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ABSTRACT 

 
In the present study, a numerical simulation of turbulent flow over the NACA 65-100 

compressor cascade was conducted to control the boundary layer using both suction and 

blowing separately. In order to study the effects of suction and blowing over the blade, 10 slots 

were considered on the upper surface of the blade. The slots were considered at intervals of 5% 

to 95% of the blade chord length. The results showed that applying both suction and blowing 

caused to delay the flow separation point and move it downstream which led to increase the lift 

coefficient and decrease the drag coefficient. Also, it was concluded that the effect of applying 

suction especially in the location where is near the trailing edge was significantly more than the 

effect of applying blowing. So that the lift coefficient had increased about 45% at 95% of chord 

length for suction compared to 5% of chord length and it had increased about 10% at 95% of 

chord length for blowing compared to 5% of chord length. Moreover, the best location to apply 

suction and blowing in a compressor cascade was near the flow separation point where is near 

the trailing edge. 

 

Keywords: Compressor cascade; boundary layer; suction and blowing; lift and drag 

coefficients; flow separation. 

 

INTRODUCTION 

 

Generally, flow separation increased energy losses and operating instability, so flow 

separation control is required for improving aerodynamic performance. In the published 

studies, methods of flow separation control have been presented [1]. The significant 

effect of boundary layer suction for improving the aerodynamic performance has 

already been revealed since 1971 [2]. In 1997, the conception of aspirated compressors 

stated by Kerrebrock et al. [3-4]. Schuler et al. [5] experimentally studied the transonic 

aspirated stage that representing the use of boundary layer aspiration in order to increase 

the stage work. The experimental results were compared to the CFD calculation and 

discussed in detail. Moreover, suction and aspiration were applied interchangeably in 

their study. In the study of Fottner [6], a semi-empirical calculation method was 

developed in highly-loaded compressor cascades to design the blowing configuration. 

He indicated that if the injected flow has enough energy for eliminating the boundary 

layer separation completely, the cascade operating range could be significantly 

increased. In the study of Merchant [7], two aspirated compressor stages were designed 

and exit guide vane of aspirated turbine was studied. He investigated the effect of 

suction method on the airfoils aerodynamic.  
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Qiang et al. [8] and Wang et al. [9] presented a new design concept of highly 

loaded axial flow compressor that applies 3D blade technique and suction. Their results 

indicated that boundary layer suction was applied for decreasing the separation loss due 

to the significantly increase of the turning angle of the stator. The influences of suction 

flow rates and suction positions on the losses and the flow deviation at cascade exits 

were experimentally studied by Niu et al. [10]. Their results demonstrated that the 

advantageous of suction method are very limited due to the suction flow rates and small 

profile camber angle which they applied in their calculation. Zheng et al. [11] 

investigated the periodic suction and blowing over the axial compressor cascades. They 

revealed that these methods could control the disordered unsteady separate flows and 

also improve effectively the aerodynamic performances of the axial compressor 

cascades.  

In the Harbin Institute of Technology, Song et al. [12-14] and Chen et al. [15-

17] numerically studied the effect of suction method on the aerodynamic performance 

of a compressor cascade with a large camber angle. Their results indicated that the 

suction method has a great impact in order to enhance the compressor cascade 

performance. Nerger et al. [18] experimentally investigated active flow control using 

endwall and suction side blowing over linear stator cascade. They applied significant 

suction side boundary layer separation and secondary flow at baseline conditions 

without blowing. Consequently, in order to decrease the total pressure loss for some of 

the operating points, flow blowing was more effective. Guo et al. [19] experimentally 

studied the effects of suction method on the vortex structure of compressor cascade. The 

possibility of applying the suction method was also investigated in their study. Ding et 

al. [20] experimentally and numerically studied the use of boundary layer suction holes 

over a compressor cascade. They found that both side and middle suctions on the 

suction surface can significantly remove low-energy fluid for improving the cascade 

load capacity.  

Sarimurat et al. [21] applied the steady blowing method for controlling the flow 

over a low-speed compressor based on both CFD method and integral method. In their 

study, both theory and CFD results indicated that the change in trailing edge momentum 

thickness is a function of the change in the momentum thickness across the blowing 

location. In this study, the numerical simulation and comparison of suction and blowing 

approaches were conducted separately to control the boundary layer flow around the 

NACA 65-100 compressor cascade in the turbulent flow regime. Also, the effect of slot 

location for both suction and blowing on the flow pattern and turbulence characteristics 

was studied. 

