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Abstract: In the current work a detailed investigation and a performance assessment of two eddy
viscosity and two Reynolds stress turbulence models for modelling the transitional flow on a double
circular arc (DCA) compressor blade is presented. The investigation is focused on the comparison of
the obtained computational results with available experimental data for a specific DCA compressor
blade cascade which can be found in the European Research Community on Flow, Turbulence and
Combustion (ERCOFTAC) experimental database. The examined flow field is very challenging
for the performance assessment of the turbulence models. The blade inlet angle departs +5◦ from
the compressor blade design conditions resulting in a complex flow field having large regions of
boundary layer transition both on the suction and pressure sides of the blade with the presence of
an unsteady wake. The presented results include velocity and turbulence intensity distributions
along the pressure, the suction sides, and the wake region of the blade. From the comparison with
the available experimental data, it is evident that in order to accurately compute such complex
velocity and turbulence fields that are met in aero engine components (compressors and turbines),
it is obligatory to use more advanced turbulence models with the Unsteady Reynolds Averaged
Navier Stokes Equations (URANS) adoption, or other simulation and hybrid methodologies which
require unsteady calculations.

Keywords: compressor blade; turbulence modelling; boundary layer transition; Reynolds stress
model; large/small scales; URANS; CFD

1. Introduction

The accurate prediction of the flow development inside various stations in an aero engine
(e.g., compressor and turbine stages, intakes, nozzles, combustors, heat exchangers) is of great
interest to aero engine designers since the understanding of the flow underlying physics and its
development are critical in order to enhance their operational performance and provide efficient
aero engines architectures. Nowadays, many design methodologies of aero engine turbomachinery
components exist that are able to provide good and rapid solutions regarding their components’
geometrical design and characteristics with certain limitations, since the computation of the accurate
flow field especially inside compressors and turbines, requires the use of Computational Fluid
Dynamics (CFD), which is more computationally demanding. However, with increasing available
CPU power, CFD methodologies and algorithms become more and more attractive for engineers
and turbomachinery designers. These methodologies include turbulence modelling and Reynolds
Averaged Navier Stokes (RANS) equation solutions, Detached and Large Eddy Simulation (DES,
LES) models and hybrid approaches combining the above (hybrid RANS/LES). The use of LES based
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methodologies require increased computational resources and are time consuming while on the
other hand, turbulence modelling using RANS approaches are more time efficient and require less
computational power. Under this perspective, especially from an engineering point of view where
time efficient computations are of great importance, RANS and turbulence modelling methodologies
have become a basic engineering tool for the last 20 years. However, the use of turbulence modelling
requires good knowledge of the physics and the mathematical relations that are the building blocks of
these methodologies. Additionally, understanding the limits or the advantages of turbulence models
for the calculation of complex flow fields (such as transitional and unsteady flows that are met inside
turbomachinery) is a key aspect to further improving the computational methodologies, algorithms,
and techniques.

In the literature there are numerous studies regarding CFD computations and turbulence
modelling of the flow around compressor and turbine blades in turbomachinery, which is also the main
topic of the current work. For instance, Biesenger et al. [1] adopted linear eddy-viscosity models with
appropriate refinements in order to study the flow in subsonic and transonic compressors. Additionally,
as presented in [2], the authors utilized zero and two equation turbulence models and provided
a comparison to experimental data for axial turbomachinery flows (compressors and turbine blades),
and it was proved that the adopted models provided results closer to the experiments, concluding that
for the accurate modelling of such kind of flows, extension to transitional and higher order turbulence
models are necessary. In the same direction, Dawes [3] presented turbulence modelling predictions for
a compressor transonic cascade blade and a linear low pressure turbine cascade by adopting a single
mixing length model and an one equation turbulence model. Zhang et al. [4] utilized a Reynolds stress
model and a linear eddy viscosity model for the flow modelling of a typical high-speed compressor
cascade providing useful data for the turbomachinery flow modelling and the adopted turbulence
models’ performance. Suthakar and Dhurandhar [5] modelled the flow in an axial flow compressor
with the realizable k-ε turbulence model focusing on the prediction of the secondary flow formation.
Kumar et al. [6] presented a performance assessment of the standard k-ε model, the realizable k-ε
model, and the k-klaminar-ω turbulence model for the flow modelling of a centrifugal compressor
of a micro gas turbine. Gourdain [7] compared Large Eddy Simulation (LES) computations with
Unsteady Reynolds Averaged Navier Stokes Equations (URANS) computations by adopting the linear
k-ω and k-ε models and available experimental data for the flow of an axial compressor stage, stating
that the better understanding of the unsteady flow that is met in turbomachinery components is of
great importance for efficient aero engine components design. Andrei [8] utilized 4 turbulence models
in order to model a two-dimensional (2D) high loaded rotating cascade of an axial compressor and
predict the lift and drag coefficients. Ning et al. [9] implemented RANS equations with the use of the
Spalart-Almaras one equation turbulence model focusing on the three-dimensional (3D) aerodynamic
redesign of a 5-stage compressor with multi stage CFD methods. Menter and Langtry [10] presented
a detailed study regarding the turbulence modelling approaches for the accurate prediction of the
flow development in turbomachinery. Vlahostergios et al. [11] evaluated a cubic non-linear k-ε model
performance comparing the results with available experimental data for the flow prediction of the
anisotropic wake of a low pressure turbine blade.

