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INTRODUCTION 

Stall occurs when a lifting surface loses its aerodynamic lift. A well-known reason for the stall is the flow separation 

from the surface. An airfoil would be the best example to describe the stall phenomenon. As the angle of attack increases 

beyond the stall angle a stall, the flow is detached from the airfoil surface. The flow may separate from the trailing edge 

or the leading edge, depending on the specific design of an airfoil and the flow condition including the Reynolds and 

Mach numbers [1]. To avoid this, flow control mechanisms are introduced. Flow control aims to change the flow field in 

a way that flow separation from the airfoil surface can be delayed so that the drag force decreases and the lift force 

increases. First, passive flow control methods like geometry modification were studied. Later, active flow control 

strategies, like suction and blowing control, were investigated. In these methods by increasing boundary layer thickness, 

the required adverse pressure gradient to separate flow is dramatically increased and therefore the separation is avoided 

[2]. The blowing method consists of adding energy to the lower boundary layer by blowing air through slots and 

energizing the flow near the wall which enables it to overcome a larger pressure gradient. Jet entrainment had been shown 

to enhance the lift generated by airfoils.  

Prandtl was a pioneer in studying the blowing of the boundary layer to investigate its effect on the flow field. He 

applied blowing around a cylinder and succeeded to delay separation [3]. Primary experimental investigations on flow 

separation control on airfoils were reported in the 1930s when the effect of suction on boundary layer separation using 

slots was studied. In the first flight test, 17 suction slots were installed between 20-60% of B-18 plane chord length[4]. 

Theories of suction for boundary layer and inverse flow were studied by Abzalilov et al. [5]. Rosas [6] numerically 

simulated flow separation control using synthetic jets where lift coefficient increased to 93% for NACA 0012 airfoil. Wu 

et al. [7] controlled the flow by using a slot near NACA 0012 airfoil leading edge and by applying suction and blowing. 

Nae [8] at an angle of attack of 13o, investigated the effect of the compound jet at 10% of chord length. Results of these 

studies showed that suction and blowing near to the leading edge increase lift coefficient and decrease drag coefficient. 

Peiqing et al. [9] successfully delayed the flow separation by applying a slot on the airfoil and by blowing.  

Ortmann and Kahler [10] investigated the turbulent boundary layer using high-speed flow blows. It was found that 

high speed blowing in the flow direction is not effective in the increase of the lift force. Genc et al. [11] numerically 

investigated the effect of suction and blowing on NACA 2415 airfoil in a transient state. The separation bubble in suction 

and blowing simulation was not completely vanished, it was reduced. They also showed that if several blowing jets were 

used, better results would be obtained than one jet use. You and Moin  [12] used the LES simulation method to study 

flow separation with a synthetic jet on NACA 0015 and they could increase the lift coefficient by 70% and decrease the 

drag coefficient by 18%. Yousefi et al. [13] studied the jet length effect on the NACA 0012 aerodynamics coefficients. 

They found that with an increase in jet length, the ratio of lift to drag raises, and the best length equals 2.5% of airfoil 

chord length.  

Most of the reported studies concentrated on applying a high-speed jet near the leading edge with low angles of attack. 

But, the effect of influential parameters of jet-like location, velocity, and angle has not been investigated yet. In this paper, 

the effect of controlling parameters such as location, velocity, and jet angle is studied in a wider range. Moreover, to 

ABSTRACT – A numerical study on flow separation control is conducted for an airfoil with a blowing 
jet. In this regard, the effect of different parameters of air blowing on stall controlling and flow 
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turbulent model. To validate the numerical results, they are compared with reported experiments, 
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understand the effect of applying jet, flow structure, aerodynamics coefficients variation, shear stress variation, and 

velocity field over airfoil are critically analyzed. 

 

NUMERICAL SIMULATION 

The solver selected in this study is Ansys- Fluent 19 commercial software capable of simulating viscous flows. The 

software uses the finite volume method to solve the governing equations including momentum and continuity. In this 

study, the flow is supposed to be steady-state, incompressible, and two-dimensional. The continuity and momentum 

equations are used as governing equations.  

a structured grid system has been employed. in order to reduce the effect of numerical diffusion on the solution, for 

the spatial discretization of the governing equations, a second-order upwind scheme is employed for the discretization of 

momentum, turbulent kinetic energy, and specific dissipation rate. Stability, economy, and appropriate precision for a 

wide range of turbulent flows justifies k-ω-sst turbulence model popularity in the simulation of turbulent heat transfer 

and flow in the industry[14-16]. The SIMPLE algorithm is used to couple the velocity field with the pressure field [17].  

The geometry of this study is NACA 0012 with 1 meter of chord length. Airflow with Reynolds number of  5 × 105 

is assumed. Flow analysis is performed using commercial Ansys Fluent software. Boundary conditions and structured 

grids are shown in Figure 1. To couple velocity with pressure field, the Simple method is used. 

 

  

(a)  (b)  

Figure 1. (a) Airfoil mesh and (b) boundary conditions of flow over the airfoil 

 

To verify the results, the experimental output of two reported studies available in the literature is considered. These 

experimental results include lift and drag coefficients for various angles of attack. Figure 2 shows a comparison between 

numerical results and experimental reports. Good agreement can be observed from both results. 

