
Proceedings of Global Power and Propulsion Society 
ISSN-Nr: 2504-4400  

GPPS Xi’an21 
18th – 20th October, 2021 

www.gpps.global 

This work is licensed under Attribution 4.0 International (CC BY 4.0) See: 
https://creativecommons.org/licenses/by/4.0/legalcode 

 
GPPS-TC-2021-0133 

Effect of axial slot casing treatment on a counter-rotating axial 
compressor performance and stability 
 

Yanchao GUO 
School of Power and Energy, 

Northwestern Polytechnical University  
Email: guo_yc@mail.nwpu.edu.cn 
Xi’an 710072, Shaanxi, PR China 

Limin GAO 
School of Power and Energy, 

Northwestern Polytechnical University  
Email: gaolm@mail.nwpu.edu.cn 
Xi’an 710072, Shaanxi, PR China 

 
Lei WANG 

School of Power and Energy, 
Northwestern Polytechnical University  

Email: wanglei304@mail.nwpu.edu.cn 
Xi’an 710072, Shaanxi, PR China 

Xiaochen MAO 
School of Power and Energy, 

Northwestern Polytechnical University  
Email: maoxiao_chen@126.com 
Xi’an 710072, Shaanxi, PR China 

 
 
ABSTRACT 

For the purpose of exploring the stall margin improvement capacity potential of axial slot casing treatment (ASCT) 
technology in the axial counter-rotating compressor (CRAC), the effects of ASCT position and radial deflection angle on 
the overall performance and stall margin of the counter-rotating axial compressor were studied by numerical method. To 
reveal the stability expansion mechanism of ASCT in a counter-rotating axial compressor and the effect of casing treatment 
on the rotor/rotor interference effect between the front and rear rotors. The results show that the axial slot position has little 
effect on stall margin improvement, but has a great influence on peak efficiency. The peak efficiency loss can be reduced 
by increasing the radial deflection angle of the ASCT. The stall margin can be improved by about 10% by arranging the 
ASCT on the rear rotor. The suppression of tip leakage flow by axial slot and the transport of low-energy fluid in tip region 
can delay the occurrence of the stall, but the mixing of flow in slot increases the efficiency loss. 

Key words: Counter-rotating axial compressor, casing treatment , stall enhancement mechanism, tip leakage flow, stall 
margin 

1 INTRODUCTION 
Modern aero-engines are developing towards a large thrust-to-weight ratio. However, the aerodynamic instability 

induced by stall and surge is the main factor limiting its development. How to enhance the thrust-to-weight ratio and 
broaden the stall margin has become an urgent problem for designers. The high thrust-to-weight ratio can be achieved by 
increasing the stage pressure ratio of the compressors. The simplest way to improve the thrust-to-weight ratio of an aero-
engine is to reduce its weight except for increasing the stage pressure ratio. A counter-rotating compressor may be a 
promising method to meet the requirements. (Yang and Shan, 2011). Different from conventional compressors, the counter-
rotating compressor greatly reduces the overall weight due to the elimination of the stators between the two adjacent rotors. 
Meanwhile, the reverse rotation can double the relative speed, which can also improve the aerodynamic load effectively. 

In recent years, research on counter-rotating compressors has become a hot topic for designers. In order to enhance 
the thrust-to-weight ratio and broaden the stable working range of aero-engine, many experimental and numerical studies 
have been carried out on compressor aerodynamic design and flow control technology. However, the internal flow 
mechanism of the counter-rotating compressor is more complex because of its special structure. Mistry et al. (Mistry and 
Pradeep, 2013) experimentally investigated the effects of axial spacing and speed ratio on the performance of a counter-
rotating axial fan stage. The experimental results showed that raising the downstream rotor speed is an effective method to 
improve total performance. Gao et al. (Gao et al., 2012, 2013) studied the effects of speed ratio and axial clearance of the 
front and rear rotors of a counter-rotating compressor on the stall characteristics.  