In the current work, a detailed performance assessment of three turbulence models regarding their
accuracy in modelling a complex unsteady flow field around a Double Circular Arc (DCA) compressor
blade are presented. The examined test case uses the well-known compressor blade whose flow field
development was measured and presented in the work of Deutsch and Zierke [12,13]. The developed
flow field is extremely challenging for turbulence modelling since many complex flow phenomena are
present including boundary layer transition on both the pressure and the suction sides of the blade
and trailing edge vortex shedding. Additionally, there are no similar computational studies in the
literature that assess in such detail the turbulence models performance by providing detailed velocity
and turbulence intensity distributions for all the measurement stations with unsteady computations.
Additionally, a detailed investigation for the specific DCA compressor blade is limited and only few
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numerical data compared with the experiments are available. For the flow modelling, 4 turbulence
models were utilized: the widely used eddy viscosity model of Spalart and Allmaras [14], the linear
eddy viscosity Shear Stress Transport k-ω model of Menter [15], and two Reynolds stress models
(RSM) which are the Baseline RSM (as presented in [16]) and the non-linear RSM by Speziale et
al. [17]. The commercial CFD solver of ANSYS-CFX [16] was used for the computations, and unsteady
Reynolds averaged Navier Stokes equations were implemented in the cases where the turbulence
models were able to capture the flow unsteadiness. The study presents the minor superiority (for
the selected test case and turbulence models) of the RSMs by providing comparisons with available
experimental data regarding velocities and turbulence intensity distributions that are available in the
European Research Community on Flow, Turbulence and Combustion (ERCOFTAC) database [18]. It is
demonstrated that the models must be capable to calculate the unsteady features of the flow in order
to provide more accurate computational results, especially for the turbulence intensity of the flow.
As also presented and discussed in [19,20], it is very important to provide CFD algorithms that can
resolve or model all the turbulent/small and large scales for the accurate calculations of the complex
flow fields that are met in turbomachinery flows, leading to the designing of more efficient aero engine
components and architectures.

2. The Double Circular Arc (DCA) Compressor Blade

The selected test case is the transitional compressor cascade that has been extensively studied in an
experimental level by Deutsch and Zierke [12,13]. It concerns the experimental study of the flow inside
the blade passage of a double circular highly loaded compressor. The experiments were performed
with the single Laser Doppler Velocimetry (LDV) experimental technique for various stations on the
pressure, suction side, and the wake region of the blade. The specific test case is very challenging for
turbulence modelling assessment since it produces a complex flow field that combines laminar and
transitional regions with boundary layer recirculation on the suction side of the blade. A schematic
of the blade geometry passage is given in Figure 1 while the compressor blade characteristics are
summarized in Table 1.

