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ABSTRACT 
Corner separation is a universal flow phenomenon in a 

compressor. It contributes greatly to loss and passage 
blockage in the compressor stage. In order to mitigate the 
corner separation and improve the performance of 
compressor cascade, a new flow control method, a micro-
blade installed on the endwall upstream of the separation 
onset location, was proposed on the basis of the 
comprehension of the flow field characteristics on the 
juncture of the endwall and blade region. A numerical 
investigation was performed in an annular compressor 
cascade to assess the effectiveness of micro-blade. The 
results show that the cascade aerodynamic performance 
under incidence from +2.2° to +10° is improved after a 
micro-blade installed, and the decrease of total pressure loss 
coefficient and the increase of static pressure rise was 
achieved. Furthermore, the blockage of the cascade is 
restrained and flow deflection angle increased.   

To understand the flow physics of the underlying 
mechanism of micro-blade, detailed analysis of predicted 
flow field was carried out. It indicates that a local high static 
pressure region which is resulted from the concave curvature 
of the micro-blade pressure surface appeared on the suction 
surface to accelerate flow upstream of separation onset 
location. The acceleration of flow produced a jet to reduce 
the thickness of boundary layer on the suction surface. Also, 
the jet can build a “jet barrier” near the endwall to hinder the 
accumulation of low momentum flow transported by passage 
cross flow.  

INTRODUCTION 
Corner separation is an inherent flow feature in the 

junction of the suction surface and endwall of axial 
compressors (Gbadebo, 2005). From former researches, this 
kind of three-dimensional separation can lead to blockage 
and loss from downstream mixing which has negative effects 
on stability and efficiency of axial compressors (Dring, 1982; 
Joslyn, 1985; Choi, 2006; Yamada, 2016). With stage 
loading of axial compressors increasing, the corresponding 
increase of cross passage pressure gradient and streamwise 
adverse pressure gradient is unavoidable. Therefore, corner 
separation gradually becomes one of the most essential 
limiting factors on high-loaded axial compressor 
performance and operability.  

In order to control the negative effects due to corner 
separation and to improve the performance of high-loaded 
compressor, many active and passive flow control methods 
have been proposed. Concerning development of active flow 
control method, a number of studies show that the active 
flow control methods, such as boundary layer suction 
(Peacock, 1965), boundary layer jet (Nerger, 2010), vortex 
generator jet (Feng, 2015) as well as plasma actuation(Li, 
2010), have capacity to suppress corner separation. Due to 
complexity of actuation system and requirement of energy 
input, these flow control methods were not pursued for 
practical application.  

Compared with active flow control, passive flow control 
methods can be achieved easily by device with relatively 
simple configuration and don’t require any external energy 
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supply. Many attempts to mitigate corner separation by 
passive flow control methods are reported. For example, the 
developed three-dimensional blade shaping (Weingold, 1997; 
GüMmer, 2000), have been widely applied in real aero-
engines to the elimination of corner separation. In the aspect 
of nonaxisymmetric endwall profiling, Harvey et al (Harvey, 
2008), Dorfner et al. (Dorfner, 2011) and Li et al. (Li, 2016) 
have recently shown that the application of endwall 
modifications can control corner separation successfully in 
axial compressors by influence the endwall cross flow. As 
for vortex generator, Hergt et al. (Hergt, 2013) reported that 
vortex generators can energy the endwall boundary layer and 
influence passage vortex by producing streamwise vortex to 
reduce the corner separation. Therefore, the passive flow 
control methods have great potential to improve endwall 
flow field and mitigate corner separation.  

However, due to the unfavorable factors introduced by 
the real compressor design, passive flow control methods 
only play a limited role in the practical application. It is 
worthwhile to provide more choice when suppressing corner 
separation in real compressor. The current paper presents a 
new passive flow control method which restraining corner 
separation by attaching a full span micro-blade on the 
endwall upstream of the separation onset point. A numerical 
investigation was performed by means of steady Reynolds-
Averaged Navier-Stokes (RANS) simulations. And detailed 
flow field analysis is done to understand the mechanism by 
which the micro-blade influence corner separation and 
associated losses and blockage.  