Casing treatment can effectively improve the stall margin of compressors. The structural types of casing treatment 
mainly include a circumferential groove, axial slot(Heinrich, Khaleghi and Friebe, 2019a), etc. Researchers have carried 
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out studies on different forms of casing treatment. Hah (Hah, 2018) studied the effect of semicircular axial slots on stall 
margin and efficiency of a 1.5-stage axial compressor with large clearance. The results show that the mechanism of the 
axial slot is to prevent the formation of tip leakage vortex. The mixing between the main flow and the slot flow reduces the 
efficiency and total pressure increases. In addition, the mixing of the tip leakage flow (TLF)and the slot flow will produce 
a stronger double leakage flow. Zhou et al. (Zhou et al., 2017) discussed the effect of the position of axial slots on the 
performance of NASA Rotor 67 by unsteady numerical simulation. The results show that when the slot is located at the 
initial position of the tip leakage vortex and the boundary layer separation region downstream of the shock wave, the stall 
margin improvement is maximum. Alone et al.(Alone et al., 2014, 2017)carried out a parametric experimental study on the 
bend skewed casing treatment, including the depth and volume of the plenum chamber, the axial position, and the porosity. 
The results show that the curved inclined casing treatment with 20 to 40% axial position and 33% porosity can improve 
the stall margin and improve the compressor efficiency. Inzenhofer et al.(Inzenhofer et al., 2016) compared the difference 
between the ASCT and the self-recirculating casing treatment. They demonstrated that the ASCT improved the stall margin 
better and restrained the TLF more effectively. The self-recirculating casing treatment mainly increases the momentum in 
the tip clearance, while the ASCT provides the momentum in a larger blade span. 

However, there is little research on the combination of CRAC and advanced flow control technology. The influence 
of the speed ratio and axial clearance of a counter-rotating compressor on the stability expansion effect of different types 
of casing treatment were studied experimentally by Pundhir et al. (Pundhir, 1994). The results showed that the speed ratio 
and axial clearance of the front and rear rotors can affect the stability expansion effect of casing treatment. Under off-
design conditions, casing treatment can significantly enhance the stall margin and efficiency of compressors. Mao et al. 
(Mao et al., 2018; Mao and Liu, 2020) have investigated the influence of circumferential slot position on the stability of a 
counter-rotating compressor, and the results showed that the stall margin is improved the most when the circumferential 
slot position is close to the leading edge of the rear rotors. Heinrich et al. (Heinrich, Khaleghi, and Friebe, 2019b) performed 
an investigation of circumferential slot casing treatment in a low-speed counter-rotating fan. The results showed that 
circumferential slot casing treatment can increase the stall margin of the fan by 3.0% and significantly reduce pressure 
fluctuation in the blade tip area at the near-stall condition. 

The research on the combination of ASCT and CRAC has not been reported. Therefore, the stability expansion 
mechanism of ASCT in CRAC and the geometric parameters affecting the stability expansion ability of ASCT still need 
to be further studied and improved. Therefore, taking a two-stage counter-rotating axial compressor as the research object, 
this paper studies the effects of the treatment position and radial deflection angle of the ASCT on the aerodynamic 
performance and stall margin. Through the analysis of the blade tip flow field, the stability expansion mechanism of the 
ASCT in the counter-rotating compressor is revealed. It provides theoretical guidance for expanding the stable working 
range of aero-engine with a large thrust-to-weight ratio. 

2 INVESTIGATED OBJECT AND ASCT 

2.1 INVESTIGATED OBJECT 
The research object of this paper is a two-stage counter-rotating axial compressor. Its structure and cross-section are 

shown in Figure 1. It mainly includes four parts: inlet guide vane (IGV), front rotor (R1), rear rotor (R2) and outlet guide 
vane (OGV). The number of the inlet and outlet guide vanes are 22 and 32 respectively. The rotation direction of R1 is 
clockwise, and the rotation direction of R2 is anticlockwise. The counter-rotating compressor produces a total pressure 
ratio of 1.22 and an adiabatic efficiency of 89% at a mass flow rate of 6.4kg/s at the design speed of 8000 rpm. The air 
enters the test section radially from the annular inlet, and the detailed design parameters of R1 and R2 are shown in Table  
1. 

 

(a) Global view 

 

(b) Partial view 
Figure 1 Views of the two stage CRAC test rig 
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Table 1 Main design parameters of the CRAC 

Design parameter R1 R2 

Rotating speed 8000 rpm -8000 rpm 

Tip clearance 0.5 mm 0.5 mm 

Tip speed 167.6 m/s -167.6 m/s 

Tip blade chord 83.2 mm 76.9 mm 

Blade number 19 20 

Hub-tip ratio 0.485 0.641 

2.2 NUMERICAL METHOD 
In order to reduce the calculation cost, only the two rotors were considered in the numerical calculations. The 

computational domain grid was generated by NUMECA/AUTOGRID5 and adopts O4H-grid topology. The tip gap in the 
rotors was modeled by the butterfly topology. The number of radial grid nodes is 25. The grid near the wall was refined, 
and the thickness of the first layer of the grid is 5 x 10-6 m to ensure y+ < 2.0. The computational domain grid is shown in 
Figure 2.  