Aerospace 2018, 5, x FOR PEER REVIEW  3 of 19 

 

flow modelling, 4 turbulence models were utilized: the widely used eddy viscosity model of Spalart 
and Allmaras [14], the linear eddy viscosity Shear Stress Transport k-ω model of Menter [15], and 
two Reynolds stress models (RSM) which are the Baseline RSM (as presented in [16]) and the non-
linear RSM by Speziale et al. [17]. The commercial CFD solver of ANSYS-CFX [16] was used for the 
computations, and unsteady Reynolds averaged Navier Stokes equations were implemented in the 
cases where the turbulence models were able to capture the flow unsteadiness. The study presents 
the minor superiority (for the selected test case and turbulence models) of the RSMs by providing 
comparisons with available experimental data regarding velocities and turbulence intensity 
distributions that are available in the European Research Community on Flow, Turbulence and 
Combustion (ERCOFTAC) database [18]. It is demonstrated that the models must be capable to 
calculate the unsteady features of the flow in order to provide more accurate computational results, 
especially for the turbulence intensity of the flow. As also presented and discussed in [19,20], it is 
very important to provide CFD algorithms that can resolve or model all the turbulent/small and large 
scales for the accurate calculations of the complex flow fields that are met in turbomachinery flows, 
leading to the designing of more efficient aero engine components and architectures. 

2. The Double Circular Arc (DCA) Compressor Blade 

The selected test case is the transitional compressor cascade that has been extensively studied in 
an experimental level by Deutsch and Zierke [12,13]. It concerns the experimental study of the flow 
inside the blade passage of a double circular highly loaded compressor. The experiments were performed 
with the single Laser Doppler Velocimetry (LDV) experimental technique for various stations on the 
pressure, suction side, and the wake region of the blade. The specific test case is very challenging for 
turbulence modelling assessment since it produces a complex flow field that combines laminar and 
transitional regions with boundary layer recirculation on the suction side of the blade. A schematic of the 
blade geometry passage is given in Figure 1 while the compressor blade characteristics are summarized 
in Table 1. 

 
Figure 1. Blade passage geometry cascade. 

Table 1. Double Circular Arc (DCA) compressor blade geometrical characteristics. 

Blade Chord Blade Passage Height Leading and Trailing Edge Radius Stagger Angle 
228.6 mm 106.8 mm 0.9144 mm 20.5° 

Figure 1. Blade passage geometry cascade.

Table 1. Double Circular Arc (DCA) compressor blade geometrical characteristics.

Blade Chord Blade Passage Height Leading and Trailing Edge Radius Stagger Angle

228.6 mm 106.8 mm 0.9144 mm 20.5◦
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Regarding the DCA blade experiments [12,13], three incidence angles of the compressor blade
where measured corresponding to −1.5◦, 5◦, and 8.5◦. For the present work, only the 5◦ incidence
angle was examined. Additional detailed information regarding the blade geometrical characteristics,
the overall experimental procedure that was followed, and the concluding results of the experimental
campaign can be found in [12,13].

3. Numerical Setup and Computational Details

3.1. Turbulence Modelling

For the flow modelling, four turbulence models were selected. The first one is the one equation
eddy viscosity model of Spalart and Allmaras [14] (SA). The SA model uses one transport equation for
the calculation of the viscosity like variable ṽ. It was selected as a reference since it is a low-Reynolds
and relative simple turbulence model which is widely used in external aerodynamic flows. Thus,
the assessment of its behaviour on the prediction of a demanding transitional flow field such as the one
presented in the current work is very interesting. The eddy viscosity transport equation is given by
Equation (1). From the solution of Equation (1) the kinematic turbulent eddy viscosity is defined by the
expression vt = fv1ṽ, where fv1 is a function of the quantity ṽ and the kinematic molecular viscosity.

∂ṽ
∂t

+
∂

∂xj

(
Uj ṽ
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The second adopted turbulence model is the also widely used Shear Stress Transport model (SST)
k-ω of Menter [14]. SST is a linear two equation eddy viscosity model which uses a blending function
for modelling the turbulent dissipation by blending the turbulent dissipation ε away from the walls
with the specific turbulent dissipation ω near the wall region. The model’s main advantage is that
it takes into consideration the transport mechanism of the turbulent shear stresses by appropriately
limiting the turbulent eddy viscosity which is given by vt = a1k