 

GEOMETRY OF COMPRESSOR CASCADE 

 

Figure 1 shows the geometry of compressor cascade with the coordinate axes. The 

computational domain consists of a channel with the length of 0.25 meters, the inlet of 

0.2 meters and the outlet of 0.2 meters. The chord length of the blades was 0.08 meters 

and the blades had located with the angle of α equal to 17°. The interval between the 

blades was 0.04 meters and the blades had located in 0.06 meters from the inlet of 

channel [22]. 
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Figure 1. Geometry of compressor cascade, boundary conditions and coordinate axes 

 

In the present study, 10 slots for applying suction and blowing were considered 

separately with interval of 10% of the blade chord length was between 5% to 95% of the 

blade chord length. Each slot with a width of 2.5% of the blade chord length was 

located respectively in the intervals of 5%, 15%, 25%, 35%, 45%, 55%, 65%, 75%, 

85% and 95% of the blade chord length from the leading edge. 

 

 
 

Figure 2. Slots location on the blade chord length from the leading edge 

 

NUMERICAL METHOD 

 

The Governing Equations and Boundary Conditions 

 

The flow over compressor cascade was considered as two-dimensional. The problem 

was considered as isothermal and heat transfer was neglected. The air as a working fluid 

was considered to be ideal gas. SST k-ω turbulence model has been proven to perform 

well in simulation of the attached flow of the airfoil [23] so this turbulence model had 

been used in this study. The flow was considered as steady state and it was assumed to 

be a Newtonian fluid. Governing mass and momentum equations can be written as in 

Eq. (1) and (2(: 
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Where v is velocity, ρ is density, P is pressure and τ is shear stress. The transport 

equations for SST k-ω model are given by Eq. (3) and (4): 
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where Gk demonstrates the generation of turbulent kinetic energy due to the mean 

velocity gradients; Gω represents the generation of ω; Γk indicates the effective 

diffusivity of k; Γω shows the effective diffusivity of ω; Yk and Yω, respectively 

indicates the dissipation of K and ω due to turbulence; Dω represents the cross-diffusion 

term; Sk and Sω are user-defined source terms [24].  

According to the study of Turek [22], it was assumed that inlet flow has a Mach 

number of 0.6 and inlet pressure of 100 KPa. In order to determine the quantities of 

turbulence, inlet turbulence intensity was considered equal to 5%. The outlet pressure 

was considered for outlet boundary condition equal to 80 KPa and No-slip wall 

boundary condition was considered for the upper and lower walls and also the boundary 

of the blades. Furthermore, total temperature was 300 K. Equations were discretized by 

finite volume method. Terms of the flow, turbulence kinetic energy and specific 

dissipation rate were discretized by upstream second-order method in the equations. The 

density-based and implicit methods were applied for solving the equations due to the 

fluid compressibility assumption. In addition, Roe-FDS scheme was used for the 

convective flux types. Also, the convergence criterion was considered equal to 10
-6

 for 

decreasing different residuals variables such as the flow, turbulence kinetic energy and 

specific dissipation rate. Under-Relaxation Factors were considered equal to 0.5 for 

turbulence kinetic energy, specific dissipation rate and turbulence viscosity.  

 

Grid Independency Study 

 

In the present study, the grid generation was conducted by using GAMBIT and 

structured triangular grids were used for inlet and outlet of the computational domain 

and also between the cascade blades. Figure 3 shows the complete grid view and the 

boundary layer grid near the blade surface and Figures 4 (a) and 4 (b) illustrates the 

closer view of the grid around the blade and trailing edge of the blade. 
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Figure 3. View of entire grid 

 

  
(a)      (b) 

 

Figure 4. A closer view of grid around (a) the blade and; (b) trailing edge of the blade. 

 

The results of grid independency for pressure coefficient of upper and lower 

walls of the blade are shown in Figures 5 (a) and 5 (b). The meshes for different grids 

were 17820, 54824, 73480, 92170 and 127330, respectively. The results indicated that 

the difference between the results was negligible and it was about 0.5% for grid with 

meshes more than 92170. Therefore, the grid with the number of 92170 meshes was 

used for all cases. 

