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ABSTRACT 
Three-dimensional (3D) corner separation is an inherent 

flow feature in axial compressor which blocks flowpath and 
aggravates the performance. Numerical simulation of corner 
separation flow is conducted in Prescribed Velocity 
Distribution (PVD) cascade with several versions of Spalart-
Allmaras (SA) model. Turbulence models studied here 
include original SA model, SA-neg model, SA-noft2 model, 
SA-R model, SA-KL model, SA-Helicity model and their 
combinations with Quadratic Constitutive Relation (QCR) 
method. Compared with experimental results, the SA-
Helicity model predicts more accurately than other models at 
zero incidence. Results provided by most blending models 
adopting QCR relation are better than that of original SA 
model, but still deviate from experimental data. 

INTRODUCTION 
3D corner separation is an inevitable complex flow 

phenomenon in axial compressor. The separation region in 
suction surface-endwall corner blocks flowpath and therefore 
aggravates the load and pressurize performance of 
compressor. Besides, the mixing of main flow and secondary 
flow from separation leads to losses and thus brings down the 
efficiency (Gbadebo, 2005). Consequently, predicting the 3D 
corner separation flow accurately is significant for flow 
mechanism study as well as axial compressor designing and 
optimization. 

Although Direct Numerical Simulation (DNS) and 
Large-Eddy Simulation (LES) have already been applied in 
scientific research, Reynolds-Averaged Navier-Stokes 
(RANS) method will still be widely used in decades (Spalart, 
2000). Among all RANS models, the one equation SA model 
(Spalart, 1994) is followed with great interest since its 
relatively high accuracy, robustness and low calculation cost. 
However, it has been proved that the SA model 
overestimates the high-loss region in 3D corner flow 

prediction (Scillitoe, 2015). It is essential to conduct 
improvements on original SA model. 

In this paper, CFD code CFL3D is used to simulate the 
typical 3D corner separation flow in PVD cascade with 
different versions of SA model, which include original SA 
model, SA-neg model (Allmaras, 2012), SA-noft2 model 
(Aupoix, 2003), SA-R model (Dacles-Mariani, 1995), SA-
KL model (Nichols, 2019), SA-Helicity (Liu, 2011) model 
and their combinations with QCR2000/QCR2013 method. 
Numerical results are compared with experimental data in 
order to obtain well-performed modifications, and therefore 
giving valuable guidance for scientific research and 
engineering applications. 

METHODOLOGY 

Computational Domain and Boundary conditions 
Designed by Rolls-Royce, the linear PVD cascade 

(Gbadebo, 2003) based on controlled diffusion airfoil (CDA) 
is studied in this paper on behalf of high pressure stator 
blades. The geometrical and inflow parameters for PVD 
cascade is shown in Table 1. 

Table 1 Parameters for PVD Cascade 
Parameter Value 
Chord, 𝑐 0.1515m 

Blade Height/Chord, ℎ/𝑐 1.32 
Blade Pitch/Chord, 𝑠/𝑐 0.926 

Blade Thickness/Chord, 𝑡/𝑐 0.1 
Blade Camber Angle, 𝜑   42.0° 
Blade Stagger Angle, 𝛾   14.7° 
Inlet Blade Angle, 𝛽    41.0° 

Inlet Reynolds Number, 𝑅𝑒 2.3 10  
3D separation flow under zero incidence is simulated 

since its typicality. Besides, different turbulence models 
show various results at this incidence. With about 1.5 million 
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grids in half of span, an O4H type grid generated by 
Numeca/Autogrid5 is shown in Figure 1. The height of the 
first grid line to solid wall is set to 𝑦 0.7. 

 

Figure 1 Mesh Topology and Boundary Conditions 
As for the boundary conditions, velocity profile from 

experiment is specified at the inlet. The main flow velocity is 
23.82m/s, and the turbulent viscosity ratio to molecular 
viscosity is set to 50. Back pressure at the pressure outlet is 
101325Pa. As in Figure 1, a symmetry is implied to reduce 
calculation costs. 

Numerical Method 
Simulations in this work are carried out using open-

source code CFL3D (Krist, 1998) which is a structured-grid, 
Finite Volume Method based RANS flow solver. The code is 
modified for internal-flow simulation and more turbulence 
models are added as alternatives. In all cases presented in 
this work, third-order upwind-biased differencing spatial 
scheme and first-order implicit time scheme are applied. 

