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This paper focuses on aerodynamic analysis over a 3D cambered wing with dimple-like 
surface modification. Application of the golf ball dimples on airfoils is predicted to be 
a good alternative for drag reduction. A golf ball with dimples allows for smooth and 
controlled flight. Models of cambered wings based on NACA 2412 airfoil were created 
to investigate the dimple effect. A comparative study is carried out between wing 
models with inward and outward dimples at 50% of chord length locations. 
Simulations were conducted for two velocities – 30 m/s and 90 m/s and the angle of 
attacks varying from 0° to 20°. The study is carried out using different platforms for 
respective processes. Firstly, ANSYS WORKBENCH© and SOLIDWORKS© are used for 
the geometry creation of the wing model. Next, ANSYS FLUENT© is used for the pre-
processing and solver setup stage. Then, TECPLOT©, MATLAB© and FLUENT© are 
used for the post-processing and analysis stage. The inward dimple showed better 
aerodynamics when compared with outward dimple and no dimple cases. 
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1. Introduction 
 

The project is concerned about finding advantages of having dimple-like structures on the aircraft 
wing. The stall is an inevitable condition that every flight undergoes. Hence, many research works 
are going on in this field to develop new ideas to increase the stall angle. From previous studies, it is 
observed that a dimple on the wing structure helps to delay stall. Therefore, keeping these factors in 
mind, the project is undertaken to have a better insight on this area of research. There are various 
ways of delaying the flow separation over the wing surface, one of them being introducing surface 
modifiers on the wing. These devices are of two main categories – first, which require energy supply 
and second, which do not require the supply of energy [1]. Vortex generators are the devices which 
lead to delay in boundary layer separation. It has been found that these vortex generators are used 
in many aeronautical applications for reducing drag and controlling the flow separation in the 
boundary layer. According to principle, the vortices generated on the surface energise the flow, due 
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to which the kinetic energy level is able to withstand higher pressure rise [2]. Presenting a dimple is 
considered as a potent strategy in increasing aerodynamic efficiency with higher stall angles. The 
ideal aerodynamic properties are achieved when the flow is attached. The disturbances generated 
by dimples lead to laminar-turbulent transition and help in controlling the flow pattern by 
overcoming adverse gradients [3]. In a real-world scenario, it is seen that a dimple over a golf ball 
results in a much lower drag as compared to a smooth surface. The question of interest here is if a 
golf ball has improved flight range, then could a similar effect be achieved for surfaces like an aircraft 
wing. 

Aerodynamic efficiency and stall characteristics are the two important parameters in the study 
of flow over a wing. Many research works have been carried out in order to achieve better efficiency 
at optimal manufacturing cost. Stall characteristic for a flight is defined by its Cl versus ɑ curve. A 
gradual decrease in Cl is preferred and denotes good stalling behaviour [4]. Whereas a steep, sudden 
decrease in Cl is unfavourable as it requires a very quick response from the pilot end. Studies also 
show that, new designs incorporated not only lead to improvement in aerodynamic properties but 
also has an impact on the fuel efficiency. Thus, being advantageous to the industry [5]. A better flow 
pattern also affects the fuel efficiency positively. As known both the parameters are interrelated. 
Suitable engine power significantly affects flight endurance and range [6]. The shape and structure 
of the body plays a vital role in determining the efficiency of the transport as fluid flows past it. The 
energy used by the vehicle to overcome the aerodynamic loads is greatly affected by the shape of 
the conveyance [7]. Roughness on the wing surface produces momentum when air flows over it, 
which leads to a transition of flow from laminar to turbulent. The attached flow properties are also 
improved due to the irregular flow of air around the dimple region [3]. Considering the material to 
be used for construction of surface modifiers, generally aluminium is preferred. Strength of 
aluminium metal is found to be highest when used as alloy with other materials. The alloy AA6061 is 
one of the most commonly used by aircraft builders [8]. Vortex generators are vane-like structures 
placed on the wing at specified locations to energise the flow. The height of these structures is 
generally taken to be half of that of the boundary layer thickness [9]. Separation of flow is a widely 
studied topic across the domain of aerodynamics. Different types of techniques are applied and 
tested to observe the pattern of flow around the trailing edge and to study the improvement in lift 
coefficient. It is seen that modification like use of thick trailing edge airfoil has led to an increase in 
efficiency by 39.495% with an inclination of airfoil equal to 15° [10]. When air flows along the surface, 
separation bubbles are formed at the dimple region signifying acceleration of the flow [11]. Previous 
studies show that, efficiencies differ depending on the shape, number and position of the surface 
modifiers used. The appearance of vortices is due to shear flow instability. These vortices affect the 
flow over the wing surface and cause disturbances in transverse and longitudinal directions [1]. There 
are mainly two types of vortex generators – passive and active. The passive ones eliminate separation 
by a notable amount, reducing the size of separation zone by around 80%, while the active generators 
are more powerful than passive generators, with no separation zone in the averaged results [2]. The 
flow around the wing depends on various factors including inlet velocity, nature of the fluid flowing, 
roughness and shape of the wing used [12]. Hence it is seen that having surface modifications greatly 
affect the flow around the aircraft. It is observed that skin friction drag is one of the major 
contributors in aircraft drag that is linked with higher shear stress and causes flow separation [13]. 
Use of square and triangle shaped dimples have demonstrated an expansion in lift and enhanced 
aerodynamic efficiency by improving the maximum lift coefficient or reducing the drag coefficient 
[14]. Another significant observation studied by researchers is that as the flow passes the dimple 
region, high momentum is created in the near-wall region, resulting in an increase in skin friction. 
This skin friction has a prominent role in delaying the flow separation. It is also noticed that higher 
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maximum lift coefficients are attained when the surface modifier structures are placed near the 
separation point [15]. 
 