Five grid numbers levels were selected for grid independence verification in the solid casing (SC) at the design speed. 
Grid 1 ~ Grid 5 are 1.2 million, 1.4 million, 1.6 million, 2.0 million and 2.4 million, respectively. The grid independence 
verification result is shown in Figure 3. When the number of grids exceeds 1.46 million (Grid 2), the total pressure ratio 
and adiabatic efficiency are not sensitive significantly to changes in the number of grids. Then, the effect of grid density 
on the calculation accuracy can be ignored. In order to improve computational efficiency, the number of single passage 
computational domain grids was selected as about 1.6 million (Grid 3). The number of nodes in the axial, radial and 
circumferential directions are 257, 81 and 49 respectively. 

 
Figure 2 Schematic diagram of computational 

domain grid 

 
Figure 3 Grid independence verification of 

computational domain 

Numerical simulations were carried out by the software package NUMECA FINE/TURBO in the present 
investigation. The Spalart-Allmaras turbulence model was used to solve the three-dimensional Reynolds-averaged Navier-
Stokes equations. The space term was discretized by a central difference scheme, and the time term was solved by fourth-
order Runge-Kutta iterative method. The implicit residual smoothing method and multi-grid technique were used to 
accelerate the calculation convergence process. The mixing plane method was applied to transfer data between the two 
rotors in steady calculations. The inlet boundary conditions were imposed by total pressure (101325 Pa), total temperature 
(288.15 K) and inlet flow angles. The averaged static pressure was given at the outlet boundary. The adiabatic and non-
slip boundary conditions were employed at solid boundaries, and the sides of each blade passage were set as the periodic 
boundary conditions. The characteristic curves and flow field parameters distribution at different working conditions were 
obtained by changing the outlet static pressure. The step of changing the outlet static pressure is 50 Pa as the counter-
rotating compressor was throttled towards the near-stall point. The compressor is considered to enter the stall state when 
the numerical results diverge. 

The accuracy of the numerical method was verified by comparing the numerical results with the experimental 
results based on the solid casing. Figure 4 shows the comparison between the numerical calculations and the experimental 
measurements on the overall performance of the counter-rotating compressor. It can be seen that the total pressure ratio 
obtained by the numerical calculations is in good agreement with the experimental results. But there are some errors in the 
numerical calculations. The adiabatic efficiency obtained by the numerical calculation is slightly lower than that of the 
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experimental results, which is mainly due to the temperature rise effect during the experiment. The adiabatic efficiency 
curve of the numerical calculation and experimental results have good consistency in the trend. Therefore, the numerical 
calculation results obtained in this paper are reliable. 

 

(a) Adiabatic efficiency  

 

(b) Total pressure ratio 

Figure 4 Overall performance comparison between numerical and experimental results of SC 

2.3 STALL ANALYSIS OF CRAC WITH SC 
Although the effect of casing treatment has been confirmed in a large number of experimental studies, not all 

cases can play a role in stability expansion. Greitzer et al. (Greitzer et al., 1979) of MIT have studied the applicability 
of casing treatment, and the results show that casing treatment can play a good role in stabilizing the rotor in end-
wall stall, but has little effect on the rotor in blade stall. The research results of Houghton et al. (Houghton and Day, 
2011) show that when the stall type of compressor is spike type, circumferential grooved casing treatment can give 
full play to the maximum stability expansion ability. When the stall type is modal wave type, the stability expansion 
effect of circumferential grooved casing treatment decreases. Therefore, the stall precursor of the compressor should 
be analyzed first in the study of casing treatment. Flow instability usually occurs first in the rotor blade tip of the 
compressor. Hewkin-Smith et al (Hewkin-Smith et al., 2019) pointed out that the occurrence of the stall is directly related 
to the tip flow field. Therefore, it is necessary to analyze the flow field near the blade tip before the design of flow control 
strategy. The flow field of the CRAC with SC at the near-stall point (NSP point in Figure 4) was analyzed to determine the 
configuration position of ASCT.  

