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ABSTRACT 

The main objective of the present work is to find a method increases the efficiency of the airfoil that is used for 

blade in wind turbine, wing in aircraft, propeller and helicopter (like NACA 4412). By overcoming the separation 

of flow at high angle of attacks, a slotted airfoil had been used and solved numerically through connecting the 

pressure side in the bottom surface with the suction side in the top surface of the airfoil to energize the separated 

flow. Slot exit, width and slope were considered as a parameters of slot configuration to determine the effective 

design of consideration. Reynolds number was taken as [1.6 x106] and the angle of attacks were ranged from (0o-

20o). The numerical solution with Ansys Fluent commercial program had been used to solve a fully turbulent N.S. 

equations with κ-ω SST turbulence model. The method of changing variables with best one among them was 

adopted to find the design of the slot. The results of flow field and airfoil characteristics for solid and slotted 

airfoil were described and illustrated in the present work which showed that the airfoil produces higher lift 

coefficient value and lower drag coefficient as compared with solid airfoil. Moreover, it delays stalling angle of 

attack to 19o.  The slotted airfoil shows an increasing in maximum lift to drag ratio up to 110% at angle of attack 

18o. The most effective slot is found at 60% chord, slope 65o and width 1% chord.  
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INTRODUCTION

One of the common problems of airfoils at high angle of attacks is the flow separation on the upper side that leads 

to stalling airfoil at these angles. This problem requires to a flow control of separation. However, many researchers 

have studied the nature of flow in the region of separation and investigated different methods to overcome this 

phenomenon, generally there are two main methods, the first is the active method which needs additional 

components like (actuators, steady suction or blowing, unsteady suction or blowing, synthetic jet, co-flow jet 

(CFJ)). The method can be controlled (i.e., turn it on or off) e.g., it can be switched off when there is no need to 

use it to avoid additional drag (i.e., during cruising flight for instance), the disadvantage is needed an auxiliary 

energy to work which is an undesirable point in some applications. The second method is passive which almost 

involve geometrical modifications like steps, vortex generators VG, gurney flap, Riblets, slots which are all 

passive methods. The present work, slot method is used to treatment the separation of the airfoils at high angles 

of attack. 

Many recent researchers study this method, a studied numerical method on UH-60A helicopter wing with slotted 

SC1095 and SC1094 R8 airfoil [1]. The outcomes showed that the airfoil with slot increases the maximum thrust 

of UH-60A helicopter wing by up to 25% but, there was a significant increase in drag at small angle of attacks. in 

other hand, was studied NACA 2412 airfoil with curved slot connecting the pressure side with suction side at Re 

(1.7 x106 ) numerically [2]. SST k-w turbulence model was used to simulate the flow around the airfoil. This

study aimed to discover the optimum entrance and exit location of the slot and its width which making the airfoil 

operate effectively at high angles of attack. It was found that the optimum position of air entry and exit is at 10% 

& 25% of the chord length respectively measured from leading-edge. The optimum slot's width was of 1.5% of 

the chord length, and the stalling angle delayed from 16⁰  to 20⁰ . The lift to drag ratio was maximized to 89%. 
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A group researchers had been studied the airfoil s809 with and without slot which placed at the pressure side and 

extended to the suction side [3].  

A numerically and experimental study had been investigation at different angles of attack (0⁰ ,10⁰ ,15⁰ ,20⁰ ) 

where the Re number was 105. The results showed that the slot had been no effect when the angles of attack 

between (0⁰ -10⁰ ), but, when angles from 15 to 20 the lift coefficient was increased from 61.2% to 62.8% and 

63.9% to 68.8% respectively, drag coefficient decreased. An experimental study was performed by which 

employing a passive slot for propeller with small scale [4]. The propellers consisted of Clark -Y section. The 

method was shown a 5.12% increase in aerodynamics efficiency for the overall domain of flight envelop cases. 

Some researchers considered NACA 4412 with slot extend from the leading edge and then turn with an angle to 

the bottom surface at different angles of attack from 0⁰  to 16⁰  [5,6]. numerically and experimentally had been 

studied at Re number 1.6 *106, the optimum slot’s width, inlet angle, vertical position which represent the vertical 

distance between the chord line and slot inlet position, exit angle, first leg length was determined.  

