wise
direction, and skewness level, maximum aspect and
expansion ratios were set to provide good quality re-
sults. A value of y+ lower than 1.2 was guaranteed ev-
erywhere, while expansion ratio and cell width were
adjusted to ensure a uniform distribution of cells at the
wall.

Global performance and percentage difference of
total pressure at the rotor outlet are reported in Fig-
ure 4 and Figure 5 considering a coarse, medium and
fine mesh solution with 1.2, 9.2 and 73.8 million cells
respectively. The fine mesh is here considered as ref-
erence case. An isotropic refinement by a factor of 2
was performed in the θ, R and Z directions. The rotor
outlet region is considered as the most critical for the
phenomena described in the present paper, and for this
reason is chosen as location for the comparison. This
study was performed with the k − ω S S T turbulence
model at DE conditions.

The good accuracy level of the medium mesh with
respect to the reference, and the reduced computa-



Figure 4: Comparison among mesh levels on the pressure ratio (a)
and efficiency (b) of the compressor.

Figure 5: Percentage difference of the coarse mesh (a) and medium
mesh (b) with respect to the reference case on the rotor outlet total
pressure map.

tional cost, made it suitable to be employed in the
simulations. The coarse solution, instead, as shown
in Figure 5, presents discrepancies up to 8.5% when
compared to the reference case due to the numerical
dissipation induced in the recirculating regions of the
flow, over-predicting the total pressure reduction.

4. Results

4.1. Overall observations

The large loading of the rotor blade and the high
degree of reaction make the rotor a possible region for
the development of critical secondary flow structures.
In particular, the tested compressor presents a large
value of the loading in the hub region, supporting the

need of further investigating the development of the
flow in this region. Figure 6 shows the skin friction
lines on the rotor hub wall.

Figure 6: Skin friction lines on the rotor hub wall for S S T (white
line) and k − ϵ (red line) models.

From this picture, it is evident that a strong differ-
ence is present between the two turbulence models
which highly impacts on the flow pattern in the ro-
tor hub region. The S S T turbulence model presents,
indeed, larger cross-flow in the channel with respect
to the k − ϵ, pushing low-momentum flow on the suc-
tion side of the adjacent blade and possibly allowing
the development of a more critical flow structure in
that region. This is further enhanced by the impact of
the horseshoe vortex legs in the rear part of the blade,
contrarily to the k − ϵ turbulence model.

Given this evidence, the origin of such behavior
and the large-scale effects induced in the entire ma-
chine need to be analysed and assessed. The intent
is to quantify the differences between the investigated
turbulence models and identify the physical quantities
driving these secondary mechanisms since their earli-
est appearance. To do so, the flow quantities at rotor
inlet will be firstly observed to understand the influ-
ence of inlet conditions on the evolution of the flow
field, and then analysing the impact that such flow
conditions may have downstream of the rotor blade.



4.2. Flow conditions at the rotor inlet

Figure 7a presents the bottom 50% span of the rel-
ative flow angle for DE, MID and NS conditions. At
reduced mass-flow, discrepancies in the value of the
incidence start to appear, and this become visible at
MID condition for span lower than 25%. This is even
more evident at near-stall condition, where a blockage
effect appears in the blade passage that not only im-
pacts the incidence, but also the axial velocity (Figure
7b). This may demonstrate the appearance of a large
secondary structure which impacts on the blockage of
the passage at NS conditions for the S S T turbulence
model. However, the skin friction lines around the LE
do not reveal any relevant difference as the stagnation
point is the same for both models.

Figure 7: Rotor inlet conditions: relative flow angle (a), axial ve-
locity (b) and hub-wall skin friction lines around the LE (c), at DE,
MID AND NS conditions for S S T and k − ϵ turbulence models.

Figure 8 presents the span-wise pitch-averaged dis-
tribution of the turbulent viscosity at the inlet and out-
let of the rotor, non-dimensionalized with the dynamic
viscosity of the flow.

Figure 8: Span-wise distribution of eddy viscosity at rotor inlet (a)
and outlet (b).