MODEL AND COMPUTATIONAL METHOD 

Annular compressor cascade and micro-blade in 
study 

An annular compressor cascade is selected as the 
platform to investigate the influence of micro-blade on 
corner separation. This annular compressor cascade designed 
by RWTH Aachen consists of 24 untwisted blades which are 
mounted on the hub (tip clearance 0.8 percent of blade 
height) and radially stacked at profile centre of gravity. The 
aspect ratio is 0.86, which emphasize the effect of corner 
separation. Details about the other design parameters of this 
cascade are illustrated in Table 1. Experiment performed by 
Schulz et al. (Schulz, 1988) indicated that the most striking 
feature is the region of massive corner separation near 
endwall of this cascade at a wide range of incidence. Thus, 
this annular compressor cascade is suitable for the research 
of flow control methods of corner separation.  

To reduce the corner separation and associated losses 
and blockage, a micro-blade is introduced in this annular 
compressor cascade. Figure 1 presents schematic diagram of 
annular compressor cascade and micro-blade. This micro-
blade is stacked by a double-arc profile paralleling to the 
stack line of cascade blade and designed according to 
baseline simulation results at incidence of 4°. To strengthen 
the influence of flow control configuration on corner 
separation, the micro-blade is installed on the endwall and 
just upstream of separation onset location. The detailed 

parameter of the micro-blade is illustrated in Table 1, where 
a is the axial distance between cascade blade leading edge 
and micro-blade leading edge and b is the minimum distance 
between micro-blade leading edge and suction surface of 
cascade blade.   

 
Table 1 Parameters of Annular Compressor 

Cascade and Micro-blade 

Annular cascade Mini-Blade 

c1=62.6mm c2=4.5mm 

d1=321mm a=11.0mm 

d2=428mm b=3.0mm 

n=24 βs2=30.0° 

AR=0.86 θ=40° 

α1=44°  

α2=15°  

βs1=29°  

 

 

Figure 1 Schematic Diagram of Annular 
Compressor Cascade and Micro-blade 

Computational grid and numerical method  
The computational domain starts 170% axial chord 

upstream of the cascade blade leading edge to 230% axial 
chord downstream of the cascade blade trailing edge to avoid 
influence of boundary reflecting problem. A patched-grid is 
generated by NUMECA AutoGrid 5, which consists of 
cascade blade passage block and micro-blade passage block. 
This two block are connected by a non-matching interface in 
order to allocate the distribution of grid nodes more 
rationally and reduce node number. The gird refinement is 
carried out near the endwall and blade surface in order to 
ensure the dimensionless wall distance of y+< 1. In figure 2, 
the grid and the dimensionless wall distance y+ are shown, as 
well as the performance calculation plane in this numerical 
investigation, which is also the measurement plane defined in 
the experiment of Schulz et al.. A mesh independence study 
is performed to make sure that the computational result is 
independent of the grid. Figure 3 presents mass-averaged 
total pressure loss coefficient ξ at the performance 
calculation plane with the increase of grid number, where the 
ξ is defined as 
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When grid number exceeds 2,328,900, the mass-averaged 
total pressure loss coefficient is nearly constant. So it can be 
concluded that it is enough to select a grid with 2,328,900 
nodes for the present study.  

 

Figure 2 Computational Domain and Grids 

 

Figure 3 Mesh Independence Study 
The numerical simulation is performed by commercial 

computational fluid dynamics (CFD) solver ANSYS CFX. 
For steady simulations, three-dimensional RANS equations 
are discretized in space using vertex-centred finite volume. 
Second-order upwind scheme for space is used to discretize 
the convection terms of equations. Turbulence closure is 
achieved through the BSL model (Baseline k-ω model). Inlet 
boundary condition is prescribed by the spanwise distribution 
of the velocity in three directions and total temperature. The 
outlet boundary condition is set as uniform atmospheric 
pressure. All the solid boundaries are imposed by no-slip and 
adiabatic conditions. 