max(a1ω, SF2)
, where F2 is a blending
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The next two models are both Reynolds Stress Models which solve the Reynolds stress transport
equations, given by Equation (2), in order to model in a more accurate way the transport of turbulence.
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More specifically, the models are the Baseline Reynolds Stress Model (BSL-RSM) as presented
in [16] and the Speziale et al. [17] model (SSG-RSM). The BSL-RSM model is an ω based RSM which
adopts a blending function for modelling the transport of the turbulent dissipation (in the same way
as the SST model does) and adopts a linear expression for modelling the pressure-strain correlation Φij
term, which is given by Equation (3).
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The Φij pressure strain correlation term is an important parameter of the RSM models, and in
general it describes the energy redistribution among the Reynolds stresses, the interaction of the mean
velocity gradient field, and the fluctuating velocity field. It is also responsible for the description of
the return to isotropy mechanism of the Reynolds stresses due to energy redistribution. Numerous
pressure strain correlation expressions can be found in the literature, leading to extremely complex
non-linear equations. Although these equations provide increased accuracy for complex transitional
flows [21], they also lead to unwanted numerical instabilities during the iterative solution procedure.
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The SSG-RSM model uses a more advanced quadratic relation for modelling the Φij term than the
BSL-RSM and it is designed to describe more accurately the redistribution mechanism of the Reynolds
stresses that drives turbulence to isotropy. The quadratic equation of the SSG-RSM turbulence model
is given by Equation (4).

Φij = −ρε
[
Cs1aij + Cs2

(
aikakj − 1

3 amnamnδij

)]
− Cr1Paij + Cr2ρkSij − Cr3ρkSij

√
amnamn+

Cr4ρk
(

aikSjk + ajkSik − 2
3 aklSklδij

)
+ Cr5ρk

(
aikΩjk + ajkΩik

) (4)

All the equations that are presented in the current work are only the basic fundamental equations
related to the adopted turbulence models. Further details regarding the model coefficients, their
purpose, and the transport equations that are utilized for the computations can be found in [16].

3.2. Computational Details

In order to solve the non-linear transport momentum and turbulent equations, a structured two
dimensional computational grid of the blade passage was constructed having 212× 101 computational
nodes. Since the flow in a compressor cascade is periodic among the blade passages, periodicity
conditions were implemented in order to model one flow passage between the compressor blade’s
geometry and reduce the number of the computational cells. This is a very critical issue regarding time
efficient calculations, especially for unsteady calculations. A representative view of the grid with the
imposed boundary conditions is presented in Figure 2.
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Figure 2. Computational domain (grid) and imposed boundary conditions.

The selected grid was used for the computations of all the adopted turbulence models. For the
SST and BSL-RSM, the computations did not present any unsteadiness and the converged flow was
steady. This was also validated by the grid dependency studies that were performed for the SA, SST,
and the BSL-RSM with the use of a double sized finer grid. On the other hand, the SSG-RSM presented
unsteadiness during the computations. This was due to the recirculation region that was formed on
the suction side trailing edge that was detaching periodically towards the wake region. Due to the
unsteady nature of the flow, no grid dependency studies were performed for the SSG-RSM since the
unsteady computations for a finer double sized grid would be extremely time consuming. The time
step for the unsteady computations was selected based on the flow Strouhal number (corresponding to
the flow Reynolds number of 505.000) with an additional further reduction in order to include enough
number of periods for an accurate post processing of the unsteady calculations for the SSG-RSM.
The selected boundary conditions values for all the turbulence models were based on the experimental
data of [12,13] as well as on the work of Chen et al. [22] and are presented in Table 2.

Table 2. Selected inlet boundary conditions. SSG-RSM = Speziale et al. [17] Reynolds Stress Model.

Inlet Velocity Turbulence Intensity Turbulent Length Scale Time Step for SSG-RSM

33 m/s 22% 4 mm 10−4 s
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Figure 3 presents the grid dependency study results for the SA, SST, and BSL-RSM models. Two
indicative stations on the suction and pressure sides of the DCA blade were selected for presentation.
From the grid dependency study, no essential differences can be observed regarding the turbulence
models behaviour for the velocity and turbulence intensity computations for the different grids and
hence, the results can be considered grid independent. The locations of the selected stations are
presented in Figure 3.
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the Spalart and Allmaras [14] model (SA), Shear Stress Transport model (SST), and Baseline Reynolds
Stress model (BSL-RSM) (measurement stations are shown in Figure 4).

In particular the selection of the turbulent length scale, which is a very critical quantity for
modelling with accuracy the turbulent dissipation, was based on the study of Chen et al. [22] who
presented steady computations of the flow around compressor blades with non-linear eddy viscosity
models. In their work, among other presented test cases, they modelled the Deutsch and Zierke [12]
DCA compressor blade with a −1.5◦ incidence angle. The validity of the proposed turbulent length
scale value was also verified by the accurate matching of the turbulence intensity values on the free
stream of the flow especially for the first measurement locations on the pressure and suction sides,
which are unaffected by the compressor blade wall surface boundaries.