Figure 5 shows the flow field at 99% blade span at the near-stall point of solid casing. From the relative Mach 
number distribution of the blade tip in Figure 5 (a), it can be found that the flow near the blade tip of R1 is better, and there 
is an obvious low-speed zone near the leading edge on the pressure surface side of R2. The reason is that the TLF was 
mixed with the boundary layer of the casing wall to cause blockage, and there is also an apparent low-speed zone near the 
leading edge parallel to the frontal line. It can be noted that the MF at the leading edge of the blade tip only moves along 
the circumferential direction and cannot flow into the downstream passage in Figure 5 (b). The interface formed by the 
mixing of the TLF and the MF, which can be distinguished by the gradient of the entropy distribution, reaches the leading 
edge of the rotor blade and spillages at the leading edge of the blade.  

 
(a) Relative Mach number 

 
(b) Entropy and 2D streamline 

 
(c) Distribution of static pressure 

coefficient on blade surface 
Figure 5 Flow field at 99% blade span of SC at the near-stall point 

According to Figure 5 (c), the surface static pressure coefficient (which is defined as the ratio of local static pressure 
to the inlet total pressure) distribution of the front and rear rotor blades at 99% of the blade span. It can be found that under 
the near-stall condition, the surface pressure of R2 is significantly higher than that of R1, which means it has a higher 
aerodynamic load. The experimental study of Camp et al. (Camp and Day, 1998) showed that the compressor enters stall 
from the steady-state when the pressure ratio reaches its maximum and begins to decline. Combined with the stall judgment 
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criteria proposed by Vo et al.(Vo, Tan and Greitzer, 2008), it can be determined that the R2 stalls first and the stall type is 
spike mode. Therefore, the R2 was equipped with ASCT in this study. 

2.4 STRUCTURE AND MESH GENERATION OF ASCT 
The schematic diagram of the ASCT is shown in Figure. 6 and the definition of the parameter is defined in Table 

2. The number of axial slots of each blade passage is 6 (n = 6). The axial length, width, depth and spacing of each slot are 
34.5mm, 7.4mm, 3.7mm, and 12mm respectively. In this study, three schemes are designed according to the axial position 
of the gearbox treatment tank, namely ASCT1 (l = 0%Ca)，ASCT2 (l = 21%Ca)，ASCT3 (l = 42%Ca). 

Table 2  Geometric design parameters of ASCT 
Characterizing letters Parameter definition 

w length of the ASCT 
a width of a single ASCT 
b spacing width of the ASCT 
d depth of the ASCT 
 radial deflection angle of the ASCT 
l distance between the ASCT and LE of R2 
n number of the ASCT 

The mesh of the ASCT was manually generated by the NUMECA/IGG. The total number of grids is about 2.1 x 
105, and the mesh near the solid walls were refined. Besides, two thin blocks that used H-type grids were added at the tip 
of the main passage to transfer the data accurately, and the total height is 1/20 of the tip clearance. The bottom of the lower 
thin block grid was connected with the blade passage mesh in the full non-matching connection (FNMB), and the top of 
the upper thin block was also connected with the bottom part of the suction port of the ASCT in the FNMB. The overall 
grids diagram is shown in Figure 7, and the total number of computational domain grids of ASCT and single passage 
computational domain is about 1.83 million. 

 

Figure 6 Schematic diagram of ASCT 

 

Figure 7 Grid diagram of ASCT structure 

3 RESULTS AND DISCUSSION 

3.1 EFFECTS OF ASCT ON THE OVERALL PERFORMANCE 
In order to assess the change of the counter-rotating compressor performance with and without casing treatment, SMI 

(stall margin improvement) and PEI (peak efficiency improvement) were selected to evaluate the casing treatment. The 
definition of SMI and PEI is shown below. 

     %100//  SCNSPDPDPNSPASCTNSPDPDPNSP mmmmSMI   (1) 

     %1001/  SCPEPASCTPEPPEI   (2) 

Where the subscript ASCT represents the casing treatment, and the subscript SC denotes the solid casing. The subscript 
NSP, DP, PEP signifies the near-stall point, design point and peak efficiency point respectively. 