Validity of numerical simulation 
To validate the simulation results obtained in the present 

work, comparisons are made between the numerical and 
experimental results without micro-blade. Details about 
experiment and its result was published in reference 14 
(Schulz, 1988). To keep consistency between the simulation 
and experiment, the inlet of the computation domain is 
moved to 56% axial chord upstream of the cascade blade 

leading edge and a tip clearance of 0.8 percent of blade 
height is given (this tip clearance is removed for 
simplification in the simulation with/without micro-blade). 
Figure 4 (a) gives a comparison of predicted 3D streamline 
and flow visualization experiment. It illustrates that the 
numerical result have succeeded in catching the flow pattern 
near the annular compressor cascade endwall, especially 
recirculation region of the corner separation. Figure 4 (b) 
presents a comparison of predicted limiting streamline and 
oil flow visualization. The spanwise and streamwise extent 
of predicted corner separation have a good agreement with 
experimental result of oil flow visualization. However, since 
full turbulence hypothesis is made by BSL turbulence model, 
there is no laminar separation bulb predicted on the suction 
surface. The extent of two-dimensional separation near the 
trailing edge is also overestimated by numerical simulation.  

 

Figure 4 Comparison of Numerical Result and 
Experimental Data of Flow Visualization 

 

Figure 5 Comparison of Spanwise Distribution of 
Circumferentially Mass-averaged Total Pressure 

Loss Coefficient from Reference 14 (Schulz, 1988) 
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The predicted and measured spanwise distribution of 
circumferentially mass-averaged total pressure loss 
coefficient are shown in figure 5. The definition of the 
circumferentially mass-averaged total pressure loss 
coefficient mentioned here is selected from reference 14 
(Schulz, 1988) which published the experimental results. It is 
defined as followed: 
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( ) ( )
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Although there is a slight difference in value between the 
calculation result and experiment, the tendency of spanwise 
distribution of total pressure loss from calculation is similar 
to the experiment; meanwhile, the spanwise location of high-
loss region near hub is identical perfectly with the measured. 
So the loss owing to the hub corner separation is quite well 
caught via the numerical method in this work.  

From the comparisons above, it is concluded that the 
numerical method in this work is reasonable and credible 
because of capturing corner separation flow pattern and 
associated loss exactly.  

RESULTS AND DISCUSSION 

Cascade Performance 
In the following, the cascade performance in the 

numerical results with/without micro-blade application will 
be analysed, concerning the cascade loss, static pressure rise 
behaviour as well as the blockage.  

 

Figure 6 Total Pressure Loss Coefficient of the 
Baseline cascade and the Total Pressure Loss 

Difference with the Micro-blade 
Figure 6 gives the total pressure loss coefficient of the 

baseline cascade and the total pressure loss difference, which 
is normalized by the losses of the baseline cascade ∆ξ/ξ0. 
From this figure, a reduction of the cascade losses at five 
incidences from +2.2° to +10° is achieved with micro-blade 
application. The highest loss reduction benefit is 3.47% at 
incidence of 8°. However, a loss increase occurs at incidence 

of -2° and 0°. This means that the micro-blade have ability to 
reduce cascade losses when incidence is large enough. It can 
be also observed that loss reduction decreases sharply at 
incidence of 6°.  

