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ABSTRACT: This paper presents the effects of airfoil geometry on flow separation 

behavior and obtains the transition patterns at a specific angle of attack. A strong adverse 

pressure gradient field is observed at the leading edge of the airfoil, and it results in a 

flow detachment. Leading edge flow separation is studied along with the variation of 

skin friction coefficient over the airfoil. Novelty in the approach is the development of a 

hybrid control scheme to delay the flow separation with blowing/suction of air (termed 

active control) over the airfoil together with the tapping of flow from the pressure side as 

in a classical passive control procedure. The active controller delays the flow separation, 

while the passive controller is used to reduce the drag coefficient significantly and 

increases the total performance of an airfoil. The effectiveness of these controls is 

examined by varying the control parameters including blowing/suction velocity, the 

position of the slot in terms of percentage of chord and size of the slot. All the numerical 

simulations are carried out using ANSYS-Fluent software. A surrogate model is also 

developed to predict the aerodynamic characteristics conveniently without much 

computational effort. The outcome of this study reveals that the blowing/suction velocity 

has a higher influence in delaying the flow separation.  

ABSTRAK: Kertas ini membentangkan tentang kesan geometri aerofoil pada perubahan 

pemisah aliran udara dan memperoleh bentuk peralihan pada darjah yang tepat. Terdapat 

tekanan kuat yang tidak sesuai pada kawasan kecerunan di hujung hadapan permukaan 

aerofoil, dan ini menyebabkan aliran udara terpisah. Pemisah aliran udara pada hujung 

hadapan ini dikaji bersama koefisien geseran pada permukaan aerofoil. Pendekatan baru 

pada kaedah ini adalah berkaitan pembangunan skim kawalan hibrid bagi melengahkan 

aliran pemisah udara melalui tiupan/sedutan udara (kawalan aktif) ke atas aerofoil 

bersama ketukan pada aliran dari tepi tekanan seperti mana prosedur klasik kawalan 

pasif. Kawalan aktif ini melengahkan aliran pemisah udara, sebaliknya kawalan pasif 

telah digunakan bagi mengurangkan koefisien penangguhan dengan ketara dan 

menambahkan jumlah prestasi aerofoil. Keberhasilan kawalan-kawalan ini dikaji dengan 

mengubah parameter kawalan termasuk kelajuan tiupan/sedutan udara, posisi slot 

berdasarkan peratusan garis temu dan saiz slot. Semua simulasi-simulasi numerikal ini 

dijalankan menggunakan perisian Ansys-Fluent. Model pengganti turut dibangunkan 

untuk menjangka ciri-ciri aero-dinamik dengan mudah tanpa usaha pengiraan yang 

banyak. Keputusan kajian ini mendedahkan tentang kelajuan tiupan/sedutan udara 

berpengaruh besar dalam melambatkan pemisahan aliran udara. 
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1. INTRODUCTION  

Airfoil sections are commonly found in several applications including the blades of 

turbo-machinery, wind turbines, aircraft wings, etc. Flow fields around airfoil sections 

have a significant influence on the overall aerodynamic characteristics. In fact, the fluid 

flow over the surface will become stagnant due to the viscous effect between the airfoil 

surface and the fluid under a no-slip boundary condition. As the flow passes downstream 

of the airfoil, where the motion of the fluid particles is already retarded by the frictional 

effects, the further increase in pressure gradient leads to reduced velocity. Further, moving 

in downstream, the fluid particle comes to a stop and leads to a reverse flow, this 

phenomenon leads the flow to separate from the airfoil surface and a wake region 

downstream of the surface is formed [1, 2]. The transition point in a flow from laminar to 

turbulent is identified using the coefficient of friction (Cf), where it increases suddenly 

along the flow direction. Over the last two decades, several studies focused on the flow-

control techniques and airfoil design modifications [3-6].    