 

Y
+
 Distribution around the Blade 

 

The normal dimensionless distance to the wall is Y
+
 [25]. The value of Y

+
 is an 

important parameter to achieve the valid results around the solid boundaries. Figure 6 

demonstrates the distribution of Y
+
 around the cascade blade. Since Y

+
 has the desired 

value in the most points around the cascade blade, the local maximum points will not 

affect the results which can be seen in Figure 6. In this study, the value of Y
+
 was 

between 15 and 280 which was at permissible range due to the geometry of compressor 

cascade, velocity and turbulence model. 
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Validation 

 

In order to verify the simulation results, shear stress on the lower wall of the cascade 

blade of the present study is compared with the results of Turek [22] in the case of 

without suction and blowing. Figure 7 shows the changes of shear stress on the lower 

wall of the cascade blade. As can be seen, the results had a good agreement with the 

results of Turek [22] so that the maximum difference was about 3%. 
 

 
(a) 

 

 
(b) 

 

Figure 5. Changes of pressure coefficient on the (a) upper and (b) lower walls of the 

blade. 
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Figure 6. Distribution of Y
+
 around the cascade blade for upper and lower walls. 

 

 

 
 

Figure 7. Comparison of shear stress from results of present study and Turek [22]. 

 

RESULTS AND DISCUSSION 

 

Distribution of Mach number over the Cascade Blade 

 

In Figure 8 (a) to (d) and Figure 9 (a) to (d), Mach number distribution, the movement 

of shocks is shown based on different slot location for suction and blowing cases. Due 

to the effect of flow over the cascade blades, an inclined shock to the pressure surface 

and a perpendicular shock were created in the middle of the blade suction surface. The 

inclined shock was reflected on the lower blade and the interaction of boundary layer 
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shock led to create a separation zone near the trailing edge. In fact, the effect of adverse 

pressure gradient and boundary layer shock interaction led to create a separation zone 

near the trailing edge. Also, the effect of inclined shock on boundary layer of the blade 

led to create marginally separation zone on the pressure side of the blade. In this zone, 

positive pressure gradient did not allow to induce a severe separation. Unlike the 

perpendicular shock which was static, the inclined shock moved toward the leading 

edge and at the same time by approaching the free flow, its intensity decreased and 

gradually disappeared. The slot location had a great impact on the performance of the 

compressor cascade [1]. As can be seen, when the suction slot was located at 5% of the 

blade chord length, flow separation occurred at 60% of the blade chord length which 

influenced by moving the slot to the middle locations and locating suction slot at 45% 

of the blade chord length caused to improve the suction performance about 25%.  

Previous researches indicated that for compressor cascade, the best location to 

apply boundary layer suction was near the flow separation point [26]. Because the 

separation point was near the trailing edge, in this study it was concluded that applying 

suction at locations near the trailing edge was more effective and caused the separation 

bubble to move downstream. Finally, the separation bubble completely eliminated 

where the suction slot was located at 95% of the blade chord length. In contrast, 

applying blowing had less effect to control the flow but this did not mean that blowing 

was not useful for controlling the flow. The stress generated between the layers of the 

fluid was due to the difference of velocity between these layers. Blowing with suitable 

conditions, by decreasing this difference of velocity led to has less shear stress and 

therefore less drag applied to the blade. Applying blowing in middle of the blade chord 

length had less effect and flow separation had delayed but not completely eliminated by 

locating the slot at the end locations of the blade chord length, especially at 95% of the 

blade chord length. 

 

 
(a)      (b) 
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(c)     (d) 

 

Figure 8. Mach number distribution of suction case at (a) 5% (b) 45% (c) 75% and (d) 

95% of chord length slot locations. 

 

 
(a)     (b) 

 

 
(c)     (d) 

 

Figure 9. Mach number distribution of blowing case at (a) 5% (b) 45% (c) 75% and (d) 

95% of chord length slot locations. 
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Changes of Mach number on the Blade 

 

Figure 10 (a) to (c) and Figure 11 (a) to (c) illustrate the changes of calculated Mach 

number on the upper and lower walls of the blade and for three different cases where the 

slot was located at 5%, 45% and 95% of the blade chord length for suction and blowing 

cases, respectively. Sudden changes of Mach number can be seen on the upper wall of 

the blade which caused to make the maximum point due to the shock by effect of 

applying suction and blowing. But changes of Mach number for lower wall of the blade 

were quite similar for all cases. Also, it was clear that Mach number was significantly 

more than other locations of the blade at leading edge of the blade. 

 

 
(a) 

 

 
(b) 
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(c) 

 

Figure 10. Changes of Mach number in suction case on the upper and lower walls of the 

blade for three different cases where the slot was located at (a) 5 %, (b) 45 % and  

(c) 95% of the blade chord length.  
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(b) 

 

 

(c) 

 

Figure 11. Changes of Mach number in blowing case on the upper and lower walls of 

the blade for three different cases where the slot was located at (a) 5 %, (b) 45 % and (c) 

95% of the blade chord length.  