The results showed that an improvement in lift coefficient up to 30% for one of the best cases examined, while 

insignificant increase in drag is observed.  A group researcher had been considered NACA634-021 with internal 

curved slot [7]. The internal slot allows ventilation from the bottom side to the top side to energize the boundary 

layer on the separation region of the upper surface. The optimum slot’s width and sloping angle were determined, 

the blade dynamic performance was studied experimentally and numerically at different angle of attacks from 

(0⁰  to 30⁰ ) where the Re number was 105. The experimental outcomes indicated that the airfoil with slot has a 

higher lift coefficient and a lower drag coefficient than the solid airfoil for angle of attacks beyond 6⁰ , the lift 

coefficient of the slotted airfoil was maximizing to 58% greater than the solid one and the lift to drag coefficient 

ratio was increased by 14%, while at low angles of attack (less than 11o).  The lift to drag ratio showed values less 

than solid airfoil for this purpose one can employ slot gate that make slot closing at low angles. The objective of 

the present work is to investigate the slot influence on aerodynamic characteristics where the optimum location 

and dimension of slot are considered which make the airfoil NACA4412 operate with high efficiency at high 

angles of attack. The mathematical modeling and results will be discussed in the next sections. 

MATHEMATICAL MODELING 

Geometrical Description 

Solid Airfoil 

The airfoil of NACA 4412 was chosen as the profile of the solid and slotted airfoils with a unit chord length as 

shown in figure (1) and table below  

 

Airfoil 
Chord 

( C ) 

Max. 

Chamber 

Max. chamber 

location 

Max. 

thickness 

NACA 4412 1 4% C 40% C 12% C 

Figure 1. Solid airfoil terminology. 

Slotted Airfoil Geometry  

The slot is a straight channel connected between the high-pressure side at the lower surface of the airfoil with that 

of low-pressure side on the upper surface as shown in figure (2). To design the slot and study the performance of 

airfoil, three slot parameters are considered (exit location on the upper side, width and slope of the slot) and 
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selected as controlling parameters to study the slot effects on lift and drag coefficient and stalling angle of the 

airfoil. 

 

Figure 2. Slotted airfoil terminology. 

Exit location(X), the exit was varied from 40%C to 80%C with increment of 10%C. (where C is chord length) 

Width of slot (W), this parameter was selected at different values (0.5%C, 0.75%C, 1%C, 1.2%C, 1.5%C and     

2%C. Slope (β), many slopes with vertical axis were studied to find the best one (40°,50°,60°,65°,70°,80°).  

All designing parameters were listed in table (1). 

 Table 1. The slot design parameters 

  

Governing Equations 

A two-dimensional partial differential Navier- stocks equations have been presented in this section. The general 

assumptions for these equations can be summarized as follow: steady, two-dimensional, incompressible, with 

turbulent flow around the geometry. By neglecting the heat transfer, and gravity effect with constant physical 

properties of the flow. The governing equations in tensor notation can be summarized as follows; 

Continuity equation is:   

  
𝜕𝑈𝑖

𝜕𝑥𝑖
   = 0                                   (1) 

where i=1, 2,            𝑥1=x     ,   𝑥2 = y  and U represent the velocity 

The momentum equation is; 

x-momentum 

𝜌𝑈𝑗
𝜕𝑈𝑖

𝜕𝑥𝑗
  = -  

𝜕𝑃

𝜕𝑥𝑖
 + 𝜌𝑔𝑥𝑖

  +(µ+µ𝑡 ) (
 𝜕2𝑈𝑖

𝜕𝑥𝑖𝜕𝑥𝑖
 )                                                                                                                 (2) 

where i=1 ,      j=1,2       𝑥1=x      ,   𝑥2 = y 

y- momentum 

𝜌𝑈𝑖

𝜕𝑈𝑗

𝜕𝑥𝑖
  = -  

𝜕𝑃

𝜕𝑥𝑗
 + 𝜌𝑔𝑥𝑗

 + (µ+µ𝑡 ) (
 𝜕2𝑈𝑗

𝜕𝑥𝑗𝜕𝑥𝑗
 )                                                                                                              (3) 

where i=1, 2,      j=1         𝑥1=y      ,   𝑥2 = x 

also, 𝜌, µ and µ𝑡 is density, viscosity and turbulent eddy viscosity respectively, and  𝑔𝑥𝑗
 is the acceleration of 

gravity, P represent pressure. 