The flow separation can be delayed; by augmenting the flow over an airfoil using 

various passive and active control solutions such as airfoils with air impingement, slats, 

and flaps. Ghadimi et al. [7] studied the effect of altitude on parameters like transition 

point and flow separation. The influence of these parameters on the drag produced was 

also investigated. The introduction of waviness on the airfoil to delay the flow separation 

was reported by Favier et al. [8]. To study the effect of waviness in depth, Lin et al. [9] 

used sinusoidal waviness on a symmetrical airfoil in two types; one was waviness over the 

upper and lower surfaces and another one was with waviness on the trailing and leading 

edges. The bumpy surface at 80% of the chord of the airfoil also delayed the flow 

separation [10]. The mean Reynolds stresses, as a key parameter for flow separation over 

an airfoil, was found by performing a study on the geometrical effects over the transition 

point and the flow separation [11]. More recently, Belamadi et al. [12] studied the effect of 

the slot shape in passive control of airfoil aerodynamic characteristics, particularly the 

ratio of the width of the slot on suction and the pressure side of the airfoil. The vortex 

generator was used as a tool to enhance aerodynamic characteristics [13]. The passive 

controller works well enough to increase the stall angle with weight as a penalty and 

intricate design.  

To overcome these difficulties, the micro-mechanical and fluid system is used as an 

active controller that increases the stability in unsteady conditions. The continuously 

distributed porous surface on the airfoil was used to control the flow separation by 

applying the suction pressure under the porous surface [14]. The parametric study of the 

controller is very important to know which parameter has more significance on the delay 

of the flow separation. The location and angle of the controller were the most important 

parameters of the controller design in delaying flow separation [15-17]. The synthetic jet 

is an active controller that adds momentum to the flow without adding mass to it. 

Gilarranz et al. [18] conducted an experimental investigation on a NACA-0015 airfoil to 

delay the flow separation and increase the performance of an airfoil using the synthetic jet 

actuation. The flow separation delay over an airfoil with synthetic jet actuation was carried 

out numerically using large eddy simulation (LES) by You and Moin [19] and the results 

were compared with the experimental work performed by Gilarranz et al. [18]. Tang et al. 

[20] used two synthetic jet arrays in 23% and 43% of the chord to delay the flow 

separation. The experimental results show the first array was more efficient compared to 

the second array. The active controller was employed with different air blowing, such as 

pulsed and harmonic, to study its significance on delaying the separation [21]. Then co-

flow jet (CFJ) was employed to enhance the aerodynamic parameters and to increase the 
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stall angle [22]. Genc and Kaynak [23] controlled the laminar separation over an airfoil by 

using the blowing and suction through the hole along various locations on the chord. The 

result shows the smaller blowing and larger suction velocity ratio gives the better result 

irrespective of the position of the hole. The suction controller with multi-holes shows 

better aerodynamic performance against the single hole [24]. Skarolek and Karabelas [25] 

used a non-conventional active flow control scheme that results in excellent efficiency in 

aerodynamic characteristics before and after the flow separation. Here the slots were 

provided on both suction and pressure side at the trailing edge, that blows the air 

perpendicular to the chord. The ANSYS tool is used to check, how the system performs 

before going for the prototype. Ali and Ahmed [26] used Reynolds-Averaged Navier 

Stokes (RANS) based two equation turbulence model (k-ε), and the grid generation was 

based on the body-fitted coordinate system to identify the separation point over an airfoil 

surface. Kuwahara and Surugadai [27] predicted the flow around the airfoil using the 

multi-directional finite difference method to solve the Navier-Stokes equation, which leads 

to a computation approach much wider. 

Most of the above works were employed with either passive or active control 

techniques for flow separation. Recently, the hybrid control schemes have become more 

popular for their effectiveness in controlling flow separation. Unlike existing hybrid 

methods for control of flow separation, the present approach considers a continuous 

blowing/suction jet impingement along with a passive controller using a slot that taps the 

flow from the pressure side and releases it just before the trailing edge to enhance the 

aerodynamic characteristics. Initially, the conditions of flow separation are identified and 

the proposed concept of separation control is implemented on NACA 0015 airfoil, to 

know its effectiveness. During the controller design, effects of controlling parameters such 

as blowing/suction velocity, the position of the slot in the percentage of chord and size of 

the slot on the aerodynamic performance of airfoil are studied. Based on these studies, the 

surrogate models are developed based on two neural networks namely, general regression 

neural network (GRNN) and radial basis function (RBF) network to predict the 

aerodynamic characteristics more accurately and relatively faster with parameters of the 

controller as an input. 