From the picture two opposite trends appear outside
and inside the BL at the rotor inlet. Outside of the
boundary-layer, the S S T turbulence model presents
indeed a larger value of the turbulent viscosity, while
into the boundary-layer the trend is inverted. At ro-
tor outlet, an overall increase of the eddy viscosity is
visible due to the turbulent action determined by the
development of a possible hub corner separation, as
expected from a highly-loaded rotor in the hub region.
However, the increase of the eddy viscosity from in-
let to outlet is much more visible in the S S T turbu-
lence model with the variation of the operating point,
which could be the trace of a more critical secondary
structure developing in that region. The k − ϵ model,
instead, almost does not present at all a variation of
eddy viscosity distribution at lower mass-flow.

As a consequence of this behavior, a smaller
boundary-layer eddy viscosity and boundary layer di-
mension for the S S T model could therefore possibly
reduce the migration of momentum from the main-
stream into the boundary layer, decreasing the mo-
mentum of the end-wall flow compared to the k −
ϵ model and increasing considerably the cross-flow
component. In this way, in the S S T model, the end-
wall low-momentum flow accumulates on the blade
suction side increasing the criticality of possible sec-
ondary structures at near-stall conditions. Opposite to
this, the larger wall momentum for the k−ϵ turbulence
model would decrease the cross-wise component of
the velocity, as already demonstrated with Figure 6.



This difference in the prediction of the eddy viscosity
and in the boundary layer height, could be therefore
at the origin of the different behavior of the end-wall
flow pattern in the rotor hub wall between the two tur-
bulence models.

Moreover, as highlighted in Figure 7, the stagna-
tion point around the leading edge at the hub is the
same for the two cases, and therefore the inlet inci-
dence does not play any role in this mechanism.

Anyway, these observation can be considered valid
only for the present compressor given the large value
of the loading in the hub region. The same conclu-
sions can therefore not be extended to different blade
geometries with reduced loading, where the end-wall
flow pattern and the evolution of secondary flow struc-
tures could assume a less relevant role.

4.3. Impact on large-scale structures
4.3.1. Rotor flow field

The IGV of the present stage was installed to sim-
ulate the radial distribution of the flow angle behind a
fan and deliver a smooth flow at the rotor inlet, there-
fore no critical features should take place inside the
IGV passage. However, in a highly-loaded rotor blade
row, more critical features can appear, such as the tip
leakage vortex (TLV) and the hub corner separation,
which could lead to flow instabilities and stall incep-
tion as mass-flow is reduced [22; 23; 24; 25]. It is
therefore worth to detect any possible critical behav-
ior close to the stability limit of the machine looking
closer to the casing and hub of the rotor blade.

Figure 9 shows the entropy contour at the rotor cas-
ing.

The increased loading at reduced mass-flow in-
duces the streamlines of the tip leakage vortex to be-
come more tangential, with increased entropy gradient
across the TLV interface and maximum local entropy.
This is visible for both turbulence models. Moreover,
at the location of the rotor trailing edge an increase of
entropy is representative of a recirculating structure
for both turbulence models. However, no clear criti-
cal behavior is detected at reduced mass-flow and the
flow pattern predicted by the S S T and k − ϵ turbu-
lence models is quite similar for all of the operating
conditions.

Figure 10 shows the skin friction lines on the suc-
tion side of the rotor blade.

Two flow mechanisms are visible from this picture:
a corner separation close to the hub wall and a shock-
boundary layer interaction (SBLI) separation in the
front part of the blade. The predicted hub corner sep-
aration is different for the two models, and the S S T

Figure 9: Entropy distribution at casing for S S T and k − ϵ models
at DE, MID AND NS conditions.

Figure 10: Skin friction lines on rotor blade suction side for S S T
and k − ϵ models at DE, MID AND NS conditions.

clearly predicts a larger increase of the corner separa-
tion, while for the k−ϵ this increase is much smoother
going form DE to NS. The separation takes place only
on the suction side of the blade and on the hub wall the
boundary layer keeps attached. The same can be ob-
served in 11, which shows the non-dimensional total
pressure map at rotor outlet at near-stall conditions.
Concerning the SBLI, only the k − ϵ model predicts
its span-wise and stream-wise variation over the en-
tire operating range of the machine and it assumes
larger dimensions with respect to the S S T turbulence
model. This is a consequence of the reduced eddy
viscosity into the main channel for the k − ϵ model,
which reduces the resistance of the boundary-layer to
the separation.



Figure 11: Total pressure map at rotor outlet for S S T (a) and k − ϵ
(b) models at near-stall conditions.