The standard 𝜅-ω SST turbulence model is used to simulate the turbulent flow around the configurations. The 

turbulence model is hybrid between the standard turbulence models (k-epsilon and k- Omega) where the first one 

Exit location (X) 40%C 50%C 60%C 70%C 80%C - 

Slope (β) 40° 50° 60° 65° 70° 80° 

Width (W) 0.5%C 0.75%C 1%C 1.2%C 1.5%C 2%C 
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is to perform a well prediction to the behavior of flow in the far field region, while the other predict the flow in 

the near-wall region) as stated by [8]. 

Boundary Conditions and Fluid Parameters  

Three important boundary conditions are used in the present study which may be illustrated as follows; 

1- Inlet Velocity Boundary Condition, with standard sea level air at velocity 24 m/s (as calculated from Re number 

based on the chord line (1.6 x106)) which studied at different angles of attack;  

Angle of attack (α) = (15°,16°, 17o, 18o, 19o, 20o ) 

2- Far Field Boundary Condition, where atmospheric pressure is used for a far field flow. Zero-gauge pressure is 

considered in the present study p=0. 

3- Wall Boundary Conditions, where no-slip condition or zero relative motion between flow and wall of airfoil 

which is specified in by 𝑢 = 𝑣 = 0    at airfoil wall. 

The used fluid was air with density 1.225 (kg/m3) and viscosity 1.84 × 10-5 kg/ (m· s)   

Further Calculation 

Coefficient of lift is dimensionless coefficient that relates the lift force to forces generated by the dynamic 

pressure as follow: 

𝐶𝑙 =  
𝐿

1

2
𝜌∞𝑣∞ 

2  𝐶
                                                                                                                                                                (4) 

In the same way, the coefficient of drag is a dimensionless number that relates the drag force to forces generated 

by the dynamic pressure. The coefficient of drag is defined as 

 𝐶𝑑 =  
𝐷

1

2
𝜌∞𝑣∞ 

2 𝐶
                                                                                                                                                         (5) 

To find the aerodynamic efficiency of the airfoil, the ratio of lift coefficient to drag coefficient are calculated as 

stated by [9] as following;  

𝐿

𝐷
=

𝐶𝑙

𝐶𝑑
    (6) 

where     𝐶𝑙= lift coefficient, 𝐶𝑑 = drag coefficient, L= lift (N), D = drag (N), C= Chord length (m), v∞= velocity 

(m/s) and ρ∞ = Free stream density (kg/m3)           

NUMERICAL SOLUTION  

To achieve the mathematical modeling, the numerical solution by SOLIDWORK software and commercial 

program ANSYS FLUENT are used for this objective. Three main steps are important for the final results. The first 

is the pre–processing, which is a two-dimensional geometrical modeling of the airfoil in solid or slotted 

configuration with its domain are modeled by SOLIDWORKS Software. The governing equations of the turbulent 

flow with turbulence model, the boundary conditions and meshing of the domain are all included in the pre–

processing step.  The processing is the second step, which consists of solving these equations and boundary 

conditions numerically using finite volume method by ANSYS Fluent program to find the results of the domain 

which is the last step called post processing. As stated previously, SOLIDWORKS software is used to create the 

solid and slotted airfoil. C-domain is chosen to simulate the flow around the airfoil configuration. The dimensions 

of the computational domain are shown in the figure (3) where the distance behind the airfoil is 17.5 C, front of 

the airfoil is 10.5 C, the upper and lower distance is 10.5C, these spaces are used to avoid the effects of inlet and 

outlet boundaries on flow close to airfoil and so gives the better solution [7]. 
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Figure 3. Computational Domain of C-Shape Characteristics. 

ANSYS FLUENT in other hand is a software which based on finite volume method technique to solve any 

problem. it is used to generate mesh and analysis of the fluid flow around the solid and slotted airfoil. Meshing 

and Gridding Independency Test are considered in the present work. The domain and model of consideration 

geometries were discretized into smaller units which are known as the meshing elements. The two-dimensional 

structured quadrilateral mesh with about 500000 elements and 50000 nodes is used for computing the flow 

around the model shown in figure (4). The current grid is confirmed by a prior test of the grid independency 

runs. Table (2) show the values of lift and drag coefficient at angle of attack 15⁰  for the solid airfoil.  