2.   METHODOLOGY  

2.1  Hybrid Control Concept 

Active controllers use the continuous blowing/suction of air through a slot using the 

external sources. A passive controller is a technique that does not use any external aid and 

the slot extends from the pressure side of the airfoil to the suction side. The combination 

of both active and passive controllers is termed as the hybrid controller. The passive 

control slot size effect studied by Belamadi et al. [12] is used in combination with the non-

conventional controller by Skarolek and Karabelas [25] in this work, but the blowing 

(passive) slot is placed only on the suction side, just ahead of the trailing edge as shown in 

Fig. 1.  

The slot for the passive controller has a greater width on the pressure side and a lower 

width on the suction side. The slot position on the suction side is about three percent of the 

chord length from the trailing edge (T.E), and the width of the hole in terms of ratio of 

chord is 0.0133m. Figure 1 shows the airfoil with slots for the active and passive 

controller. 
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Fig. 1: Hybrid controller design in airfoil. 

2.2  Artificial Neural Networks 

An artificial neural network is designed based on the biological neural system and it is 

widely used as a surrogate model in many engineering applications. Of all neural networks 

(NN), the three-layer RBF and its variants, like PNN, GRNN, CPN, etc., have become 

famous due to limited network parameters and reliability in giving output results. The 

RBF is one of the neural network tools [28] that is a feed-forward with three layers, one is 

input, the other is hidden or known as a radial basis layer, the last is the output layer. 

Figure 2 shows the block diagram of the RBF.  

 

Fig. 2: RBF neural network structure. 

The hidden layer comes with a non-linear RBF activation code. RBF represents a 

local effect and its range is identified by the center element and width. The output layer is 

the sum of the weighted outputs of the hidden layer defined below: 

)C,X(W)X(Y                                                                                                           (1) 

where X is input vector, W is connection weight, C is central vector, and  is radial basis 

function which in most of the cases is Gauss function defined by following equation: 
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where  represents the width. The RBF is trained using the estimation of parameters such 

as centers, widths of RBF, and connection weights.  

2.3  General Regression Neural Networks 

The GRNN is a combination of radial basis layer and a special linear layer [29]. 

GRNN comes under probabilistic neural networks, and it is a simple one-pass algorithm 

with a parallel structure that requires only a few training sets compared to back 

propagation neural networks (BPNN). In addition, parameters such as the optimum 
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number of neurons, learning rate, and momentum are not required, as in BPNN. The 

biggest advantage is its ability to converge with few training sets and a smooth transition 

is observed from one value to another. GRNN comes with four layers: the input, pattern, 

summation, and output layers as shown in Fig. 3.  

 

Fig. 3: GRNN structure.  

The input layer consists of the same number as the features of a model and it will be 

passed to the pattern layer. Next is the summation layer, consisting of two units where all 

nodes in the third layer are connected to both units. Finally, the output layer is the quotient 

of two units in summation layer, which is given below: 
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where yi is the connection weight between the first summation node and the ith node of the 

pattern layer, n is number of data samples,    iTi

i XXXXd 2
 is Euclidean distance 

between the weights and the input vector, and  is the spread parameter. 

Figure 4 shows the flowchart of the methodology and it starts with the selection of an 

airfoil to identify the flow separation point, which in turn helps to identify the parameters 

such as slot size, location along the chord, and blowing/suction velocity (active controller). 

As a next step, aerodynamic characteristics are calculated using both active and hybrid 

controllers to find their effectiveness on the control of flow separation. Then comes the 

training of surrogate models and its performance is compared with ANSYS Fluent. 