 

Figure 7 Static Pressure Rise Coefficient and static 
pressure rise coefficient difference with the micro-

blade 
To analyse the effect of micro-blade on cascade 

diffusion capacity, the static pressure rise coefficient 
behaviour and normalized static pressure rise coefficient 
difference is presented in figure 7. The static pressure rise 
coefficient is defined as followed: 
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For the all incidences concerned, the static pressure rise 
coefficient becomes, with micro-blade application, 
significantly higher than in the baseline case. The highest rise 
of static pressure rise is 22.45%, which is achieved at 
incidence of 4°. This indicates that the cascade diffusion 
capacity can be improved by the application of micro-blade. 
Moreover, the increase of static pressure rise decreases 
suddenly at incidence of 6 °, which is similar to the 
phenomenon observed in the cascade loss behaviour.  

For the further analysis, the total pressure loss, flow 
deflection as well as blockage at different spanwise location 
is given in figure 8, 9, 10 respectively.  

Figure 8 shows the spanwise distributon of 
circumferentially mass-averaged total pressure loss 
coefficient at incidence of 0°, 4° and 10°. The 
circumferentially mass-averaged total pressure loss 
coefficient is defined as: 
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It can be observed that the total pressure loss in the hub and 
shroud region is much higher than that near mid-span for the 
all three cases. According to the loss analysis method of 
Hergt et al (Hergt, 2006), it can be inferred that the high total 
pressure loss region with large spanwise extent near the hub 
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is due to the hub corner separation, and the total pressure loss 
near the mid-span is mainly associated with the viscous 
effect of blade surface boundary layer as well as the 
consequent wake loss.  

When using micro-blade in the cascade, it is obvious at 
all three cases that the loss associated with hub corner 
separation is reduced and the loss increase near the mid-span 
occurs which could be attributed to wake mixing of the 
micro-blade. Combined with loss behaviour presented above, 
the total loss of the case at incidence of 0° increase and total 
loss of other two cases decrease. That means that additional 
loss from micro-blade is larger than reduced loss in the 
region of corner separation at incidence of 0° and the 
opposed effect occurs at other two incidences.  

 
(a) i=0°          (b) i=+4°        (c) i=+10° 

Figure 8 Spanwise Distributon of Circumferentially 
Mass-Averaged Total Pressure Loss Coefficient at 

Three Incidences 
Figure 9 and figure 10 presents the spanwise distribution 

of circumferentially mass-averaged flow deflection angle and 
blockage factor. The blockage factor K was proposed by 
Dring and Joslyn (Dring, 1982; Joslyn, 1985) and defined as 
followed: 

2,

2,

( )
( )

( )
aavg

mavg

w r
K r

w r
      (5) 

These two figures show that the blockage produced by corner 
separation causes the flow under-turning near the hub. 
Meanwhile, the influence of the micro-blade on the blockage 
near the hub can be clearly observed at all three incidences. 
At incidence of 0° and 4 °, the increase of the deflection 
angle and decrease of blockage, after using micro-blade, is 
achieved whether in the hub region or mid-span. Moreover, 
the change occurs in the hub region is more remarkable than 
mid-span, which reduces the spanwise distortion of 
deflection flow angle associated with corner separation. But 
for the case at incidence of 10°, the blockage near the hub 
increases. According to the static pressure rise behaviour 
mentioned above, it can be concluded that the blockage 
reduction caused by micro-blade can mitigate the flow under-
turning, which leads to the significant improvement of the 
cascade diffusion capacity. 

In summary, the micro-blade can leads to a reduction of 
cascade losses and blockage associated with corner 
separation in the annular compressor cascade.  

 

 

        (a) i=0°          (b) i=+4°        (c) i=+10° 

Figure 9 Spanwise Distribution of Circumferentially 
Mass-averaged Flow Deflection Angle at Three 

Incidences 

 
(a) i=0°          (b) i=+4°         (c) i=+10° 

Figure 10 Spanwise Distribution of Blockage Factor 
at Three Incidences 

Cascade Flow Field 
In order to analyse the mechanism by which the micro-

blade mitigates corner separation, the comparison of cases 
with and without the micro-blade at incidence of 4° is carried 
out. Detailed flow field analysis is presented below.  