Figure 8 shows the comparison of the overall performance of the CRAC with different ASCT schemes and the 
variation of ASCT stability of stall margin enhancement with the variation of ASCT position. The mass flow rate coefficient 
of each scheme is obtained by dimensions based on the choke point (CP) mass flow rate under the SC case. The results 
show that the mass flow rate coefficient of SC at the near-stall point (NSP2) is 0.675, and the mass flow rate coefficient of 
three kinds of ASCT at the near-stall point (NSPASCT) is 0.640, 0.640 and 0.633 respectively. It can be seen that all the 
ASCT schemes with different positions increase the stable working range of the CRAC in Figure 7. Meanwhile, when the 
compressor runs from the peak efficiency point to the near-stall point, the total pressure line moves to the left and upward 
as a whole, which indicates that the ASCT increases the power capacity of the CRAC. 
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（a）Adiabatic efficiency 

 

（b）Total pressure ratio 

Figure 8 The overall performance of the counter-rotating compressor with SC and ASCT 

However, it's worth noting that the ASCT has a negative effect on the peak efficiency of the CRAC. The maximum 
decrease of peak efficiency is 0.019 in Table 3. Compared to the three schemes with different positions, it can be noted 
that with the position of the ASCT moving downstream, the corresponding minimum steady mass flow rate gradually 
decreases. When the ASCT is away from the leading edge of the blade, there is little peak efficiency loss and the maximum 
increase in stall margin is 10.3%. The stall margin improvement of ASCT_1 and ASCT_2 is similar, but the efficiency loss 
of ASCT_2 is relatively small., which indicates that ASCT position has little effect on stability, but a great influence on 
adiabatic efficiency. 

Table 3 Comparison of peak efficiency in different ASCT schemes 
Scheme SC ASCT_1 ASCT_2 ASCT_3 

peak efficiency decline reference 0.019 0.016 0.009 
PEI 0 -2.15% -1.8% -0.99% 

Therefore, it can be concluded that the optimal position of ASCT for CRAC should be around 40%Ca. At this time, 
the stall margin will enhance the most, and the adiabatic efficiency near the stall point will improve significantly. TLF 
plays an important role in stall initiation and secondary flow loss generation. The casing treatment slot may improve the 
structure of TLF and the flow in the casing treatment slot may make a certain contribution to the secondary flow loss. The 
detailed analysis of the three-dimensional flow field at the blade tip will be carried out in the following sections. 

3.2 ANALYSIS OF THE TIP FLOW FIELD 
The ASCT_1 and ASCT_3 schemes were selected for analysis. Figure 9 shows the surface streamline and entropy 
distribution of 99% blade span at the NSP2 working condition. The color of the flow line represents the relative velocity. 
It can be seen that in the solid wall casing, there is a strong spillage near the leading edge of the blade tip. The interface 
between the tip leakage flow and the main flow is parallel to the frontal line and away from the leading edge of the blade. 
The entropy gradient at the leading edge is large and produces a large range of high entropy regions. The leading edge 
spillage of the rear rotor was obviously controlled in ASCT_1 and ASCT_3. The high entropy region in ASCT_1 is small, 
while the large and high entropy region in ASCT_3 is obviously enlarged. 

（a）SC （b）ASCT_1 （c）ASCT_3 

Figure 9 The surface streamline and entropy distribution of 99% blade span at the NSP2 
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Figure 8 shows that the adiabatic efficiency of ASCT_3 is higher than that of ASCT_1 at the condition of NSP2, so it 
cannot be explained by the flow field on the S1 stream surface. Next, the three-dimensional flow field at the tip is further 
analyzed. Figure 10 shows the three-dimensional streamline distribution of facet release in tip clearance under conditions 
of NSP1 and NSP2. The streamlines are successively divided into three parts from leading edge to trailing edge, which are 
represented by red, blue and green colors respectively. It can be observed that in the SC scheme, the TLF of the first 33%Ca 
flows directly to the downstream of the channel, while the TLF of the middle chord point has low momentum. Meanwhile, 
under the strong adverse pressure gradient from the downstream, the TLF deflects to the upstream, impinges on the leading 
edge of adjacent blades and spillage occurs. In addition, comparing the trajectories of TLF under NSP1 and NSP2 
conditions, it can be seen that with ASCT, the trajectory of the vortex core of TLF changes significantly and is farther away 
from the pressure surface of adjacent blades, which reflects the inhibitory effect of ASCT on TLF. 