3.   NUMERICAL SIMULATION 

The baseline airfoil model employed in this work is NACA 0015 with a chord of 

0.375 m with a free stream velocity of 35m/s, leading to a Reynolds number of 

(Re)=8.96e5 and a turbulence intensity of 0.3 percent. The experimental data [18] is used 

to validate the results of the numerical simulation without controller. 2-D simulation is 

efficient in the studies where large amounts of simulation cases are needed for an 

investigation of the effect of aerodynamic parameters. All the flow studies are carried out 

using ANSYS Fluent. The physical two-dimensional model in C-type domain with the 
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radius of 10c and width of 12c is shown in Fig.5 and flow considered is incompressible 

and subsonic in nature.  

 

 

Fig. 4: Flowchart of the methodology. 

 

Fig. 5: CFD physical modeling. 

When the flow passes around the airfoil, separation begins in absence of the 

controller at a certain angle of attack and free-stream velocity. When the controller comes 

to effect along with the freestream velocity, the air impingement or suction will take place 

through the inlet for the active controller, and the air will enter through the passive 
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controller inlet and exit via the outlet for the passive controller. The boundary conditions 

used in the simulation are as follows: 

1) The simulation is performed in the standard atmospheric conditions.  

2) The inlet and outlet are treated as velocity inlet and pressure outlet respectively. 

3) The airfoil is treated as the wall with no slip boundary conditions. 

4) The inlet for the active controller is considered to be the velocity inlet 

(blowing/suction of air). 

5) The pressure side air will pass through the inlet for the passive controller and 

exit through the outlet of the passive controller. 

 The general two-dimensional forms of continuity and momentum equations for an 

incompressible flow are described as; 
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where u,v are velocity components, and p, υ, and ρ are pressure, kinematic viscosity, and 

density, respectively. The RANS based turbulence model is used in this numerical 

simulation. The transitional k-kl-ω is a RANS-based model, proposed by Walters and 

Cokljat [30] and this model is developed based on a turbulence k-ω model. The k-ω is a 

two-equation model in which the equations are used to identify the turbulent kinetic 

energy and the specific dissipation energy [30]. In two-equation models, the physics of 

transition of flow is missing. To overcome this, a k-kl-ω transition model was developed 

[30]. It predicts the development of a boundary layer and onset of the transition from 

laminar to turbulent. The model uses a three-equation eddy viscosity type: the transport 

equation for turbulent kinetic energy (kT), laminar kinetic energy (kL) and the inverse 

turbulent time scale (ω) as follows [30]: 
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The stringent modeling near the wall model (airfoil) has to be carried out to study the 

turbulent flow problems. The first cell height (Δy) from the wall must be identified by the 

appropriate dimensionless y+ value. The Δy = 8.3e-06 mm for y+ = 1, and the enhanced 

wall treatment is used in this study. The residual convergence criterion is fixed to 10e-6 to 

achieve reliable results. 
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The meshing tool used is ICEM CFD, and the mesh type is a structured one with 

quadrilateral elements. The structured block, mesh, and magnified mesh over an airfoil are 

shown in Fig. 6.  

 

(b)                                                (c) 

Fig. 6: (a) structured block, (b) mesh, and (c) magnified mesh over an airfoil. 

To proceed further in the analysis, the grid independence is carried out by varying the 

number of mesh points (M1=300, M2=400, and M3=500) over the airfoil and the 

respective aerodynamic characteristics at various AOA are shown in Fig 7. The lift 

coefficient by all mesh points is more or less similar, but the drag coefficient by M1 has a 

large deviation compared to the other two. M2 and M3 give the closer aerodynamic 

coefficients with less error; approximately 4%. To reduce the computational time, M2 is 

selected for further numerical studies. 

 

Fig. 7: Grid independence study. 

The entire analysis is performed in a high performing computing machine in 16 nodes 

with a memory of 64 GB on an Intel processor of 2 GHz speed. The average time taken for 

each simulation is around 128 minutes. Figure 8 shows the aerodynamic coefficients 

obtained from the numerical simulation in comparison with experimental data [18].  
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Fig. 8: Aerodynamic coefficients of NACA 0015 airfoil by CFD for uncontrolled 

case in comparison with experimental value [18]. 