It is evident that the reasons behind the different tur-
bulent activity at the rotor outlet are the consequence
of a critical development of the rotor hub corner sep-
aration for the S S T turbulence model. This structure
not only reduces the total pressure close to the rotor
hub as it happens for the k − ϵ turbulence model, but
involve the entire blade span strongly impacting the
losses of the machine (Figure 10). The large loading
coefficient of the rotor blade in the hub region (up to
0.75) and the high degree of reaction of the machine
(0.86 computed via enthalpy ratios) support this inter-
pretation and the fact that the rotor is prone to develop
critical flow structures.

4.3.2. Outlet stator flow field
To check the impact of this structure on the entire

flow path of the compressor, the flow pattern on the
suction side of the outlet stator is reported in Figure
12.

In the tip region, a corner separation develops but it
does not assume the critical behavior of the rotor hub
corner one, and it keeps stable all over the operating
range of the machine. As expected, the size of the
separation increases as mass-flow reduces.

4.3.3. Global performance
It is important to assess the impact of the the de-

tected flow structures on the global performance of the
machine. The compressor map non-dimensionalized
with respect to the experimental values at design con-
dition, and retrieved with the proposed turbulence
models, is shown in Figure 13. The uncertainties

Figure 12: Skin friciton lines on the outlet stator suction side.

linked to the pressure ratio and the mass-flow are re-
ported in the picture (even if the pressure ratio uncer-
tainty is rather small to be visible). The MID operat-
ing point is at half operative range with respect to de-
sign and near-stall conditions and it is the only point
for which an experimental validation does not exist.

Figure 13: Compressor map obtained by experiments (black) k −ω
S S T (grey), k − ϵ (orange) and S A (red) turbulence models.

At the DE point a difference of 0.62%, 0.38% and
0.2% exists for the pressure ratio predicted by k − ϵ,
S S T and S A models respectively and the one of the
experiments. However, at NS the S S T model predicts
a totally wrong pressure ratio, as a consequence of
the abrupt development of the hub corner separation
at reduced mass-flow. The S A model is instead not
able to reach the near-stall conditions due to a too
strong decrease of the pressure ratio which induces



the simulation to diverge, and only the results at DE
and MID operating points are available. This is the
reason why only the S S T and k− ϵ turbulence models
have been analysed in the paper, as they provide the
necessary information to describe possible and dif-
ferent developments of the flow field at NS conditions.

The outcome of this section is that despite the tur-
bulence model impacts on the evolution of the end-
wall flow pattern and the inlet turbulent quantities all
over the operating range of the compressor, at DE con-
dition the overall performance of the compressor is
well predicted by both models. However, at reduced
mass-flow the turbulence model plays a crucial role as
it has a huge impact on the predicted size intensity of
the critical flow features, that in this specific case are
mainly represented by the hub corner separation.

5. Validation against the experimental results

The reliability of the turbulence model to predict
properly flow field and global performance for a spe-
cific operating condition is here assessed against the
experimental results. As mentioned earlier, only ex-
perimental results at design and near-stall operating
points are available.

5.1. Span-wise validation at rotor and stator outlets

The comparison of total pressure, temperature and
absolute flow angle distributions of the proposed tur-
bulence models against the experimental results is
plotted in Figure 14, Figure 15 and Figure 16 in plane
3 (outlet rotor) and plane 4 (outlet of the stage). In
these planes, the most important features of the com-
pressor can be observed. The uncertainty for the worst
case scenario is reported in the plots.

For the total pressure distributions at rotor outlet,
both turbulence models provide results well in agree-
ment with experiments at design conditions, with
larger differences in the hub region due to the presence
of the corner separation. However at near-stall condi-
tions the results of the k−ϵ model are better than those
of the S S T , as expected from the analysis of the com-
pressor map. The TLV evolution, along with the cor-
ner separation in the tip region of the stator, determine
the differences between experiments and simulations
for span location above 60%.

Similar conclusions can be drawn for the total tem-
perature, despite it should be remembered that adia-
batic boundary conditions were employed on the solid
walls. Indeed, at near-stall conditions the S S T model

Figure 14: Total pressure predicted by S S T and k − ϵ turbulence
models against the experimental results at rotor outlet (a) and stage
outlet (b).