Regarding the post processing of the results, emphasis was given to the used Cartesian
coordinate systems in order to provide accurate comparisons to the experiments. More specifically,
the experiments were performed for 11 stations on the pressure and 11 on the suction side and two
stations on the wake region. Each station has its own local Cartesian coordinates system perpendicular
to the compressor blade walls (for the pressure and suction sides) and to the chord extension regarding
the two stations in the wake region. For this reason, 24 total local coordinate systems were constructed
for the flow field rotation according to every local coordinate system, in order to have an accurate
representation of the velocity and Reynolds stress field for the comparisons. A characteristic schematic
of the 24 compressor blade measurement stations and the direction of the perpendicular to the walls
axis of the local coordinate systems can be seen in Figure 4.

In order to achieve an accurate representation of the boundary layer development and since the
boundary layer was in a transitional state for a large region on the suction and pressure sides, the y+

was kept less than unity for all near wall computational cells. Finally, for the more precise discretization
of the convection and diffusion processes coupling, for all the transport equations (momentum and
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turbulent), a high resolution discretization scheme was selected, which is the one described in Barth
and Jespersen [23].
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Regarding the calculation of the turbulence intensity for the SA model, it must be mentioned that
this model does not compute the turbulence kinetic energy, which is needed for the calculation of the
Reynolds stresses from the Boussinesq hypothesis given by Equation (5).
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As a result, in order to calculate the turbulence intensity for the various stations that is computed
by the SA model, the suggestion of ignoring the turbulence kinetic energy from Equation (5) and
calculating the Reynolds stresses only as a function of the eddy viscosity and the mean strain rate was
followed [24].

4. Turbulence Modelling Results

Regarding the computational results, for the SA, the SST, and BSL-RSM models, no unsteadiness
was identified and steady computations were performed. However, the SSG-RSM model was able
to capture flow unsteadiness due to vortex shedding from the trailing edge and hence, URANS were
imposed. All the presented results concerning the SSG-RSM, derived from an averaging of the flow for
an adequate sampling time which contained more than 60 periods of the time dependent velocities
and turbulence intensities.

4.1. The DCA Pressure Side

The pressure side measurements include 11 measurement stations given as a percentage of the
pressure side distance and coded in the present paper as shown in Table 3.

Table 3. Measurement stations of the DCA pressure side as a percentage of the pressure side length
(illustrated in Figure 4).

Measurement Stations P1 P2 P3 P4 P5 P6 P7 P8 P9 P10 P11

Pressure Side Distance (%) 2.7 5.9 14.4 25.1 35.8 46.5 57.2 68 78.6 89.3 97.9

The velocity distributions comparisons are presented in Figure 5. As it can be seen all the models
are able to capture the experimental distributions shape for the majority of the measurement stations.
The SST model computes a small recirculation in the last station (P11) which stays attached on the
pressure side. For the rest of the stations, the SA, the BSL-RSM, and the SST provide similar results
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while the SSG-RSM slightly differs from the measurements for Stations P1, P2, and P11. From these
observations it can be concluded that the BSL-RSM model is capable to describe in a better manner the
velocity distributions on the DCA blade pressure side, although with minor superiority.Aerospace 2018, 5, x FOR PEER REVIEW  9 of 19 
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In Figure 6 the turbulence intensity distributions on the pressure side, which is in fact the
quantity

√
uu/Uo that is ploted for the turbulence models, is presented. It must be mentioned that

for the SA model the turbulence intensity was caclulated from the longitudinal Reynolds stress as
a function of the eddy viscosity and the mean strain rate, by neglecting the turbulence kinetic energy
(k). For the first station (P1) the SST and SSG-RSM are not able to provide an accurate turbulence
intensity inside the boundary layer region. On the other hand, the BSL-RSM computes the position
of the peak of the distribution, but again cannot predict the correct much larger experimental value.
This is the first station of the pressure side and the computed/modelled turbulence instabilities (the
free stream turbulence intensity) were not able to penetrate the boundary layer to the extent as the
measurements suggest and to provide the measured turbulence intensity. As the flow approaches the
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trailing edge, the SST, the BSL-RSM and the SSG-RSM models provide similar results. However, in
the last station (P11) the BSL-RSM provides values closer to the experimental measurements. The free
stream turbulence intensity is accurately computed by all the models, which is an indication of the
correct estimation of the turbulent length scale, while none of the models are able to capture the peak
turbulence intensity values. Again it can be concluded that the BSL-RSM provides the most qualitative
results. Finally, the SA model is not able to predict the correct turbulence intensity for all the stations.
Apart from the model’s inherent characteristic in not performing well in transitional flows, this is also
related to the fact that the turbulence kinetic energy is not computed by the model and the term 2