 

Changes of Lift and Drag Coefficients 
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length and it had increased about 10% at 95% of chord length for blowing compared to 

5% of chord length. Figure 13 indicates the changes of lift coefficient on the blade 

based on the slot location for suction and blowing. The drag coefficient decreased for 

both cases which its decreasing slope for suction was greater than blowing. The 

maximum value of decreasing in drag coefficient was observed for both suction and 

blowing at 95% of chord length. The changes of lift and drag coefficients which 

affected by applying suction and blowing can be considered as changing in the pattern 

of pressure field around the blade. Suction prevented flow separation by sucking the air 

with specific ratio into the jet location which had low momentum and eliminated the 

losses that affected by flow separation. Moreover, it caused to increase the lift 

coefficient and decrease the drag coefficient. 
 

 
Figure 12. Changes of lift coefficient for suction and blowing cases based on the slot 

location. 

 

 
Figure 13. Changes of drag coefficient for suction and blowing cases based on the slot 

location. 
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Changes of Kinetic Energy and Specific Dissipation Rate 

 

Figure 14 (a) to (c) and Figure 15 (a) to 15 (c) show the changes of kinetic energy on 

the upper and lower walls of the blade for three different cases where the slot was 

located at 5%, 45% and 95% of the blade chord length for suction and blowing cases, 

respectively. The maximum value of kinetic energy can be seen near the leading edge 

on the upper wall of the blade and this value was decreased with large slope by moving 

towards the trailing edge and away from the shock zone and finally it increased near the 

trailing edge. It is important to note that at slot locations, sudden changes had observed 

which caused by the effect of shock. Also, the value of kinetic energy in the locations 

near the leading edge was more than other locations of the blade and this value 

decreased with large slope towards the trailing edge. 
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(c) 

 

Figure 14. Changes of kinetic energy in suction case on the upper and lower walls of the 

blade for three different cases where the slot was located at (a) 5%, (b) 45% and (c) 

95% of the blade chord length. 
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(b) 

 

 

(c) 

 

Figure 15. Changes of kinetic energy in blowing case on the upper and lower walls of 

the blade for three different cases where the slot was located at (a) 5%, (b) 45% and  

(c) 95% of the blade chord length. 
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this value decreased by moving toward the trailing edge and away from the shock zone. 

The process of turbulence energy production was more affected by shock and its 

interaction with the boundary layer. In the absence of shocks, it was affected by the 

areas of maximum Mach number, while the specific dissipation process was more 

affected by the separation zone and the separated vortices near the blade surface. 
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(c) 

 

Figure 16. Changes of specific dissipation rate in suction case on the upper and lower 

walls of the blade for three different cases where the slot was located at (a) 5%, (b) 45% 

and; (c) 95% of the blade chord length  
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(b) 

 

 
(c) 

 

Figure 17. The changes of specific dissipation rate in blowing case on the upper and 

lower walls of the blade for three different cases where the slot was located at (a) 5%, 

(b) 45% and (c) 95% of the blade chord length  

 

CONCLUSION 

 

In this study, a numerical simulation of flow over the NACA 65-100 compressor 

cascade which consists of 5 linear blades was conducted to control the boundary layer 

using both suction and blowing cases, separately. The blade chord length was 80 mm, 

the distance between the blades was 40 mm and Reynolds number was 1.4×10
7
. The 

flow was considered as two-dimensional, steady, compressible and turbulent. SST k-ω 

turbulence model was used to model the turbulent flow. In order to study the effects of 
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suction and blowing on the blade, 10 slots were considered on the upper surface of the 

blade. The slots were considered at intervals of 5% to 95% of the blade chord length. In 

addition, changes of Mach number, kinetic energy and turbulence dissipation rate were 

considered. The results showed that the lift coefficient had increased and the drag 

coefficient had decreased by locating the slot near the trailing edge which the value of 

these changes in suction case was more than blowing case. Also, the maximum value of 

kinetic energy was near the leading edge on the upper wall of the blades and this value 

was reduced with sharp slope at the trailing edge and away from the shock zone. The 

changes of specific dissipation rate had a similar trend like the changes of kinetic energy 

but more fluctuations of specific dissipation rate were observed for the upper and lower 

walls of the blade. Also, the results showed that applying both suction and blowing 

caused to delay the flow separation, improvement and stability of the flow field around 

the compressor cascade. Applying suction, especially in the location near the trailing 

edge was more effective than applying blowing. 
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