From the earlier work [18] it was experimentally found that the stall occurs at 

approximately 12.6o and a separation of flow takes place at 40% of the chord from the 

T.E. The flow separation starts at L.E over an airfoil at AOA=16.6o as shown in Fig. 9.  

 

Fig. 9: Flow separation over an airfoil at AOA=16.6o. 

The present study focuses on the suppression/delay of the flow separation over an 

airfoil at AOA of 16.6o. The residual and aerodynamic coefficients convergence graphs of 

uncontrolled flow over a NACA 0015 airfoil at an AOA 16.6o are shown in Fig. 10 using 

numerical simulation and Table 1 displays the aerodynamic characteristics values in 

comparison with available experimental results [18]. 

Table 1: Aerodynamic characteristics at AOA=16.6o uncontrolled case 

Aerodynamic characteristics Present  simulation Experimental [14] 

Cl 0.90 0.85 

Cd 0.25 0.26 

L/D 3.6 3.27 

3.1  Parametric Study 

For the influence of parameters such as blowing velocity, and the position of the slot 

in the percentage of chord and size of the slot on the output factor, the aerodynamic 

characteristics are studied. Fig. 1 shows the airfoil NACA-0015 with a chord (c) of 0.375 

m. The Taguchi method is employed for three levels and three parameters, as given in 

Table 2 and then the L9 (3*3) orthogonal array is used to find the possible number of 

experiments. As the essential objective is to maximize the efficiency of the airfoil in terms  
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Fig. 10: Convergence graph of residual and aerodynamic coefficients at AOA 16.6o 

for an uncontrolled case. 

of aerodynamic characteristics, one has to predict the best level of each factor. Minitab 16 

is used to carry out the Taguchi method and the aerodynamic characteristics of 9 

combinations are predicted using CFD, then fed into Minitab to get the means graphs for 

analysis. The slot for the controller is placed at a different position along the chord with 

various width and blowing/suction velocities, as shown in Table 2.  

Table 2: Parameters of the controller 

Level Blowing/suction velocity in 

[m/s] 

Position of slot in % of 

c 

Size of slot in 

[m] 

1 17.5 10 0.0015 

2 35 30 0.002 

3 52.5 50 0.0025 

3.2  Active Controller Effect 

From Fig. 9, it can be witnessed that for the control-off case, the flow separation 

starts below the 10 % of chord from the L.E and the active controller used is to mitigate 

the flow separation over an airfoil by continuous blowing/suction of air tangentially over 

the suction side of the airfoil and as a result, it lead to an improvement of aerodynamic 

characteristic. In Fig. 11, pressure distribution over the baseline airfoil with active 

controller on cases, shows the rise in the peak on the suction side along with the increase 
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of pressure on the pressure side when compared to the airfoil with a control-off case. It 

shows the active controller has a global effect over the suction side pressure distribution. 

 

                                      (a)                                                                   (d) 

 

                                     (b)                                                                    (e) 

 

                                      (c)                                                                    (d) 

Fig. 11: Pressure distribution over a baseline airfoil NACA 0015 with active 

controller on and off cases, (a), (b), (c) are blowing and (d), (e), (f) are suction 

(v1=17.5m/s, v2=35m/s, v3=52.5m./s, w1=0.0015m, w2=0.002, and w3=0.0025) 
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3.3  Hybrid Controller Effect 

The combination of the active and passive controller is employed in this work. Here 

the active controller is to mitigate the flow separation as mentioned earlier, but the work of 

the passive controller is to reduce the total drag instead of controlling the flow separation. 

Figure 12 shows the pressure coefficient over a baseline airfoil NACA 0015 with hybrid 

controller off and on cases. The flow over the suction side gets decelerated and the 

pressure starts rising on the upstream of the passive controller as the blowing of the air jet 

is carried out. The increase in the static pressure improves the L/D ratio by reducing the 

drag value. 