3 k in
the Boussinesq hypothesis (Equation (5)) is not taken into consideration to the final distributions.
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4.2. DCA Suction Side

The suction side presents more interesting flow characteristics since the presence of intense
adverse pressure gradients results in recirculation regions on the leading and trailing edges of the
blade as reported in [13]. Additionally, the boundary layer has transitional characteristics [12,13] for
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a large area on the suction side. This makes this flow more challenging for the turbulence models
calculations. The selected measurement stations on the suction side with the corresponding distance
percentage are given in Table 4.

Table 4. Measurement stations of the DCA suction side as a percentage of the suction side length
(illustrated in Figure 4).

Measurement Stations S1 S2 S3 S4 S5 S6 S7 S8 S9 S10 S11

Suction Side Distance (%) 2.6 7.6 12.7 23 33.2 43.3 53.6 63.2 74 84.2 94.9

The velocity distributions of the turbulence models on the suction side for the 11 measurement
stations of the blade are given in Figure 7.
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From the velocity distributions it can be concluded that the SST and the BSL-RSM present similar
behaviour and they are able to predict a recirculation region towards the trailing edge (Stations S9,
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S10 and S11). The majority of the distributions tend to provide thicker boundary layers for all the
stations. Additionally, they also compute a recirculation region in Stations S1 and S2. Although there
is a recirculation region in the blade leading edge as reported in [13], this region is smaller according
to the measurements and cannot be spotted in the diagrams since the measured boundary layer is
attached before Station S1. The similar behaviour of the two models is probably linked to the same
modelling approach of adopting the specific turbulent dissipation rate near the wall region. On the
other hand, the SSG-RSM model computes thinner boundary layers in comparison to the experiments
and the SA, the SST, and BSL-RSM. Additionally, near the trailing edge, for Stations S10 and S11,
it provides distributions closer to the experimental values especially near the wall region. Regarding
the SA model, it provides qualitative distributions by capturing the recirculation region (closer to the
SST) in the leading edge and by providing an excellent velocity distribution near the trailing edge at
Station S10. As a general observation, the SA provides qualitative velocity distributions that are close
to the experimental data for the DCA suction side.

The turbulence intensity distributions (which are linked to the longitudinal Reynolds stress) are
presented in Figure 8.
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As illustrated in Figure 8, up to Station S8, all models compute smaller turbulence intensity values.
From Stations S9 to S10 where the trailing edge recirculation regions begin to develop, the boundary
layer relaminarizes and as a result the specific models cannot capture this behaviour by providing
almost zero longitudinal Reynolds stresses values (Stations S9, S10 and S11). From the experimental
values it is shown that the turbulence intensity reaches the value of 50 in Station S10, which is a strong
indication of the unsteady nature of the flow due to boundary layer separation towards the trailing edge
and to the contribution of large scales/eddies. The overall flow kinetic energy is the summation of the
resolved large and the modelled small turbulent scales/eddies. Once again the SST and the BSL-RSM
present similar behaviour by providing similar distributions along the suction side. The BSL-RSM is
able to compute larger values, apart from the first station S1 where the SST as a linear eddy viscosity
model computes increased turbulence generation closer to the measured one. The SSG-RSM model
is not able to provide the increased values of the experiments and the BSL-RSM and SST models.
However, it computes more accurately the position (on the y-axis) of the maximum values and the
experimental data curve slopes for all the stations until station S6, just before the recirculation region
starts to develop. This slightly more qualitative behaviour in the results (however not quantitative) is
probably linked to the cubic relation of the pressure strain correlation that the SSG-RSM adopts and is
able to provide a more qualitative representation of the turbulent energy redistribution near the wall
region. Despite this behaviour, the SSG-RSM cannot compute the unsteadiness near the trailing edge
and provides almost zero turbulence intensity values. Finally, the SA model provides results more
qualitative in relation to the pressure side turbulent intensity distributions but still cannot calculate the
turbulence intensity peak values by computing smaller values in comparison to the rest of the models
and the experiment. Once again, the free stream turbulence intensity is well captured by all the models
and supports the selection of the inlet turbulent length scale. As an overall conclusion from the DCA
suction side modelling results, the BSL-RSM is suggested as the most accurate turbulence model for
the current computations.