Governing Equations 
In code CFL3D, three-dimensional compressible Navier-

Stokes equations are solved. As for turbulence models, 
various modifications of original SA model are referred 
whose modelling equation is: 
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where 
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Based on original SA model, the SA-neg model aims at 
the non-physical situation when �̂� 0 appears somewhere 
in flow field. The model is the same as SA model under most 
circumstances. However, when the turbulence variable �̂�
0, the turbulence equation turns into: 
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The SA-noft2 model fixes 𝑓  to zero on the basis of 
original SA model. Parameter 𝑓  is originally implied to 
make zero a stable solution in order to slightly delay the 
unexpected transition caused by numerical problems 
(Spalart, 1994). When there is no transition in the flow field 
(�̂� 3𝜈 , where 𝜈  stands for molecular viscosity in the 
farfield) or the trip term is omitted, 𝑓  is not necessary. 

Based on SA model, the SA-R model reduces 𝑆  in 
regions where the magnitude of vorticity Ω exceeds the 
strain rate 𝑆 . This modification reflects the physics 
mechanism that turbulence production should be weakened 
in rigidly rotation regions. The 𝑆 term gets replaced by: 

𝑆 Ω 𝐶 𝑚𝑖𝑛 0, 𝑆 Ω
�̂�

𝜅 𝑑
𝑓       𝐶 2.0 (4) 

Similar to SA-R, the SA-KL model also reduces 𝑆 in 
regions where the magnitude of vorticity exceeds strain rate, 
such as in quasi rigidly rotational regions. The modification 
makes no difference where vorticity is close to strain rate, 
such as in thin shear layers. The SA-R model mentioned 
above and the SA-KL model are considered as less efficient 
but much simpler versions of SA-RC model (Rumsey, 2019). 
In this model, the 𝑆 term is written as: 

𝑆 √𝑆Ω
�̂�

𝜅 𝑑
𝑓  (5) 

Based on SA-noft2, the SA-Helicity model brings in the 
influence of energy backscatter. It is proved that the velocity 
helicity is correlated with energy backscatter and therefore 
acts an important role in model modifications (Liu, 2011). 
The 𝑆 term is modified to increase turbulence production 
according to the value of relative helicity density ℎ: 

𝑆 1 𝐶 ℎ Ω
�̂�
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𝑓  (6) 

where 
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The constants are 𝐶 0.71 and 𝐶 0.6. 
Unlike all the models mentioned above, SA-QCR2000 

model (Spalart, 2000) reserves the original form of SA 
turbulence model equation but the Reynolds stresses are 
calculated by: 

𝜏 , 𝜏 𝐶 𝑂 𝜏 𝑂 𝜏  (8) 

where 
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Since turbulent kinetic energy 𝑘 is not available in SA 
model, the SA-QCR2013 model (Mani, 2013) is improved 
based on SA-QCR2000, with an additional term to normal 
stresses which acts similarly as the 2𝜌𝑘/3  term in 
Boussinesq relation. 

𝜏 , 𝜏 𝐶 𝑂 𝜏 𝑂 𝜏   

𝐶 𝜇 2𝑆∗ 𝑆∗ 𝛿  (10) 

where 
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RESULTS AND DISCUSSION 
In comparison with experimental data, outflow angle, 

surface static pressure distribution, loss coefficient and 
relative displacement thickness are calculated from 
simulation results. 

Results from Commonly Used Models 

 

Figure 2 Mass Averaged Outflow Angle (Commonly 
Used Models) 

Firstly, results from different linear eddy-viscosity 
models (EVMs) including SA, SA-neg, SA-noft2, SA-R, SA-
KL and SA-Helicity are analysed together with QCR models 
(SA-QCR2000, SA-QCR2013). These forms of turbulence 
model are cited from publications and are commonly used. 
At 50% of axial chord from the trailing edge, the spanwise 
variation of mass weighted averaged outflow angle is studied 
among simulation results and experiment. As shown in 
Figure 2, the corner flow of PVD cascade is thoroughly 
turbulence thus SA-neg model and SA-noft2 model show no 
difference from original SA model. Overall, SA model 
overestimates the flow angle at the outlet, and SA-R model 
distracts more from the experimental data. The result of SA-
KL model is similar to that of SA model but slightly worse. 
SA-Helicity and SA-QCR models give better predictions 
than original SA model. 

