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Abstract. The paper presents a study of corner separations in hub to blade region at various operation 

conditions towards compressor stall. It is known that for compressor flows with low or none separations 

computation fluid dynamics with RANS methods work quite well, however, for highly separated flows they 

are no longer entirely valid. Therefore, several criteria were applied for prediction and quantification of 

possible corner separation, and the main interest of this work is in predicting the separation just before it 

will actually happen by certain flow metrics, so these metrics can be further used as a ‘pre-stall’ criteria 

whilst the RANS CFD operating point still behave within its appropriate limits. Also the effect of shear lean 

is discussed in the presented context. 

1 Introduction 

The main requirements for all gas turbine engines, 

regardless of their purpose, are high efficiency, 

operational reliability and long life span [1,2]. One of the 

key factors determining the efficiency of a gas turbine 

engine is the performance of an axial compressor and 

turbine. Since the flow in axial turbomachines is 

generally three-dimensional, it is important to consider a 

appropriate flow operating point in the blade channels 

[3]. 

A common phenomenon that becomes more 

significant as the pressure ratio of the compressor 

increases is the corner separation of the flow [4-7]. It 

occurs in the area of transition of the end-wall into the 

airfoil, leading to blockage of the flow path and decrease 

in the stall margin. In order to reduce the size of the 

corner separation, it is possible to perform aerodynamic 

optimization of the blade profile using a shear lean [6-

12]. This method allows to increase the stall margin by 

reducing the pressure gradients and increasing the 

magnitude of the surface shear on the blades near the 

endwall. 

In the frontal stages of the compressors, the effect of 

corner separation is comparatively less than in the rear 

stages, while the thickness of the endwall boundary layer 

is 1-2% of the height of the blade channel, which does 

not introduce significant changes in the flow structure, 

and the deviation of the actual velocity triangles from the 

calculated ones is insignificant [8]. As the flow moves to 

the intermediate and rear stages, a substantial increase in 

the endwall boundary layer occurs, which is associated 

with an increase in the incidence angle on the blades 

near the meridional contours. Moreover, the blockage 

due to this boundary layer can reach 20% of the span 

height [8]. 

2 Materials and methods 

The flow in the blade channels was studied on a two-

stage low-speed axial compressor [13,14], for which the 

CFD operating point was verified [15,16]. 

Understanding of the corner separation and its effect on 

the flow structure is important for optimization of the 

blade row, including an operating point where the 

optimization to be performed. For this purpose, certain 

criteria for identifying corner separation both near the 

endwall and in the blade channel have been proposed. 

To select an operating point for optimization, it is 

necessary to establish how the corner separation of the 

flow develops in the blade channel and by what criteria it 

can be identified. At the same time, it is necessary to 

establish a threshold value of the criteria for the 

identification of the vortex, at which the corner 

separation will affect not only the region at the endwall, 

but also propagate towards the midspan, and also at what 

size of the corner separation it is possible to optimize the 

blade for reducing the size of this corner separation. 

The determination of the critical size of the corner 

separation of the flow allows us to identify the operating 

point at which the optimization should take place. With 

an acceptable level of flow separation, the blade row 

works with high efficiency and productivity to ensure the 

required characteristics. With increasing aerodynamic 

load (1), the corner separation increases, which leads to a 

local decrease in the performance of blade sections and, 

as a result, their approach to their stall boundary. That is, 

optimization will be held at the conditions with sufficient 

incidence to cause the corner separation, but with no 

separation over the entire span of the blade. 
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where Had - adiabatic work; U - circumferential speed. 

The separation point of the boundary layer on the 

blade surface is characterized by zero values of shear 

stresses on the wall – τ (Figure 1) [4,17]. At the pressure 

side of the blade, separation of the flow is unlikely and 

therefore, along the entire length of the flat section at 

any height of the blade, the shear stresses are above zero. 

Taking into account the condition for the onset of flow 

separation and the condition for the distribution of shear 

stresses on the pressure side, it is possible to obtain 

criterion (2), which characterizes the beginning of 

separation on the 2D section of the blade from its stall. 

 

Fig. 1. Shear stress distribution (τ) along the profile chord. 

The ratio of the shear stresses between the suction 

and the pressure sides will be a dimensionless parameter 

characterizing the separation of the flow regardless of 

the thermodynamic and kinematic quantities distributed 

along the chord of the blade. 

 

1

0

1

0

ps

a

ss

db

b
WS

db

b





=




, (2) 

where b is the blade chord; τss- shear stresses on the 

suction surface; τps - shear stresses on the pressure 

surface. 