Figure 11 provides the patterns of suction surface 
limiting streamlines and contours of wall friction coefficient 
with and without the micro-blade, where the friction 
coefficient is defined as followed.  

   
1, , 1, ,

( , , )
( , , )f

mid mavg mid mavg

x y z
C x y z

Pt P
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For the case with the micro-blade, it is obvious that the 
extent of reverse flow on the suction surface is reduced and 
the focus F3 inside it disappears, compared to the baseline 
case. This means that the region of three-dimensional corner 
separation becomes smaller than baseline case. In addition to 
that, a full span low friction area marked by yellow 
rectangular box appears on the suction surface, which 
indicates that the flow velocity decrease near the micro-
blade. Also, a new focus F4 and associated reverse flow 
appears in the near-hub part of this low friction area, which 
might be attributed to additional loss produced by the micro-
blade. It can be also observed in figure 11 that the radial 
migration of low momentum fluid from casing is supressed. 
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(a) Baseline 

 
(b) Micro-Blade 

Figure 11 Suction Surface Limiting Streamlines and 
Contours of Wall Friction Coefficient 

To explain the phenomenon appearing on the suction 
surface, figure 12 presents the distribution of suction surface 
static pressure coefficient and normalized axial velocity 
contours at 12% span where iso-axial velocity line at 
w/w1=0 is marked by red. The static pressure coefficient is 
defined as followed: 
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As shown in contours, the flow reverse occurs in the region 
between zero axial velocity line and suction surface. After 
using the micro-blade, this region of reverse flow associated 
with the corner separation nearly disappears. The 
characteristic feature in the case with micro-blade is the local 
high pressure region on the suction surface, which is resulted 
from the concave curvature of the micro-blade pressure 
surface. Under the adverse pressure of this high pressure 
region, the axial velocity decrease, which contributes to the 
formation of the low friction region on the suction surface. 
Meanwhile, under the favourable pressure gradient 
downstream of the high pressure region, the axial velocity 
increases, which lead to the formation of a “suction surface 
jet”.  
 

 
     (a) Baseline           (b) Micro-Blade 

Figure 12 Suction Surface Static Pressure 
Coefficient and Axial Velocity Contours at 12% 

Span 
For further analysis, the development of the suction 

surface boundary layer at 12% span is given by figure 13. 
For the case with the micro-blade, the velocity profile on the 
suction surface indicates that the boundary layer downstream 
of the micro-blade is thinner than the baseline case due to the 
“jet” induced by the local high pressure region. That means 
the suction surface boundary layer upstream of the original 
separation onset point is not easy to separate, which leads to 
the reduction of reverse flow region at 12% span. 

 

Figure 13 Development of the Suction Surface 
Boundary Layer at 12% Span 

Besides flow feature on the suctiuon surface, it is also 
well known that the flow features near the endwall are 
closely related to the corner separation. To illustrate the 
effect of the micro-blade on the endwall flow feature, the 
patterns of endwall streamlines and contours of wall friction 
coefficient with and without the micro-blade is given in 
figure 14. Comparing the two figures in figure 14, a new 
high wall shear region appears downstream of the micro-
blade due to the flow acceleration. This means that the 
“suction surface jet” mentioned above also occurs near the 
endwall. By zooming in on the micro-blade in figure 14(b), it 
is shown that the flow in the high wall shear region is from 
the pressure surface of the micro-blade, where the fluid has 
high potential. Meanwhile, a new separation line 
accompanied by a low wall shear region appears between the 
cross flow and the high wall shear region, with the micro-
blade. This indicates that the cross flow lift off from the 
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endwall when striking the “jet” of the high potential fluid. In 
addition, a new focus F5 appears downstream of the high 
wall shear region, with the micro-blade, which might be 
attributed to the interaction of the “suction surface jet” and 
vortex corresponding to the focus F2.  