The accuracy of simulation near the middle of span 
represents the performance of turbulence models in terms of 
quasi-3D flow prediction. SA-QCR2000, SA-QCR2013 and 
SA-Helicity model perform the best in this region, with SA-
QCR2000 and SA-QCR2013 slightly larger than experiment 
and SA-Helicity slightly lower. SA-KL model which over-
estimates the outflow angle shows nearly no difference from 
SA model. SA-R model performs even worse than original 
SA model. 

The influence of 3D separation gets larger from 70% to 
100% of span. Boundary layer at suction surface of the blade 
is much thicker, and thus the main flow is lift up away from 
the blade which leads to larger outflow angle. The accuracy 
of simulation in this region represents the performance of 
turbulence models in terms of 3D separation flow prediction. 

SA-Helicity predicts the best near the root of blade (90% to 
100% of span) which proves that increasing the turbulence 
production according to flow field quantity such as the 
helicity density is necessary in 3D separation simulations. As 
non-linear models, SA-QCR2000 and SA-QCR2013 give 
similar results which are better than original SA model. But 
their difference from experiment from 80% to 100% of span 
shows that the modification to Boussinesq relation is not 
adequate in 3D corner separation prediction. 

 

Figure 3 Surface Static Pressure (54% of span, 
Commonly Used Models) 

The nondimensional variable Cp which represents the 
forces between fluid and solid wall is calculated from surface 
static pressure. Accurately predicting the Cp helps analysing 
forces on the blades and the influence of blades to fluid. The 
expression of Cp is: 

𝐶
𝑃 𝑃
𝑃 𝑃

 (12) 

where 𝑃  stands for reference total pressure at the inlet, 𝑃  
is the reference static pressure, 𝑃 is the local static pressure. 

Figure 3 shows the surface static pressure distribution at 
54% of span. On the whole, except for the region from 0% to 
40% of chord on the suction side where all models show no 
difference, SA, SA-R and SA-KL model get much lower Cp 
than experimental data. Compared with SA model, the SA-R 
model shows a slightly higher Cp around 60% of chord on 
the suction side. SA-neg and SA-noft2 still have same results 
as original SA model. SA-Helicity and SA-QCR models 
perform well in general, but all get lower pressure difference 
between pressure and suction sides of blade than experiment. 
On the pressure side of blade, SA-Helicity fits the best with 
experimental datum. On the suction side, the SA-QCR 
models give accurate prediction of Cp from 60% to 100% of 
chord. Once again, two QCR models get similar results. 

As for 89% of span shown in Figure 4, the conclusions 
are generally similar to that from 54% of span. Differently, 
the results of SA-QCR models are not good enough 
especially on the suction surface, which meet the verdict 
mentioned before that QCR models have defectiveness at the 
region near the root of blade. The SA-Helicity model 
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behaves the best on the suction side, however it slightly over 
predicts the Cp near trailing edge on both sides. 

 

Figure 4 Surface Static Pressure (89% of span, 
Commonly Used Models) 

3D corner separation contributes to a large part of flow 
loss in compressor and it is significant to be accurately 
predicted during compressor design and optimization. In our 
work, the total pressure loss coefficient is implied to describe 
the flow loss: 

𝑇𝑜𝑡𝑎𝑙 𝑃𝑟𝑒𝑠𝑠𝑢𝑟𝑒 𝐿𝑜𝑠𝑠
𝑃 𝑃
𝑃 𝑃

 (13) 

where 𝑃  stands for local total pressure. 

 

Figure 5 Mass Averaged Total Pressure Loss 
(Commonly Used Models) 

Figure 5 shows the spanwise variation of pitchwise mass 
averaged total pressure loss coefficient. The SA-R and SA-
KL corrections reduce the eddy viscosity production in 
regions where the magnitude of vorticity Ω exceeds strain 
rate 𝑆. However, the SA-KL model shows no improvements 
in terms of total pressure loss while SA-R model gives even 
worse prediction, which indicates that these two 
modifications are not effective in 3D corner separation 
simulation. SA-QCR models come into smaller separation 

region than SA model, but they still over predict the total 
pressure loss. Relatively, the result given by SA-QCR2000 is 
slightly better in contrast with that of SA-QCR2013. 
Comparatively speaking, the result of SA-QCR2000 model 
fits the best with the experiment from 50% to 80% of span. 
SA-Helicity model also gets similar result as experimental 
data especially near the root of blade. 