To make results independent from the number of cells of a given mesh, different fine and coarse mesh is used to 

perform a flow analysis with various angles of attack (10, 12 and 14 degrees). The results are showed in Figure 2. It can 

be observed that exceeding the number of cells from 50000 does not affect the lift and drag coefficients. Therefore, mesh 

with cells number of 50000 is used for the analysis.  

 

  
(a) (b) 

Figure 2. Mesh sensitivity analysis for: (a) lift Coefficient and (b) drag coefficient 
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VALIDATION OF THE RESULTS 

 

To verify the results, experimental output of two reported studies available in the literature is considered [18, 19]. 

These experimental results include lift and drag coefficients for various angles of attack. Figure 3 shows the comparison 

between numerical resuslts and experimental reports. Good agreement can be observed from both results.  

 

 

Figure 3. Comparison between numerical and experimental lift and drag coefficients [18, 19]. 

 

INVESTIGATED PARAMETERS 

The effect of different influential parameters of flow blowing including flow jet location (Lj), jet angle (θ), and jet 

intensity (I) on flow behavior and aerodynamics coefficients is scrutinized (Eqs. (1)-(6)). Figure 4 shows introduced 

parameters. Jet intensity is the ratio of jet velocity to free stream velocity. Location of the jet is specified related to the 

airfoil chord. θ shows the angle between jet velocity vector and local jet surface and α is the angle between local jet 

surface and horizontal direction. positive θ is used for blowing.  

 

 

Figure 4.  Jet parameters on NACA 0012 airfoil 
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𝒖∞
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𝒉

𝒄
× 𝑰𝟐 (4) 

 

In Eq. (4), 𝐶𝜇 is jet momentum coefficient, 𝜌 is density, h is jet length and c is airfoil chord length. 

Dannenberg and Weiberg [18] findings state that optimum jet length is about 2.5% of the chord length. They also 

found that increasing jet length more than 2.5% of the chord length has a neglecting effect on lift coefficient. Therefore, 

here h is assumed to be constant. So, Eq. (4) is rewritten as presented below. 

 

𝐻 =
ℎ

𝑐
= 0.025 (5) 

  

𝐶𝜇 = 𝐻. 𝐼2 = 0.025 𝐼2 (6) 

 

From Eq. (4) it can be inferred that momentum coefficient is a function of jet intensity and local jet length. Since jet 

length is assumed to be constant, momentum coefficient is only dependent on jet intensity.  
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RESULTS 

The aim of this paper is to study and modify the variation of aerodynamics coefficients. Therefore, the effect of 

blowing of the flow is investigated. Influential parameters of flow blowing and their effect on flow structure and 

aerodynamics coefficients are analyzed. 

 

Effect of Blowing on Aerodynamics Coefficients 

One of the prominent factors in aerodynamics is the ratio of lift to drag (L/D) which directly affects many functional 

properties of systems. In a given condition, the higher ratio is desired [20] . Therefore, the objective is to increase the lift 

to drag ratio. The lift coefficient increases by increasing the angle of attack. When stall is reached, more increase in angle 

of attack reduces the lift coefficient. It is attributed to flow separation from the surface of the airfoil. 

According to Figure 3 by increasing the angle of attack up to 12o, the lift coefficient increases. After 12o, the lift 

coefficient has a descending behavior. Pressure coefficients are illustrated in Figure 5, for various angles of attack (before, 

during and after the stall). 

 

  
(a) Angle of attack 𝟏𝟎° (b) Angle of attack 𝟏𝟐° 

  

 
(c) Angle of attack 𝟏𝟒° 

Figure 5. Variation of pressure coefficients on the pressure and suction sides of the airfoil 

 

Figure 6 shows streamlines over airfoil at attack angles of 12 and 14 degrees. As illustrated in Figure 6, by increasing 

the attack angle after 12 degree, flow separation intensifies which leads to an increase in drag coefficient and decrease in 

lift coefficient. 
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(a) angle of attack 𝟏𝟐° (stall) (b) angle of attack 𝟏𝟒° 

Figure 6. Streamlines over airfoil 

 

Flow Separation Control 

Flow separation has a negative effect on aerodynamics characteristics and it is desired to apply methods to delay flow 

separation and increase L/D ratio separation. One flow control is blowing method. 

 

Flow Blowing 

In order to investigate the effect of blowing, a slot with 2.5% of length of airfoil chord was produced at different 

locations and the effect of injection on flow structure and aerodynamics coefficients was studied. 𝐿𝑗 is jet location from 

airfoil leading edge, I is suction jet intensity and θ is suction jet angle corresponding to horizontal direction. 