Since the blade is a set of flat sections, the analysis of 

the operation of only a separate 2D section does not 

make sense due to the three-dimensional nature of the 

flow. Therefore, to control the parameter WSa along the 

height of the channel, the blade is divided into 4 regions 

(Figure 2). This is done for the convenience of 

determining the response of the blade row performance 

to its geometric change. Regions 1 and 4 relate to areas 

at meridional contours from 0 to 20% and from 80 to 

100%, respectively. It is in these parts of the blade that 

the corner separation and tip vortex are formed. Flat 

sections located in these regions are the first to approach 

the boundary of their stability. Regions № 2 and 3 show 

the row performance at the middle part of the channel 

from 20 to 80% of the blade height. These regions are 

less loaded during compressor normal operation with 

minimum flow separation. Each area is responsible for 

monitoring the aerodynamic parameters of the flow and 

signals an increase or decrease in the loading, as well as 

change in the level of flow separation from the suction 

side [18]. 

 

Fig. 2. Blade regions for WSa calculation. 

3 Results 

The study of the proposed criterion WSa was performed 

on the stator blades of the first stage of a low-speed two-

stage axial compressor at the entire operating range. The 

dependence of the parameter WSa on the diffusion factor 

(3) for each selected area was drawn (Figure 3). 
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where C1 is the flow inlet velocity; C2 - flow outlet 

velocity; Cu1 - circumferential projection of the flow 

velocity at the inlet; Cu2 - circumferential projection of 

the flow velocity at the exit; t/b- reversed solidity. 

When loading rises, incidence, and, therefore, 

diffusion go up as well. That lead WSa to grow with 

distinctive parabolic lines. 

Recommended values of the diffusion factor for 

stable operation vary in a range Fd = 0.4 ... 0.6 [19,20]. 

In this case, in the guide vane of the first stage, the 

parameter Fd at the operating point is in the range from 

0.1 to 0.2, and when the recommended value Fd = 0.4 is 

reached, a corner separation is formed near the shroud, 

which extends to region 3 and 4 (Figure 3). 

It is worth noting that with a small size of the corner 

separation, which extends only along the endwall and 

does not occupy a large area of the channel, the mass-

average value in each particular section may be lower 

than the real value at the endwall.  

At the operating point WSa is less than one, which 

can be explained by positive incidence. At a given 

incidence angle, shear stresses on the pressure side 

become lower than the ones at the suction side, but they 

are non-zero. 

As the load increases, the ratio of shear stresses goes 

up. The highest sensitivity to the flow separation 

happens, when WSa reaches 1.6..1.8. Further compressor 

operation will be accompanied with a developed corner 

separation next to endwalls, which extends beyond the 

20 percent zone. Optimization of the blade row below 

the critical values of 1.6 ... 1.8 will be impractical, since 

the flow is less affected by separation, or the separation 

does not create sufficient blockage of the channel. 

An analysis of streamlines showed that when the row 

works at the value of WSa = 1.6 ... 1.8, corner separation 

propagates along the blade only in region 4, and there 

are no saddle points on the suction surface, the presence 

of which would indicate the presence of vortex motion 
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(Figure 3). With a further increase in aerodynamic 

loading, the corner separation extends to region 3, which 

increases the value of  WSa to values 1.6 ... 1.8 in zone 4, 

and a saddle point is formed on the surface of the blade 

along with focal points and nodal lines, which indicates 

the formation of a vortex along the blade. Therefore, 

when the corner separation is propagated along the 

blade, its transition from the region near the meridional 

contour to the region of the middle of the blade 

determines the threshold value for the beginning of the 

corner separation formation as WSa = 1.6 ... 1.8 

regardless of the flow in the channel, since the parameter 

WSa is a dimensionless quantity and depends only on 

local parameters on the blade surface. 

It is not possible to predict the separation of the flow 

using only direct physical quantities, such as velocity 

and pressure, since the separation of the flow depends on 

the derivatives of these quantities. Whereas, using the 

WSa criterion, flow separation is determined by reducing 

the strength of interaction between the flow and the 

surface of the blade, which, in turn, depends on a 

decrease in the gradient of the flow velocity normal to 

the surface (du/dy) and dynamic flow viscosity (μ) (4). 

 dU

dy
 = , (4) 

The WSa criterion shows only the presence of the 

flow separation from the wall at which the action 

propagates only at the surface of the blade. At the same 

time, calculations of channel blockage using direct 

physical quantities only allows us to calculate the region 

where the flow velocity is less than the freestream one, 

and separation has already happened. However, adjacent 

to the separation zone there is a bigger region with 

significantly higher turbulence intensity. This larger 

zone can be taken into account when predicting the 

operation of the row and determining the operating point 

for row optimization. 