 

Figure 6 Total Pressure Loss Coefficient 
(Commonly Used Models) 

Figure 6 shows the total pressure loss coefficient 
distribution at 50% of axial chord from the trailing edge. 
Among all the models, SA-Helicity and SA-QCR models 
accurately simulate the area of 3D corner separation region. 
The peak value from SA-Helicity model is lower than the 
experiment, which results into lower loss coefficient from 
65% to 85% of span (Figure 5). The peak value given by SA-
QCR2000 and SA-QCR2013 is close to that of experimental 
data. However, the high loss region from SA-QCR models 
are closer to the endwall, which result in higher total pressure 
loss around 90% of span (Figure 5). Relatively, SA-
QCR2013 predicts a little bit worse than SA-QCR2000. As 
for other models, SA-neg, SA-noft2 and SA-KL model get 
same results as SA model which obviously over predicts the 
corner separation region and the total pressure loss 
coefficient value. The area of corner separation given by SA-
R is similar to that of original SA model, but the peak value 
at core is about 7% larger. 
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The relative displacement thickness at the trailing edge 
is calculated to represent the thickness of separation region 
from the suction side of blade. It stands for the size of 
separation at particular fraction of span. The definition is the 
difference of the boundary layer displacement thickness 
between a certain spanwise position and the mid-span: 

𝛿∗ 𝑥 𝛿∗ /𝑐 (14) 

𝛿∗ 𝑥 1
𝜌𝑣 𝑥, 𝑦
𝜌 𝑉  

𝑑𝑦 (15) 

𝛿∗ 1
𝜌𝑣 𝑦
𝜌 𝑉  

𝑑𝑦 (16) 

where 𝑦 is the pitchwise distance from the suction surface, 
𝑣  is the axial velocity and 𝑓𝑠  stands for free-stream 
values. 

 

Figure 7 Relative Displacement Thickness 
(Commonly Used Models) 

Figure 7 shows the relative displacement thickness 
calculated by different models. In terms of this parameter, 
SA (SA-neg, SA-noft2), SA-KL and SA-R deviate from the 
experiment datum, the QCR models perform better and the 
SA-Helicity model has the most accurate prediction. 

Considering the experimental data, the relative 
displacement thickness grows gradually from 65% to 88% of 
span and reaches a maximum value. Then it decreases a little 
and increases rapidly from 95% to 100% of span. As for SA-
Helicity model, the relative displacement thickness grows 
later, and gets to the peak at 91% of span. Its peak value is a 
little larger than the experiment. The results from SA-QCR 
models grow earlier and faster than experimental data, and 
their peak value is one time larger. Other models get much 
too distant results from the experiment. The relative 
displacement thickness from SA-R model is slightly lower 
than SA around 80% of span but reaches a higher peak value 
near the blade root. 

Models Using QCR Method 
In this section, models which combine EVMs (SA-R, 

SA-KL and SA-Helicity) and QCR method (QCR2000 and 
QCR2013) are tested with the same case. As different QCR 

versions of same EVM show similar results in terms of 
outflow angle, static pressure distribution and relative 
displacement thickness, the results from QCR2013 models 
are displayed as representation. 

 

Figure 8 Mass Averaged Outflow Angle (Blending 
Models) 

Figure 8 shows the outflow angle obtained from 
different blending models. The SA-R-QCR2013, SA-KL-
QCR2013 and SA-Helicity-QCR2013 models which deserve 
special focus all received better outcome than original SA 
model. Specifically, just as SA-R get worse result than SA, 
SA-R-QCR2013 comes into slightly larger outflow angle 
than SA-QCR2013. SA-KL-QCR2013 receives same result 
as the SA-QCR2013 model. The SA-Helicity model receives 
better result when combined with QCR. The blending model 
inherits the accuracy of SA-Helicity model at the region from 
90% to 100% of span, and predicts well at the mid-span. The 
SA-Helicity-QCR2013 model is the best model in predicting 
outflow angle on the whole. 

 

Figure 9 Surface Static Pressure (54% of span, 
Blending Models) 

In static pressure distribution prediction (Figure 9 and 
10), the SA-R-QCR2013 model gets similar result as SA-
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QCR2013 at both 54% and 89% of span. As in outflow angle 
prediction, the SA-KL-QCR2013 model performs the same 
as SA-QCR2013. Improvement can be observed when 
applying QCR2013 to SA-Helicity model, since its better 
agreement with the experimental data near the trailing edge. 
In Figure 9 and 10, the static pressure distribution of SA-
Helicity-QCR2013 model on both sides from 80% to 100% 
of chord length fits better with the experiment than the SA-
Helicity model. 