 

                                    (a)                                                                   (d) 

 

                                     (b)                                                                    (e) 

 

                                    (c)                                                                    (f) 

Fig. 12: Pressure distribution over a baseline airfoil NACA 0015 with hybrid 

controller on and off cases, (a), (b), (c) are blowing and (d), (e), (f) are suction 

(v1=17.5 m/s, v2=35 m/s, v3=52.5 m/s, w1=0.0015 m, w2=0.002, and w3=0.0025) 
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The influence of each and every parameter is analyzed in detail. The L9 orthogonal 

array and aerodynamic characteristic of an airfoil for nine experiments is shown in Table 3 

and Table 4. All the experiments show the improvement in aerodynamic characteristics. 

Figure 13 shows the variation of parameters against means of mean and the parameter 

with a higher value of mean has a more significant influence on lift to drag ratio (L/D 

ratio).  

Table 3: L9 Orthogonal array-blowing 

S.No 
Velocity 

in [m/s] 

Position of 

slot in % 

of c 

Size of 

slot in 

[m] 

Blowing aerodynamic coefficients 

Active 
 

Hybrid 
 

Cl Cd L/D Cl Cd L/D 

1 17.5 10 0.0015 0.87 0.225 3.9 0.887 0.205 4.3 

2 17.5 30 0.002 1.03 0.181 5.7 1.02 0.158 6.5 

3 17.5 50 0.0025 1.01 0.1974 5.1 0.977 0.1717 5.7 

4 35 30 0.0015 1.14 0.161 7.1 1.156 0.133 8.7 

5 35 50 0.002 1.11 1.84 0.6 1.043 0.1607 6.5 

6 35 10 0.0025 1.08 0.133 8.1 1.18 0.0953 12.4 

7 52.5 50 0.0015 1.211 0.181 6.7 1.127 0.15 7.5 

8 52.5 10 0.002 1.4 0.1 14.0 1.52 0.0657 23.1 

9 52.5 30 0.0025 1.29 0.143 9.0 1.32 0.12 11.0 

Table 4: L9 Orthogonal array-suction  

S.No 
Velocity 

in [m/s] 

Position of 

slot in % 

of c 

Size of 

slot in 

[m] 

Suction aerodynamic coefficients 

Active Hybrid 

Cl Cd L/D Cl Cd L/D 

1 17.5 10 0.0015 1.19 0.135 8.81 1.17 0.108 10.8 

2 17.5 30 0.002 1.13 0.172 6.57 1.06 0.152 7.0 

3 17.5 50 0.0025 1.023 0.202 5.06 1.02 0.182 5.6 

4 35 30 0.0015 1.19 0.161 7.39 1.147 0.133 8.6 

5 35 50 0.002 1.09 0.198 5.51 1.084 0.191 5.7 

6 35 10 0.0025 1.48 0.069 21.45 1.49 0.0424 35.1 

7 52.5 50 0.0015 1.11 0.198 5.61 1.09 0.191 5.7 

8 52.5 10 0.002 1.55 0.061 25.41 1.54 0.033 46.7 

9 52.5 30 0.0025 1.36 0.132 10.30 1.34 0.1109 12.1 

 

First, the influence of velocity on mitigation of flow separation on a surface is taken 

as one of the primary parameters. The velocities of the jets considered are 0.5, 1, and 1.5 

times of freestream velocity. Both, active and hybrid controllers with jet velocity of 52.5 

m/s shows a superior performance compared to other velocities, irrespective of other 

parameters. The jet velocity of 17.5m/s in the active and hybrid controllers leads to the 

increase in total performance, but with decreased Cl value in active/hybrid blowing as 

shown in Table. 3. For other cases, the Cl value is increased and Cd value is decreased. 

The performance of the system increases proportionally to the velocity of the jet, as shown 

in Fig. 13. 

The width of the slot is taken as another parameter to study the controller effect. The 

slot sizes of 0.0015, 0.002, and 0.0025 m are considered. The slot of 0.002 m gives high 
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aerodynamic performance with the combination of jet velocity of 52.5 m/s and slot 

position of 10% of the chord in a blowing and suction case. As the slot size increases or 

decreases from the optimum value (0.002 m), the performance of the all controllers starts 

to decelerate, as shown in Fig. 13.  