Table 2. Mesh independency test 

No. of Elements   Cl Cd 

400000 1.5965 0.05575 

450000 1.5977 0.05564 

500000 1.5987 0.05545 

550000 1.5987 0.05545 

 

Figure 4. Computational Domain Mesh with Rectangular Elements. 

Rectangular 

Mesh 
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Code validation  

The computational work achieved in the present work is validated using numerical data reported in the same 

NACA solid airfoil [6]. For the exact boundary conditions and flow properties which are applied as maintained at 

Re no. (1.6*106), the lift coefficient (Cl) and drag coefficient (Cd) are compared to the stalling angle of attack of 

the airfoil. The comparison of Cl & Cd versus angle of attacks between present computational data and data in 

(Beyhaghi and Amano, 2018) are shown in Figure (5) and table (3). From the figure, it's clear to see that there is 

a good coincidence between the present work and that of [6]. 

Table 3. Comparison between present results and numerical data by Beyhaghi and Amano 2018 

 

 

Figure 5. Comparison between the present results and numerical data by Beyhaghi and Amano 2018. 

RESULTS AND DISCUSSION   

The results of the solid and slotted airfoils are presented in this section as follows: 

Analysis of flow over solid airfoil  

For the figures (6a), it is clear that, the lift coefficient was increased with angle of attack up to angle 15°. The 

stalling angle is the maximum lift coefficient angle. The lift coefficient is dropped afterward due to the separated 

flow from surface of airfoil. Also, Figure (6b) shows that the corrlation between the drag coefficient and angle of 

attack. It is remarkable that the increasing in drag coefficient at small angle of attak (smaller than 8°) is not 

significant. A dramatic increasing in drag coefficient at high angle of attacks due to the flow separation as shown 

in figure (7). Lastly, Figure (6c) illustrat the lift to drag ratio as a function to angle of attack. The greatest Cl/Cd 

value is obtained at angle of attak 8°. The non-linear effects are increased due to the results of increaseing the 

drag coefficient. 
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(a)                                                                                         (b) 

 

(c) 

Figure 6. Aerodynamics Characteristics of solid airfoil at different angle of attacks  a)Cl   b) Cd   c) Cl/Cd 

 

Figure 7. Separation zone for solid airfoil at two different angles of attack. 

Analysis of flow over slotted airfoil 
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Generally slotted airfoil was outperforming the solid airfoil at high angles of attack. A stalling angle was delayed 

to some extent as shown in figure (8). The research points are to pick out the most effective exit position, slope 

and width of slot for best design. This work is carried out by change the main parameter at a time with keeping 

all others constant to find the best results. The best place for slot –exits, slope and width were selected based on 

high stalling angle with highest values of lift to drag ratio. Finally, total 102 cases for the slotted airfoil are carried 

out for the present work. Simulations are performed over a range of angle of attacks (15°-20°). 

Air -Exit Position  

The figure (8) shows the diversity of lift coefficient of slotted airfoil for different exit position (width and slope 

are fixed at 1%C and 65° respectively) with angles of attack. For small to moderate angles of attack, (less than 

15°), were not considered among the variables. Other angles were affected the separation and stalling angle occur 

at 15° for solid airfoil. From the figure it is obvious that the stalling angle had been delayed to some extent, and 

the positions 40%C &50%C were delayed the stalling up to 20°, while position 60%C delayed stalling angle to 

19°. The position 70%C&80%C delayed the stalling by 1°. Also, the figure shows that the position 50%C &60%C 

outperform other positions for lift coefficient values especially at high angles of attack with 60%C had been the 

highest values of lift coefficient. All positions show drag coefficient values smaller than solid. Figure (9) illustrates 

the position of 60%C is the smallest drag coefficient value. Consequently, the position 60% gives the maximum 

lift to drag ratio as shown in figure (10) with the maximum lift coefficient and minimum drag coefficient for range 

of the angle of attack (15°-20°). 

 

Figure 8. Lift coefficient with angles of attacks for solid and slotted airfoil with different air- exit position. 

 

Figure 9. Drag coefficient with angles of attacks for solid and slotted airfoil with different air- exit position. 
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Figure 10. Lift to drag ratio with angles of attack for solid and slotted airfoil at different air- exit positions. 