Figure 15: Total temperature predicted by the S S T and k− ϵ turbu-
lence models against the experimental results at rotor outlet (a) and
stage outlet (b).

presents better results in the tip region, while the op-
posite happens on the hub. Both models, at design
condition, provide good quality results against the ex-
periments.

For the absolute flow angle at the rotor outlet, the
S S T model is closer to experiments at near-stall con-
ditions but this depends mainly to the fact that the sim-
ulations globally overestimates the flow angle. This is
visible also at the stage outlet, where globally the ex-
perimental flow angle is 2° smaller than the numerical



Figure 16: Absolute flow angle predicted by S S T and k − ϵ turbu-
lence models against the experimental results at rotor outlet (a) and
stage outlet (b).

one. The reduced k − ϵ flow angle in plane 3 at 10%
span comes from the more axial flow at rotor outlet, as
a consequence of the larger end-wall momentum flow,
as explained in the previous paragraphs. Moreover,
the variation of the operating point impacts largely the
flow angle at rotor outlet by an increment of 8° of the
flow angle, but the same does not happen at stator out-
let, with an angle which keeps constant around 5°.

5.2. 2D validation at rotor outlet

Figures 17 and 18 show a percentage difference of
the total pressure at rotor outlet at design and near-
stall conditions respectively.

At design conditions (Figure 17), the S S T model
is more in agreement with the experiments for span
lower than 30%. In this region, the maximum per-
centage difference for the S S T model is 3.9%, while
for the k − ϵ model is 5.6%. Close to the tip, instead,
they provide similar prediction of the total pressure.
At near-stall conditions (Figure 18), the prediction of
the two turbulence models is quite similar closer to
the hub with a 6.2% difference with respect to experi-
ments, and the S S T works properly close to the tip re-
gion. However, it completely fails in the prediction of
the total pressure at mid-span which is a consequence
of the critical development of the separation on the
rotor suction side.

6. Conclusions

In the present paper, 3D RANS simulations with
the mostly employed turbulence models for the design
and analysis of axial compressors were presented,
with the intent to assess their influence on the develop-
ment of the critical flow structures of a highly-loaded
compressor. Menter k − ω S S T , Chien k − ϵ, and
Spalart Allmaras models were compared, despite for
the S A no results were available at NS conditions.

The following conclusions can be drawn from the
present analysis:

1. The S S T turbulence model develops larger hub
cross-flow, which pushes more low-momentum
flow toward the suction side of the adjacent
blade, enhancing the development of critical flow
structures in that region. The opposite behavior
is instead visible for the k − ϵ model. The larger
end-wall momentum, indeed, does not allow the
horseshoe vortex to impact the rear part of the
blade and to accumulate low-momentum flow on
the blade corner;

2. The reasons behind such behavior seem to come
from the eddy viscosity distribution at the rotor
inlet. The lower turbulent viscosity for the S S T
model in the boundary-layer allows a smaller mi-
gration of momentum from the main-flow into
the boundary layer with respect to the k− ϵ. This
enhances the evolution of tangential cross-flow
and critical flow structures on the rotor hub cor-
ner.

3. The most critical feature at reduced mass-flow is
the separation developing between the rotor suc-
tion side and the hub wall. The k − ϵ turbulence
model provides good matching with the exper-
imental global performance, while the S S T to-
tally fails this prediction due to the overestima-
tion of the size and intensity of the hub corner
separation.

4. The validation against the experimental results
shows that no single turbulence model is in gen-
eral better than the other, and their effectiveness
depends on the operating point. At design con-
ditions, the S S T model provides better results
close to the hub region, while at near-stall oper-
ating point it is the k−ϵ to provide more accurate
results. Close to the tip, both models provide re-
sults well in agreement with the experiments.

As general outcome, this paper wanted to highlight
the effectiveness and weakness of different turbulence
models in compressors where the presence of large



Figure 17: Total pressure percentage difference between S S T (a)
and k − ϵ (b) turbulence models against experiments at rotor outlet -
DE conditions.

Figure 18: Total pressure percentage difference S S T (a) and k − ϵ
(b) turbulence models against experiments at rotor outlet - NS con-
ditions.

scale structures can massively influence the results of
a simulation. By doing so, the authors hope to in-
crease awareness about the inherent dangers of relying
too much on the results of a single turbulence model to
draw conclusions about the evolution of critical flow
features and the near-stall behavior of compressors.
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