 
(a) Baseline 

 
(b) Micro-Blade 

Figure 14 Endwall Limiting Streamlines and 
Contours of Wall Friction Coefficient 

Figure 15 gives the flow structure near the endwall 
described by the three-dimensional streamlines. In the 
baseline case, the cross flow of the inlet boundary layer is 
entirely rolled into the ring vortex in the region of corner 
separation. For the case with the micro-blade in figure 15(b), 
the vortex foot on the suction surface disappear with the 
alleviation of the corner separation. Moreover, it is obvious 
that the cross flow of cascade with the micro-blade can be 
divided into two parts: one part of the cross flow coloured by 
red is rolled into the region of the corner separation; the rest 
coloured by green is deflected in the spanwise direction (the 
deflection of the cross flow is marked by the yellow arrow 
head arc in figure 15(b)) and driven downstream before 
approaching the suction surface, rather than being 

accumulated in the corner. Combined with the conclusion 
about the interaction of the “jet” and the cross flow in figure 
14, it can be concluded that the “suction surface jet” induced 
by the micro-blade can build a “jet barrier” near the endwall 
which prevents the accumulation of the low momentum flow 
transported by passage cross flow. 

In summary, the “suction surface jet” is produced with 
the micro-blade which has positive effects on the flow near 
the suction surface and the endwall.  

 
 

(a) Baseline 

 
 

(b) Micro-Blade 

Figure 15 Flow Structure Near the Endwall 

CONCLUSIONS 
In this paper, a flow control method with a micro-blade 

installed on the endwall upstream of separation onset 
location is proposed to mitigate the corner separation and the 
impact of micro-blade applications on the performance and 
the flow field of an annular compressor cascade was carried 
out. The results can provide a new choice for suppressing 
corner separation in real compressor.  

A numerical investigation was performed in an annular 
compressor cascade to assess the effectiveness of the micro-
blade. The results indicates that a significant improvement of 
the cascade performance under incidence from +2.2° to +10° 
is achieved, which is attributed to the reduction of losses and 
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blockage associated with the corner separation. The highest 
loss reduction is 3.47% at incidence of 8° and the highest 
benefit of the static pressure rise is 22.45% at incidence of 
4°. 

Furthermore, detailed analysis of the flow field was 
carried out to understand the flow mechanism. The flow field 
of the suction surface indicates that a local high static 
pressure region appears on the suction surface due to the 
concave curvature of the micro-blade pressure surface, which 
produces the “suction surface jet” downstream of the micro-
blade. Under the influence of this “jet”, the thickness of 
boundary layer on the suction surface decrease. Also, a “jet 
barrier” is formed near the endwall, which can prevents the 
accumulation of low momentum flow transported by passage 
cross flow.  

NOMENCLATURE 
Geometry parameters 

c1= cascade profile chord length 
d1= hub diameter 
d2= shroud diameter 
n= blade number 

AR= aspect ratio of cascade blade 
α1= blade inlet angle of cascade 
α2= blade outlet angle of cascade  
βs1= stagger angle of cascade blade  
c2= micro-blade profile chord length 
a= axial distance from micro-blade leading edge to 

cascade leading edge  
b= normal distance from micro-blade leading edge 

to suction surface 
βs2= stagger angle of micro-blade  

θ= camber angle of micro-blade 
x, y, z= Cartesian coordinates, z axis parallel to axial 

direction of the annular cascade 
r= radial location 

ca= profile axial chord length of cascade blade 
Aerodynamic parameters 

i= incidence 
∆α= flow deflection angle 
Pt= total pressure 
P= static pressure  
ξ= total pressure coefficient 

K= blockage factor 
w= axial velocity 
Cf= wall friction coefficient  
τ= wall shear stress  

Subscripts of aerodynamic parameters 
0= baseline 
1= Inlet plane  
2= outlet plane 

mid= mid-span 
mavg= mass-averaged 
aavg= area-averaged 

Abbrevations 
LE= leading edge 
TE= Trailing edge 

F= focus 
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