4.3. DCA Wake Region

In the final part of the study, two measurement stations in the wake region are presented.
The positions of the stations are located on the extension of the blade chord and are given in Table 5 as
a percentage of the chord length.

Table 5. Measurement stations of the DCA wake region side as a percentage of the chord length.

Measurement Stations W1 W2

Chord Distance % 105.4 109.6

As was already mentioned, the SA, the SST, and the BSL-RSM models were not able to predict any
flow unsteadiness and provided steady computations. On the other hand, the SSG-RSM was able to
predict an unsteady flow concerning only the vortex shedding on the blade trailing edge and not any
unsteady boundary layer behaviour on the suctions side (after Station S9). As a result for the SSG-RSM,
URANS were implemented and in order to also compute the energy of the trailing edge eddies (large
scales) of the flow, an appropriate statistical averaging was performed. The total energy of the unsteady
flow was divided in two parts, as was also suggested by Davidson [21]. The first part is the turbulence
kinetic energy (the small scale energy) that the turbulence models compute and in the current study
is the only part of the energy calculated by the SA, the SST and the BSL-RSM. The second part is
the resolved (large scale) kinetic energy related to the flow eddies linked to the trailing edge vortex
shedding and is a result of the unsteady mean flow velocity computed with URANS and the SSG-RSM.
The total small and large scale kinetic energy and Reynolds stresses are given by Equations (6) and (7).

uiujtotal = uiujmodelled + uiuj large (6)
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ktotal = kmodelled + klarge (7)

The comparisons in the wake region of the velocity and the turbulent intensity distributions for
the four models are given in Figures 9 and 10.Aerospace 2018, 5, x FOR PEER REVIEW  14 of 19 
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Once again, the SST and the BSL-RSM provide similar results regarding both the velocities and
the turbulence intensities. The SSG-RSM computes narrower wake but a slightly increased turbulence
intensity that is a result of the large scales contribution. Regarding the SA model, it provides smaller
velocity values and also significantly smaller turbulence intensity values. This is in agreement with
the fact that the SA model produces errors in calculating free shear flows and is not recommended for
applications where free shear is important for the flow development. In order to give to the reader
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a clear view of the unsteadiness intensity in the wake region, Figure 10a,b present a zoomed area for
providing a comparable view of the results, while Figure 10c,d show the whole measured range of
the flow intensity u′/Uo. As it can be seen, the quantity u′/Uo takes values from −50 (W1) to 20 (W2)
which are values that indicate unsteadiness and cannot be captured by the present turbulence models.
Even the SSG-RSM, which is able to compute the trailing edge vortex shedding, cannot resolve the
intensity of the unsteady wake.

Regarding the URANS RSM-SSG computations, the flow unsteadiness was also observed by
a monitor point which was monitoring the velocity fluctuations and was placed in the wake region
of the blade. In Figure 11a instantaneous velocities are presented for four indicative time instances
during the computations. These observed velocity fluctuations of the mean velocity for each time step
are in fact the large scales contributions to the overall calculated kinetic energy and to the large scale
stresses that are given by Equations (6) and (7). The unsteady nature of the flow in the wake region is
also supported by the Fourier analysis of the obtained velocity signal which is presented in Figure 11b.
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From the analysis, a dominant frequency of 250 Hz was identified, which is the frequency
that characterizes the unsteady trailing edge large scales that were computed with URANS and the
SSG-RSM. By observing both the measured and the computed turbulence intensity values it is evident
that in order to accurately compute such complex flows and be able to capture the unsteady kinetic
energy of the flow with the turbulence modelling methodology, the use of less dissipative turbulence
models that will accurately model the turbulence transitional characteristics and itsgeneration due to
free shear and also compute/resolve the strong unsteady nature of the flow is obligatory. As it was
presented in [11,25], more sophisticated turbulence models (i.e., a cubic eddy viscosity model and
a non-linear RSM) were able to provide qualitative results for capturing the wake development of
a low pressure turbine blade.