To determine the dimensions of the flow separation 

and the blockage area of the channel, a second criterion 

is proposed, which includes the ratio of the area that is 

determined in the region of the turbulence intensity 

above TI = 30% (5) to the cross-sectional area of the 

channel (F) (Figure 4, left) (6). 

The turbulent flow rate is defined as: 
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where Ek is the kinetic energy of the flow; V is flow 

velocity. 
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The largest area of the corner separation region is 

expected at the trailing edge, that explains the choice of 

identification plane (Figure 4, left). To set a threshold 

value for turbulence intensity, the criterion for the area 

of flow turbulence intensity was limited to 30%. The 

streamlines that are detached from the surface of the 

blade at the interface between the vortex and the free 

steady flow zone have a high turbulence intensity, which 

is about 30% (Figure 4, right). 

The vortex forming the corner separation has high 

turbulence intensity and includes not only the region of 

flow separation itself, but also the vortex formation 

region limited by the limiting current line, and the area 

corresponding to TIa = 30% will be larger than the area 

with low Mach numbers of the corresponding average 

values within the separation region. 

Comparison of the blockage area with isosurfaces of 

low Mach number (Ma) and the TIa criterion (Figure 5) 

shows that near design operating points, the isosurface 

blockage area based on TIa criterion is higher than 

blockage area based on Mach number. Further raise in 

 
Fig. 3. WSa parameter vs diffusion factor. 
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loading causes the TIa parameter to reach 7%, which is 

3.5 times greater than the Mach number based blockage. 

Thus, this parameter allows you to identify the corner 

flow separation at the point when the flow separation 

based on the Mach number does not pose a danger to the 

stable operation of the row. This makes it possible to 

predict the behaviour of the row at higher loading, 

which, in turn, allows you to estimate the stall margin. 

As well as the WSa criterion, the TIa criterion is 

related to the diffusion factor (Figure 6). In this case, at 

the 4th region of Stator 1, flow separation exists at the 

operating point and the blockage is 1.5% based the TIa 

criterion. Further loading increase leads to greater 

channel blockage and when the value TIa = 4 ... 7% is 

reached at the shroud, the graph becomes rather 

horizontal. 

Therefore, when the TIa value reaches critical values 

of 4 ... 7%, it shows that the corner separation passes 

from the near-endwall region towards the midspan. 

4 Discussion 

Based on the distribution of the parameters TIa and WSa 

in stator blade row, a diagram was obtained for 

determining the row operating points depending on the 

 
Fig. 4. Surface location for corner separation identification (left) and Turbulence intensity for limiting streamlines (right). 

 
Fig. 5. Blockage area with Mach number and TIa parameter. 

 
Fig. 6. Parameter TIa vs diffusion factor for stator 1. 
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degree of development of the corner separation (Figure 

7). Based on this diagram, it is possible to determine 

how critical the analysed operating point for the 

compressor performance. 

If the values of the parameter TIa at the exit from 

approach 4..7%, but the values of the parameter WSa are 

closer to 1, then the corner separation occurs only 

because of increasing incidence. In this case, the flow in 

the suction side boundary layer has the necessary 

velocity gradient normal to the surface, and the flow 

viscosity is sufficient so as not to form a swirl region 

along the profile surface. 

Increase in both TIa and WSa means simultaneous 

increase in the incidence and decrease in the dynamic 

viscosity together with velocity gradient. Thus, the 

separation of the flow begins at the leading edge and 

continues along the entire suction surface of the selected 

area. In this case, saddle and focal points are formed on 

the surface, which signal a vortex motion near the wall. 

5 Conclusions 

It is established that the criteria WSa is used to identify 

the corner separation at the blade surface, and the 

criterion TIa is used to determine the spanwise extension 

of the corner separation. At the same time, they may not 

necessarily be optimised at the same compressor 

operating point due to the different nature of the flow in 

the rows and the different shape of the blade. 

First of all, it is necessary to evaluate the effect of 

corner separation on the flow in the channel using the 

TIa, and additionally check the WSa. This is because first 

the blockage of the channel will be determined, which 

affects the performance of the compressor, and then the 

degree of resilience to separation of each zone using the 

WSa will be determined. If the threshold value is reached 

for any isolated distinguished zone for the TIa (the 

threshold value of blockage is reached), but the ratio of 

the shear stresses of the suction and pressure side is 

below the limit WSa = 1.6 ... 1.8, (streamlines that 

separate from the blade do not form vortex between the 

limiting streamlines and the blade surface) it is possible 

to optimize the selected blade row, but this region of the 

blade can continue to work with corner separation. 

The results obtained can be used in 3D optimization 

of compressor blade rows by means of lean, sweep and 

dihedral 
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