The appropriate air jet position for the present airfoil (slot-exit) should be laid within the separation zone not 

before neither after ahead the separation region. that’s explain why the position 70%C and 80%C have delayed 

stalling angle for just 1° with negligible effect on lift coefficient values as compared with other position at angles 

of attack greater than (17°). The separated flow at the angles greater than (17°) was started at 45%C as shown in 

the figure (11). Figure (12) shows the slotted airfoil at 20°angle of attack. The air jet trying to energize the 

separated region especially that becomes aft the slotted hole position, while the forehand region is not affected by 

the slot hole. It is clear that, there is a point where the slot becomes inside the separated region is more efficient 

to decrease the separation zone, this point is shown at 60%C as compared with other points. So, the slot became 

useless for the points outside the separation zone especially at higher angles of attack, as shown in figures.                                                        
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Figure 11. Velocity contours for solid and slotted airfoil at different slot- exit position. 

                                                                

    

   

80% C 

40% C 

AOA 16 AOA 

18 
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Figure 12. Velocity contour at 20° angle of attack for different slot-exit position. 

The figures (11,12) show the position 40% air exit lie before the separation point for angles of attack 16°,18° and 

separation zone and that’s clarify the reason of ineffectiveness of slot at these angles. Even though, At the position 

of 80% and angle of attack 20° where the slot nozzle lies within the separation area and works by delay stalling 

angle but no increase in Cl value (as compared with position 60%) due to the separation still covering the large 

area of airfoil.     

Slot’s slope 

After select 60%C slot - exit as the best position of exit slot, the slope has been studied at various values with 

fixed slot’s width 1%C. The angle changes as it connecting between a specified position at the lower surface 

where flow is of high pressure and the flow on suction side (upper surface), so it affects the lift and drag 

coefficients values as well as stalling angle of attack. The results show that slotted airfoil with slope less than 65° 

have negative effect, that’s mean have lower lift coefficient values than solid airfoil and higher drag coefficient 

as shown in the figure (13). There are two reasons of this unfavorable effect the first is that the airflow which exit 

from the slot far away from the airfoil surface instead of being attached to the suction side (top surface) as shown 

in figure (14) for the slope angle 15o and angle of attack 18o. So that, there is no flow attachment which energize 

this region. The other reason is that the pressure in lower surface become less that when the slope angle 65o, which 

produce lower lift and an increase in viscous drag Cd. 

 

Figure 13. Cl&Cd vs angle of attack for solid and slotted airfoil with different slope 

The previous figure shows also, that the slotted airfoils with slope greater than 60° (65°, 70°and 80°) give highest 

values of lift coefficient with superiority to slope 65° which gives a large and steady value of lift coefficient with 

lower drag coefficient values. In these three cases the air flow smoothly into slot and exit parallel to airfoil surface. 

As shown in figure (14). The figure shows that the slope 80° shows excellent lift to drag ratio values but this 

superiority up to angle of attack higher 17°. The figure shows also, that the slotted airfoil had a lower efficiency 

for the angles of attack 19° & 20° angles of attack due to stagnant flow at the inlet holes of the slot, which prevent 
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the flow to the upper surface through the slot. Slopes 65° & 70° also show great lift to drag ratio values with 

superiority to 65° as it keeps the great behavior even at high angle of attacks, that is the reason of chosen slope 

65 ° as the best angle. For clarity, figures (15 and 16) show the flow mixed with separated flow on the top surface, 

and attached on the airfoil separation zone with velocity and pressure distributions.  

 

Figure (14) Cl/Cd values Vs angle of attacks for slotted airfoil with different slope. 
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Figure 15. Velocity contour at AOA 18 for slotted airfoil at different slope. 

 

Figure 16. Pressure contour for slotted airfoil with slope 80° at two different angles of attacks. 

Slot’s width: width of slot can be considered as a dimension which control the amount of air flowing through the 

slot and exit to the suction side. It can be changed the pressure distribution and flow dynamics around airfoil. So, 

six different reasonable slot’s widths have been studied (0.5%C, 0.75%C, 1%C, 1.2%C, 1.5%C and 2%C) with 

fixing the slot-exit position and slope at 60% and 65° respectively. The most outcomes showed that there is 

enhancement in Cl comparing with solid airfoil except slotted airfoil with width 2%C which shows Cl values less 

than that in solid one as shown in figure (17). 