As a final step of the work, in order to provide to the reader a representation for better
understanding the modelled velocity and turbulence intensity fields development, as well as the
observed unsteadiness in the wake region, contour plots for all the examined models are provided in
Figure 12.
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For the SSG-RSM model, apart from the time averaged velocity and turbulence kinetic energy flow
field contours, additional contours regarding four indicative selected time steps for the visualization
of the instantaneous velocity inside the wake region are presented. The unsteady movement of the
wake can be clearly seen, which is the main contributor to the large scale kinetic energy of the flow.

5. Discussion and Conclusions

This paper presents a detailed study of four turbulence models regarding their capability of
predicting the flow field over a DCA compressor blade. The examined test case was the transitional
compressor blade of Zierke and Deutsch [12,13], which represents a very complex flow field suitable
for turbulence models and CFD methodologies validation. The experimental data for the validation
were taken from the ERCOFTAC classic database [18]. The selected models were the one equation
SA eddy viscosity model, the linear two equation SST eddy viscosity model and two RSM models.
The RSMs were a Reynolds stress model which uses a blending function for modelling the turbulence
dissipation rate and is linear regarding the pressure strain correlation term expression and a non-linear
RSM which adopts the SSG [17] non-linear relation for the mathematical description of the pressure
strain correlation. From the current analysis the following conclusions can be derived:

• The SA, the SST, and RSM-BSL models are too dissipative and are not able to capture the flow
unsteadiness and the intensity of the produced unsteady large scales. Additionally, the SST and
the RSM-BSL present the same behaviour due to the similar modelling approach they follow for
the turbulence dissipation. It is expected that the omega based turbulence models would provide
similar results for the turbulence intensity distributions and the same behaviour in modelling the
transitional boundary layer development.

• The SA model was able to compute in a qualitative manner the velocity distributions for the
pressure and suction sides but did not capture the velocity wake distributions where free shear is
present. Additionally, SA is not recommended for transitional flows modelling since it cannot
compute the correct turbulence intensities inside the transitional boundary layers on pressure
and suction sides of the DCA blade.

• The RSM-SSG model, though it was able to compute an unsteady wake, it did not manage to
calculate the unsteadiness on the suction side of the blade and provide the measured kinetic
energy intensity.

• The captured wake unsteadiness of the SSG-RSM eventually did not contribute to the calculation
of an accurate close to the measured intensity of the unsteady flow, while the steady computations
of the SST and BSL-RSM were close to the SSG-RSM results.

• The unsteady behaviour of the SSG-RSM is probably related to the more sophisticated pressure
strain correlation that the model adopts.

• As an overall conclusion of the current assessment, the BSL-RSM model is proposed as the model
that could provide quite accurate and fast results for the studied types of flows among the selected
models, although it provided a steady flow field.

Regarding the transition regions on the suction side of the blade, it would be interesting to
use/validate more sophisticated turbulence models for the specific DCA compressor blade flow
that are designed for modelling transitional flows. For instance, the eddy-viscosity cubic-nonlinear
model of Craft et al. [26] which combines the non-linear Reynolds stress expressions with the laminar
kinetic energy concepts [27], or advanced RSM models [28], which are able to calculate transition with
increased accuracy. It is expected that these models will be capable of calculating more accurately the
transitional flow on the DCA compressor blade and calculating the measured unsteady flow field.

In addition, for further advancing CFD modelling and flow simulation capabilities, a very
promising methodology that combines the benefits of accurate turbulence modelling near the wall
regions and the scale resolving capabilities of LES, which is very good to use for unsteady flow
predictions away from the walls, is the Hybrid RANS/LES methodologies and Detached Eddy
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Simulation (DES) [19]. Further advancement of these methodologies with the use of sophisticated
RANS models as subgrid-scale (SGS) models, using available proposed techniques [29], could result
in more accurate hybrid RANS/LES models that combine the benefits of both RANS and LES. This
would provide a great advantage in the prediction of complex flow phenomena linked to boundary
layer separation and heat transfer [30], transition, and even noise propagation, which are closely
related to the internal aerodynamic flows of aero engines. These models would be a useful tool for
scientist and industry engineers who design efficient turbomachinery components for more efficient
aero engine architectures.
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