 

 
                                   (a)                                                                    (b) 

 

                                   (c)                                                                   (d) 

Fig. 13: Influence of parameters on active and hybrid control: (a), (b) are blowing 

active and hybrid, and (c), (d) are suction active and hybrid. 

The other key parameter of the controller effectiveness is the position of the controller 

slot. The position of slot at 10% of chord with a size of 0.002 m gives good aerodynamic 

characteristics at high blowing/suction velocity. This is possible because the flow 

separation starts at 10% of chord. When the position of slot moved aft, the efficiency of a 

controller decreases even with a high jet velocity and a slot size of 0.002 m, as shown in 

Fig. 13. The optimum combination of parameters for delaying or mitigating the flow 

separation is the position of slot at 10% of chord with 0.002 m size, and jet velocity of 

52.5 m/s. 

The aerodynamic characteristics are also statistically analyzed by analysis of variance 

(ANOVA) to know the exact contribution of the parameters on the efficiency of the 

controllers. The output of ANOVA is given in Table 5, and it also shows that the velocity 

has a high significance in blowing and blowing hybrid controllers, followed by position of 

the slot. In suction and suction hybrid controllers the location of the slot has a significant 

influence, followed by the velocity parameter. The increase in L/D ratio through active 

and hybrid controllers (blowing/suction) are promising by delaying the flow separation 

over the suction side of the airfoil.  
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Table 5: ANOVA output 

Analysis of Variance for L/D-blowing  control, using Adjusted SS for Test 

Source DF Seq SS Adj SS Adj MS F P 

Blowing velocity in m/s 2 37.815 37.815 18.907 3.86 0.206 

width of hole in m 2 10.987 10.987 5.494 1.12 0.471 

Position of hole in % of C 2 11.053 11.053 5.527 1.13 0.47 

Error 2 9.801 9.801 4.901 
  

Analysis of Variance for L/D-blowing hybrid control, using Adjusted SS for Test 

Source DF Seq SS Adj SS Adj MS F P 

Blowing velocity in m/s 2 105.32 105.32 52.66 2.42 0.292 

width of hole in m 2 39.7 39.7 19.85 0.91 0.523 

Position of hole in % of C 2 69.61 69.61 34.81 1.6 0.385 

Error 2 43.53 43.53 21.76 
  

Analysis of Variance for L/D-suction  control, using Adjusted SS for Test 

Source DF Seq SS Adj SS Adj MS F P 

Suction velocity in m/s 2 78.03 78.03 39.02 2.43 0.292 

width of hole in m 2 53.89 53.89 26.94 1.68 0.373 

Position of hole in % of C 2 297.11 297.11 148.55 9.25 0.098 

Error 2 32.11 32.11 16.06 
  

Analysis of Variance for L/D-suction  control, using Adjusted SS for Test 

Source DF Seq SS Adj SS Adj MS F P 

Suction velocity in m/s 2 288.24 288.24 144.12 1.63 0.381 

width of hole in m 2 220.35 220.35 110.18 1.24 0.446 

Position of hole in % of C 2 1128.29 1128.29 564.15 6.37 0.136 

Error 2 177.1 177.1 88.55 
  

The detailed analysis of the skin friction coefficient over a suction side in control off 

and on cases is carried out for velocity (blowing/suction) 52.5 m/s, slot width 0.002 m, and 

position of slot of 10% of chord. In the blowing case, the momentum is added to energize 

the fluid particles to overcome the retardation by boundary layer effect. Figure 14 (a) 

shows the delay in the separation of flow over the suction side when blowing through the 

slot is carried out, and the skin friction increases in the blowing area. The separation point 

is located at 10% of the chord in the control off case and it is moved to 55% of chord from 

L.E in the control on case. The activation of the passive controller, along with blowing, 

leads to the movement of the separation point to 74% of chord and it is seen in Fig. 14(c). 

When the controller is activated with suction, the momentum is diffused with an increase 

in skin friction coefficient on the suction side and it is identified, as shown in Fig. 14(b), 

and the separation point is moved to 79% of chord. When the hybrid controller with 

suction is employed, the separation takes place at 80% of chord and it is shown in Fig. 