（a）SC (NSP1) （b）ASCT_1 (NSP1) （c）ASCT_3 (NSP1) 

（d）SC (NSP2) （e）ASCT_1 (NSP2) （f）ASCT_3 (NSP2) 

Figure 10 The three-dimensional streamline distribution in the tip clearance at the NSP1 and NSP2 

After the ASCT, it can be observed that the tip leading edge overflow phenomenon disappears in both ASCT_1 and 
ASCT_3 schemes. In the ASCT_1 scheme, the TLF within the first 2/3 of the axial chord length flows downstream, and 
the TLF near the trailing edge is transported to the adjacent blade near the leading edge under the action of the casing 
treatment slot. In the ASCT_3 scheme, the TLF in the range of the first 1/3 to 2/3 of the axial chord length is transported 
to the adjacent blade near the leading edge under the action of ASCT. In both NSP1 and NSP2 conditions, serious mixing 
of treatment slot flow and the TLF can be observed. Therefore, the overall efficiency of the axial slot casing decreases after 
treatment. In addition, it can be seen that the flow mixing in the middle tip region of the ASCT_1 scheme is more intense 
than that of the ASCT_3 scheme, which is the main reason for the high-efficiency loss of the ASCT_1 scheme. The 
unsteady fluctuation of the TLF changes the blade load at the tip. The following section will analyze the effect of the ASCT 
on the TLF from the tip load.  

3.3  EFFECT OF ASCT ON THE BLADE TIP LOAD 
Figure 11 shows the static pressure coefficient distribution on the blade surface of R2 at 99% blade span under the SC 

and ASCT at the NSP1 and NSP2 (Figure 8). It can be observed that the ASCT has a significant effect on the static pressure 
on both sides of the blade. That also shows that ASCT changes the tip load of the R2. At the leading edge of R2, the static 
pressure difference on both sides of the blade is the largest. The static pressure difference on both sides of the blade is the 
main driving force of the TLF. It can be judged that ASCT can increase the strength of the TLF, and increase the kinetic 
energy of the leakage flow. Thus, it can reduce the flow blockage near the tip clearance and conquer the strong reverse 
pressure gradient in the blade passage. 

Further analysis shows that ASCT has a greater impact on the static pressure on the pressure surface side of the blade, 
and ASCT increases the aerodynamic load in the entire range of the blade tip. When the ASCT position is directly above 
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the blade tip, the tip static pressure amplitude fluctuates the most. As the ASCT position moves upstream, the static pressure 
fluctuation amplitude decreases. When the compressor is further throttled to the NSP2 point, the changing trend of the 
static pressure of the blade tip is similar to that of the NSP1. 

 

（a）NSP1 

 

（b）NSP2 

Figure 11 The Cp distribution on the blade surface at 99% blade span 

3.4  EFFECT OF THE RADIAL DEFLECTION 

The ASCT has good stability expansion potential in the CRAC and can obtain considerable stall margin improvement. 

However, the ASCT has a negative effect on peak efficiency. Generally, the greater the stall margin improvement, the 

larger the efficiency loss(Day, 2016). In order to further improve the comprehensive effect of ASCT, the treatment form 

of axial slot casing can be appropriately adjusted according to the local flow field characteristics. As rotating 

turbomachinery, the internal flow of the compressor has strong three-dimensional characteristics, and the velocity at the 

blade tip has a larger partial velocity in the circumferential direction. Considering that the casing treatment slot adapts to 

the local flow field characteristics, the casing treatment slot can be deflected by a certain angle in the radial direction.  

The radial deflection direction of the axial slot is set to be the same as the rotation direction of R2, which is more 

conducive for the airflow at the blade tip to enter the treatment slot. The effect of deflection angle on stability expansion 

of ASCT is also worthy of further study. On the basis of the previous research, the radial deflection angle () of the casing 

treatment slot of the ASCT_3 scheme was selected for the study. The deflection angles of the given three slots are 20°, 45°, 

60°, and they are named ASCT_3_20°, ASCT_3_45°, ASCT_3_60°respectively. After radial deflection, the depth of the 

slot decreases with the increase of deflection angle. 

Figure 12 shows the overall performance of the CRAC with different radial deflection angles. It can be found that with 
the increase of radial deflection angle, the ability of ASCT to further enhance the stall margin is similar. With the increase 
of radial deflection angle, the adiabatic efficiency and the total pressure ratio of the compressor increase gradually. Table 
4 shows the change of stall margin improvement and peak efficiency improvement with the radial deflection angle of 
ASCT. According to formulas (1) and (2), the improvement of stall margin is not apparent. When the radial deflection 
angle is 60°, the maximum stall margin increase is 10.75%, and the adiabatic efficiency only decreases by 0.006. 