Figure 7 shows the lift to drag ratio variation for 0.1C ≤ 𝐿𝑗 ≤ 0.7C,  0.1 ≤ 𝐼 ≤ 0.3 and 30° ≤ 𝜃 ≤ 90°. It is clear that 

blowing near to the leading edge not only doesn't improve the lift to drag ratio but also it decreases L/D in comparison 

with no blow (L/D = 4.8). However as jet angle decreases and jet location becomes closer to the trailing edge, the ratio 

of lift to drag increases. Increasing jet intensity near to leading edge has an adverse effect and leads to a decrease in L/D 

ratio. But, around ending of the airfoil, increasing jet intensity raises the lift coefficient and reduces the drag coefficient. 

As a whole, in 0.1C ≤ 𝐿𝑗 ≤ 0.3C applying blowing jet increases L/D and in 𝐿𝑗 > 0.3C no considerable effect of blowing 

jet is observed.  

 

  
(a) 𝛉 = 𝟗𝟎° (b) 𝛉 = 𝟔𝟎° 

Figure 7. Lift to drag ratio variation at different blowing angles 

 

Figure 8 depicts the effect of blowing jet on streamlines at 𝜃 = 30° and 𝐼 = 0.5. As can be observed from Figure 13, 

using blowing jet increases vortices in flow separation area and therefore applying blowing jet does not make a positive 

effect on weakening vortices. Figure 9 shows static pressure coefficient distribution on suction- blowing sides of the 

airfoil in different states with no- blowing and blowing jets. It can be conclude that when blowing jet locates at 𝐿𝑗 = 0.7, 

static pressure coefficient increases. Moreover, pressure coefficients for 𝐿𝑗 = 0.7 and 𝐿𝑗 = 0.9 are almost the same and 

they both show lower values comparing with no- blowing state. This proves their ineffectiveness.  
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(a) no blowing (b) 𝑳𝒋 = 𝟎. 𝟕 𝐂 

  

 
(c) 𝑳𝒋 = 𝟎. 𝟗 𝐂 

Figure 8. Streamlines at 𝐼 = 0.5, 𝜃 = 30𝑜 and angle of attack 16° 

 

 

Figure 9. Pressure distribution over airfoil at angle of attack 16° 

 

Figure 10 shows airfoil velocity field with and without blowing jet at angle of attack 16°. Unlike the suction jet, the 

blowing jet does not have a considerable effect on the velocity field, and at its location it just slightly boosts up the flow 

velocity.  
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(a) no blowing (b) 𝑳𝒋 = 𝟎. 𝟕 𝐂 

  

 
(c) 𝑳𝒋 = 𝟎. 𝟗 𝐂 

Figure 10. Velocity contour at 𝐼 = 0.5, 𝜃 = 30𝑜 and angle of attack 16° 

 

Findings show that shear stress on the pressure side does not change due to the suction jet location on the airfoil 

suction side. Figure 11 shows shear stress of airfoil wall on the suction side for both with- and without-blowing-jet 

conditions at different locations. As can be seen there are oscillations on the diagram at blowing jet points. This is 

attributed to an increase in the velocity gradient at injection points. Applying blowing can remarkably reduce shear stress 

near to the leading edge. Unlike suction, blowing jet reduces shear stress in entire airfoil even though this reduction is 

very small.  
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c) 𝑳𝒋 = 𝟎. 𝟗 𝐂 

Figure 11. Shear stress of airfoil wall on suction side 

 

Figure 12 shows streamlines for both suction and blowing in their best conditions and compares them with no-suction 

and no-blowing states. As can be seen, the use of suction makes vortices smaller. Perpendicular suction with intensity 

𝐼 = 0.5 possesses the highest improvement in aerodynamics coefficients so that L/D increases up to 32%. However, 

blowing does not have a positive effect on the flow. Results show that the best case of blowing is the one with the angle 

of 𝜃 = 30° and the intensity of 𝐼 = 0.5 where, nevertheless, reduces L/D about 17%.  

 

  

(a) no jet (b) suction at 𝑳𝒋 = 𝟎. 𝟏 𝐂 and 𝜽 = −𝟗𝟎𝒐 

  

 
(c) blowing at 𝑳𝒋 = 𝟎. 𝟕 𝐂 and 𝜽 = 𝟑𝟎𝒐 

Figure 12. Streamlines at 𝐼 = 0.5𝐶 and angle of attack 16°.  
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CONCLUSION 

In this paper the effect of different parameters of a flow control method blowing- on flow structure and aerodynamics 

coefficients is studied. Numerical analysis on NACA 0012 airfoil in a steady state with Reynolds of 500000 was taken 

into account using commercial FLUENT solver. Results can be highlighted as fallows:  

• Numerical results are in good agreement with reported experimental results. 

• Location and intensity of jets have the highest and lowest effects on the flow structure respectively. In other 

words, these two parameters can be considered for flow control. 

• Locating blowing jets near to the airfoil ending leads to better results in increasing the lift to drag coefficients 

ratio. However, generally, injecting jet does not have a favorable effect on boundary layer control and flow 

separation. 

• Reducing blowing angle from 90o to 30° introduces an improvement on the flow control in a way that injection 

at the angle of 30o better increases the L/D ratio.  

• Optimum state of blowing is at 𝐿𝑗 = 0.7 C and 𝜃 = 30° even though L/D ratio decreases by 17%. 

• Applying blowing does not have a remarkable effect on the velocity over the airfoil. 
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