 

Figure 17. Cl Cd with angle of attacks for solid and slotted airfoil with various slot's width. 
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Figure 18. Lift to drag ratio with angle of attacks for solid and slotted airfoil with various slot's width. 

From figure (17) it is evident that the slotted airfoil at all width give Cd values less than the solid airfoil with 

especially at widths (0.75% & 1%C) which delay stalling angle of the airfoil. Figure (18) illustrates that slot with 

width (0.75%C, 1%C and 1.2%C) produce the highest Cl/Cd values with optimizing one at 1%C as compared with 

the other two values which fails at angle of attack 18°. So, it is better to choose slot with reasonable width not so 

narrow neither so wide, the narrow one increases the chance of clogging which increasing the drag coefficient. 

Figure (19) clarify the reason of the failure of slotted airfoil with width 1.2%Cat angles of attack 19 ˚ & 20˚ while 

a superior one for 1%C in angles of attack less than 19°, that the airflow exits from slot at angles of attack 19°, 

20° away from the airfoil. In another ward there is no contact between the airfoil surface and that from slot. While 

figure (20) shows that the slotted airfoil with width 1%C, the air exit from slot hole still in contact with airfoil 

surface even at angle of attack 20°.  

  

Figure (19) velocity contour for slotted airfoil with slot's width 1.2%C. 

 

Figure 20. Velocity contour for slotted airfoil with slot's width 1%C. 

The selected slot:  from the previous analysis the slot with the best position and dimensions which makes the 

airfoil operate effectively are list in a table (4). The slot have studied for range angle of attack (0°-20°)with 

increment 2°   

Table 4. Values of designing parameters  

Width of slot 1%C 

Slot–exit position 60%C 

Slot's slope 65 ° 

Comparing between the performance of solid and slotted airfoil (chosen one) 

AOA 16 AOA 20 

AOA 16 AOA 20 
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(a) 

 

(b)                                                                                   (c) 

Figure 21. Aerodynamics Characteristic for solid and slotted airfoil at different angle of attacks. a ) Cl  ,b) Cd , 

c ) Cl/Cd 

From figure (21), the first improvement can be notice that the stalling angle had been delayed from 15° to 19° and 

this is one of the aims and objective of the present work, moreover there is an increase in Cl values at angle of 

attacks >14 with reducing in Cd values. The results show also high Cl/Cd ratio. Regarding to the low angles of 

attack <14, it is obvious that the slotted airfoil has a negative effect on aerodynamics performance since it gives 

lower Cl and higher Cd comparing with solid one. The reason of giving lower Cl values as mentioned previously, 

that the slot exit lied far away from separation point and separation zone, furthermore the pressure loss through 

the slot which causes a reducing in pressure difference between the top and bottom surface of airfoil. The 

increasing in Cd values is due to interference drag where the flow below the airfoil has low speed is mixed with 

flow over airfoil which has high speed, this phenomenon similar to the vortices which formation at wing tips as a 

result to the mixing between the high and low speed airflow which then producing induced drag.     

CONCLUSIONS  

The study which has been carried out in the present work leads to the following main conclusions: 

 For solid airfoil the separation region increases with increasing angle of attacks with progress of separation point 

towards the leading edge and stalling occur at angle of attacks 15°. 
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 at higher angle of attacks angle of attacks>14° (where wake region becomes dominant) flow separation is more 

effected by slot and hence net overall drag and lift both are improved. Therefore, Cd decrease and Cl increase with 

slot control and hence Cl/Cd increase at angle of attacks >14°.  

 The slot in airfoil delayed the stall angle to 19°. 

 slot –exit position at 60% of the chord is found the best at all angle of attack beyond 14° it increases Cl/Cd and 

delay stalling angle   

 Best slot's slope is 65° since this angle guides the airflow and provides it parallel and attached the airfoil suction 

side even at high angle of attack 20°. 

 The selected slot's width is 1% of the chord which gives the maximum increment in Cl/Cd values up to 110% at 

angle of attack 18° at fixed slot-exit location and slot's slope 60%C and 65°respectively.  

 Slotted airfoil generally shows negative influence at angle of attacks <14°. while 
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