Table 4  SMI and PEI varies with the radial deflection angle 

Scheme ASCT_3 ASCT_3_20° ASCT_3_45° ASCT_3_60° 

SMI 10.3% 9.9% 10.0% 10.8% 
∆SMI reference -0.4% -0.3% 0.5% 
PEI -0.99% -0.92% -0.89% 0.73% 

∆PEI reference 0.07% 0.10% 0.26% 

 



9 

 

（a）Adiabatic efficiency 

 

（b）Total pressure ratio 
Figure 12 The overall performance of the CRAC  

Figure 13 Compares the three-dimensional streamline distribution of the blade tip zone and slots between ASCT_3 
and ASCT_3_60°schemes. In the ASCT_3 scheme, part of the TLF at the middle chord strength moves to the leading 
edge of adjacent blades and produces secondary TLF, while in ASCT_3_60°scheme, the inhibition effect on TLF near 
the leading edge is weakened. In addition, it can be observed that the flow velocity in the treatment tank (CTS) in the 
ASCT_3_60°scheme is higher, because the deflection direction is consistent with the rotation direction of the R2, which 
is more conducive to the inflow of air. 

 

（a）ASCT_3 

 

（b）ASCT_3_60° 
Figure 13 The three-dimensional streamline distribution in the tip and slots 

Figure 14 shows the comparison of static pressure coefficients at 99% blade span between the CT1 scheme and 
ASCT_3_60°scheme under NSP1 and NSP2 conditions. It can be seen that after the radial deflection of the ASCT, the 
variation trend of the influence difference on the load at the blade tip is similar. In the ASCT_3 scheme, the aerodynamic 
load at the leading edge of the blade tip is larger, and the blade surface static pressure is higher after 50%Ca. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 14 The comparison of static pressure coefficients at 99% blade span 
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4 CONCLUSIONS 
In this paper, the stability expansion mechanism of the axial slot casing treatment in the CRAC was studied. The ASCT 

is deployed on the R2, and the effects of the ASCT position and radial deflection angle of the axial slot on the stall margin 
and aerodynamic performance were analyzed. The following conclusions can be obtained.  

(1) The axial slot casing treatment in the CRAC shows excellent stability expansion potential and less peak efficiency 
loss. In the ASCT_3 scheme, the stall margin can be improved by 10.3%. In the ASCT_3_60° scheme, the stall margin can 
be further increased to 10.8%, and the peak efficiency declines by about 0.01.  

(2) The stall margin improvement is not sensitive to the change of the axial slot position, but the efficiency loss is the 
largest when the axial slot position is close to the leading edge of the blade. Increasing the radial deflection angle has no 
obvious effect on further improving the stall margin, but it will reduce the peak efficiency loss. 

(3) The axial slot casing treatment enables the low-energy fluid blocked at the tip of the blade to enter the axial slot 
and circulate to the upstream of the blade for re-injection. The stability expansion mechanism mainly has two aspects. One 
is to reduce the flow blockage in the tip area, and the other is to increase the momentum of the TLF, which prevents the 
spillage of the TLF at the leading edge, thus postponing the stall.  

(4) The axial slot casing treatment of the R2 can reduce the distortion interference of the wake of the front rotor to the 
downstream rotor inlet flow field. It can reduce the relative flow angle at the inlet of the rear rotor and increase the 
aerodynamic load of the R2.  

The effect mechanism of ASCT on the rotor/rotor unsteady interference effect between the R1 and R2 of the CRAC 
and the influence on the stall characteristics of CRAC need to be obtainedutilizing unsteady calculations. These studies 
will be carried out in the future. 

NOMENCLATURE 

Notation    

Ca Axial chord of blade tip Abbreviations  

τ Tip clearance SC Solid casing 

η Adiabatic efficiency ASCT Axial slot casing treatment 

π Total pressure ratio NSP Near-stall point 

P Local static pressure NSPASCT Near-stall point with ASCT 

P* Inlet total pressure PEP Peak efficiency point 

Cp Static pressure coefficient Cp=P/P* TLF Tip leakage flow 
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