9(d).  
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                                   (a)                                                                   (b) 

 

                                    (c)                                                                 (d) 

Fig. 14: Skin friction coefficient over the suction side: (a) blowing, (b) suction        

(c) hybrid with blowing and (d) hybrid with suction (v3=52.5m./s, and w3=0.0025). 

Figure 15 show the streamlines over the NACA 0015 airfoil with control. In airfoil 

with the control off case, the flow gets separated near L.E and when control (velocity 

(blowing/suction)=52.5 m/s, hole width 0.002 m, and position of hole is 10% chord ) is on 

the flow separation over an airfoil gets delayed is seen in Fig. 15. This shows the 

controller works effectively to delay the separation of flow over the suction side of an 

airfoil. 

3.4  Surrogate Model 

The GRNN and RBF are used as the surrogate models in this work. Inputs for the 

training sets are the blowing/suction velocity, width of the slot, and the position of the slot 

from the leading edge and the output variable is the L/D ratio. The surrogate models are 

trained with training sets shown in Table 3 and 4, for the blowing and suction case 

separately. The training time is around 20 seconds and the convergence trend of the RBF 

model is shown in Fig. 16(a). Here, a spread constant is taken as one and a Matlab neural 

network toolbox is employed for training both networks. Fig. 16 (b) shows the outputs 

computed from GRNN against target values. 
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                                (a)                                                                   (b) 

 

                                   (c)                                                                 (d) 

Fig. 15: Streamline flow over an airfoil: (a) blowing, (b) suction, (c) hybrid with 

blowing and (d) hybrid with suction. 

The identified results are shown in Table 6, and they are in good agreement with 

those obtained from a conventional flow solver (ANSYS) outputs for a few test cases. 

Performance wise, both the surrogate models are similar and RBF has bagged the best 

performer in blowing operations in terms of training speed and accuracy. These models 

can be used to optimize the parameters of the controller without redesigning the airfoil 

model in the software front end and saves a lot of computational time. 

 

 

                                     (a)                                                                  (b) 

Fig. 16 (a) Convergence plot of RBF neural network, and (b) GRNN target  

versus output L/D ratio. 
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Table 6: validation of surrogate models 

Parameters L/D 

V=52.5 

[m/s] 
Blowing Suction 

Width= 

0.0015 [m] 
RBF Ansys GRNN Ansys RBF Ansys GRNN Ansys 

Position= 

10 % of 

chord 

14 14 13 14 25.83 21.42 25.83 21.42 

4.   CONCLUSIONS 

The parametric analysis of a controller to minimize/delay the flow separation effect 

was carried out with blowing and suction of an air jet over an airfoil section. The flow 

regime was considered to be incompressible with a Reynolds number of 8.96×105 and a 

chord length of the airfoil section of 0.375 m. The airfoil aerodynamic characteristics were 

analyzed by a transitional k-kl-ω solver in ANSYS Fluent for the natural flow and then by 

employing active, and hybrid controllers. The hybrid controller comes with a combination 

of the active controller, which plays a role in delaying the flow separation and the passive 

controller to reduce the drag by increasing the static pressure upstream of the blowing slot, 

just ahead of trailing edge, over a suction surface. The active and hybrid controller 

efficiency were studied by varying the controller parameters including the blowing/suction 

velocity, slot width, and position of the slot. The number of experiments was reduced 

using a Taguchi design of experiments, and ANOVA was used to identify the most 

influencing parameters in performance of the controllers. The parametric study reveals 

that the velocity of the jet has more influence in comparison with the other two parameters 

in deciding the performance of blowing active and hybrid controllers. The position of the 

slot is found to be most influential in suction active and hybrid controllers. Finally, 

surrogate models based on RBF and GRNN were proposed to minimize the computational 

cost of a flow solver in understanding the effectiveness of the flow separation by varying 

the three controller parameters. The RBF outperforms in comparison with GRNN in all 

cases in predicting the L/D ratio. 
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