 

Figure 10 Surface Static Pressure (89% of span, 
Blending Models) 

QCR2000 and QCR2013 versions of same EVM show 
different results in total pressure loss coefficient, thus results 
from both versions are presented here. As shown in Figure 
11, apart from SA-Helicity-QCR2000/2013, other blending 
models tend to approach similar total pressure loss as which 
SA-QCR2000 and SA-QCR2013 model get. They all over 
predict the separation region and the total pressure loss. 
Among all the blending models, SA-Helicity-QCR2013 
model gives the best prediction in terms of loss coefficient. It 
even performs better than SA-Helicity model. 

It also can be found that the blending models inherit 
features from its components. Consistent with pure SA-QCR 
models, the QCR2013 version of each EVM gets higher total 
pressure loss than its QCR2000 version. Besides, it has been 
shown that SA-R model gets higher total pressure loss than 
SA-KL model. Then the SA-R-QCR2000/2013 model 
performs worse than corresponding SA-KL-QCR2000/2013 
model here. Similarly, SA-Helicity model underestimates the 
total pressure loss from 70% to 80% of span. As a result, the 
derivatives SA-Helicity-QCR2000 and SA-Helicity-
QCR2013 models show the same characteristic. 

As for the loss coefficient contour shown in Figure 12, 
SA-R-QCR2000/2013 and SA-KL-QCR2000/2013 models 
overestimate the size and peak value of high loss region 
while SA-Helicity-QCR2000/2013 underestimate it. For each 
EVM, its QCR2013 blending model gives similar separation 
structure as its QCR2000 blending model but with slightly 
higher loss coefficient. As shown in Figure 11 and 12, the 
SA-R-QCR2000/2013 models over predict the loss 
coefficient of corner separation region near the root of blade. 

And the area of the high loss region is larger than that of SA-
QCR2000/2013 models. The corner separation structure and 
the total pressure loss given by SA-KL-QCR2000/2013 
models are the same as that of SA-QCR2000/2013 models. 
SA-Helicity-QCR2013 fits the best with experimental data in 
both the shape of corner separation region and the peak 
value. 

 

Figure 11 Mass Averaged Total Pressure Loss 
(Blending Models) 

 

Figure 12 Total Pressure Loss Coefficient (Blending 
Models) 
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Figure 13 shows the relative displacement thickness 
distribution of various blending models using QCR2013 
method along the spanwise. The QCR2000 version of each 
EVM comes into same result as its QCR2013 version. The 
SA-QCR2013, SA-R-QCR2013 as well as SA-KL-QCR2013 
model show improvement on original SA model but still not 
good enough. Compared with SA-Helicity model, SA-
Helicity-QCR2013 model fits better with experiment from 
70% to 85% of span. In addition, its peak value of relative 
displacement thickness appears at about 90% of span which 
is nearer to the experimental data. In terms of relative 
displacement thickness, SA-Helicity-QCR2013 model 
performs the best among all models. 

 

Figure 13 Relative Displacement Thickness 
(Blending Models) 

CONCLUSIONS 
The main conclusions from this research are as follows: 
1. The corner separation flow in PVD cascade at 0 

incidence predicted by original SA model is much larger than 
that in experimental data. The modified models show various 
results with different details from each other. 

2. Among commonly used models, SA-Helicity model 
has the most accurate result. SA-QCR2000 and SA-
QCR2013 also show visible improvements. SA-neg, SA-
noft2, SA-R and SA-KL receive similar results as original 
SA model. 

3. With similar idea, SA-R model and SA-KL model aim 
to reduce the turbulence production in regions where rotation 
exceeds shearing effect. The result indicates that these two 
modifications show nearly no improvements in complex 3D 
separation flow prediction. 

4. After applying QCR method to EVMs, blending 
models gather the features of component models. Apart from 
SA-Helicity based models, blending models get similar 
results to pure QCR models, which are superior to original 
SA model but not effective enough. SA-Helicity-QCR 
models especially SA-Helicity-QCR2013 perform better than 
SA-Helicity and predict the corner separation flow most 
correctly. 
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