2. Methodology 
 

CFD is used as the research tool for carrying out the analysis process. It is one of the widely 
accepted methods for estimating the aerodynamic coefficients and other related parameters without 
having manufacturing costs. It bridges the gap between theory and experiments. CFD is used for 
various applications to identify the complex flow like blood vessels, vehicle aerodynamics, cricket ball 
and more [5,16-18]. The process of CFD involves a set of Navier-Stokes equation to describe the fluid 
flow. Partial differential equations are solved numerically using finite volume approach [19]. For 
solving RANS family of turbulence model is used. It is one of the most economical solvers used widely 
in the field of research and gives accurate results [20]. Pressure based solver is used along with K-
omega SST viscous model for simulation. From previous research works carried out, it is noticed that 
this viscous model yields accurate values of lift coefficient at low angle of attack [21]. The process 
gives lift coefficient, drag coefficient around the 3D wing and shows pressure-velocity contours near 
the dimple region. The results obtained from the CFD process using the mentioned boundary 
conditions reveals that the solution techniques being used for analysis are realistic in nature. 

Figure 1 demonstrates the various stages involved in the computational analysis process. The 
process starts with geometry generation with the use of suitable modelling tools. Once the model is 
created and imported it is put to meshing. Meshing generates number of grid points that ensured 
accuracy of the simulation. Next, the boundary conditions are set on the corresponding surfaces and 
the system solves the process internally. As and when the results are observed to be converging, the 
iterations are stopped. Lastly the results obtained are analysed with the aid of graphical and contour 
representation. 
 

 
Fig. 1. Steps involved in CFD processing 

 
2.1 Geometry and Domain Creation 
 

The geometry for NACA 2412 3D Wing is created using SOLIDWORKS©. X and Y coordinates of 
NACA 2412 is imported to SOLIDWORKS© for modelling of the airfoil. Chord of the airfoil is taken as 
1 m. Aspect ratio of the cavity/protrusion is taken to be equal to 0.5. A cuboidal shaped domain is 
created. The size of the domain is taken to be around 9 times the chord of the airfoil on X direction, 
5 times the chord on Y direction and same as the span length in the Z direction. Table 1 gives the fluid 
domain specification. Table 2 lists the airfoil specifications. 
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Table 1 
Domain Specifications 
Direction Dimensions 

+X direction 6 m 
+Y direction 5 m 
+Z direction 1.68 m 
-X direction 9 m 
-Y direction 5 m 
-Z direction 0 m 

 
Table 2 
Airfoil Specifications 
Property Value 

Airfoil NACA 2412 
Chord 1 m 
Span 1.68 m 
Effective area 1.68 m2 
Cavity depth/ height 0.0253 m 
Cavity radius 0.053 m 

 
Figure 2 shows the three dimensional model created for inward dimple and Figure 3 shows the 

inward dimple dimensions. Similarly for outward dimple in Figure 4 and Figure 5 displays the 3D 
model along with dimensions for an outward dimple wing. Smooth curved surfaced dimples are 
created. Nine inward and outward dimples are situated equidistant from each other on each of the 
two wings, as shown in Figure 2 and Figure 4 respectively. The dimple-like structures are located at 
50% of the chord, throughout the span length. Figure 3 and Figure 5 shows magnified view of the 
dimples, giving detailed information about the aspect ratio of the surface generated. The radius of 
the dimple is maintained at 0.053 m whereas the depth for inward dimple and height for outward 
dimple is taken to as 0.0253 m. 
 

 
Fig. 2. 3D Model for inward dimple 

 



Journal of Advanced Research in Fluid Mechanics and Thermal Sciences 

Volume 104, Issue 2 (2023) 115-126 

 
119 

 

 
Fig. 3. Inward dimple dimensions 

 

 
Fig. 4. 3D Model for outward dimple 

 

 
Fig. 5. Outward dimple dimensions 

 
2.2 Solver Setting 
 

ANSYS Fluent is used for simulation. Inlet velocity is 30 m/s, and the angle of attack varies from 
0° to 16° for validation. Whereas for comparing the dimpled and plain wing cases, the inlet velocities 
are taken to be 30 m/s and 90 m/s to vary the Reynolds number. The angle of attack is varied from 
0° to 20°. 
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Table 3 describes about the boundary conditions used for the analysis process. A pressure based 
solver type is preferred with SST model as it provides more accuracy. Density, pressure and viscosity 
are maintained at the standard values for sea level. The residual value set controls the behavior of 
the numerical process and decides upon the convergence. 
 

Table 3 
Solver setting 
Specifications Parameters used 

Solver used Pressure based 
Relative specification Absolute 
Model used Viscous model – K-Omega (SST) 
Boundary condition Velocity inlet, pressure outlet 
Method used SIMPLE 
Residual monitors (convergence criteria) upto 10-6 
Initialization type Standard initialization (from inlet) 
Density 1.225kg/m3 
Viscosity 1.789*10-5 kg/ms 
Operating pressure 101325 Pa 
Gauge pressure 0 Pa 
Spatial discretisation Second order upwind 

 
3. Results and Discussions 
 

This section presents the results for the validation, the comparison between the plain wing and 
dimple wings, analysis of various contours and the effect of the Reynolds number on dimple wings. 
 
3.1 Validation 
 

The simulation methodology is validated by comparing the three-dimensional model of the NACA 
2412 airfoil to the experimental wind tunnel results [22]. The results were in good agreement with 
the experimental data. The lift coefficient showed an error range of 3%- 8%, as shown in Figure 6. 
 

 
Fig. 6. Validation 
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3.2 Plain Wing vs Dimple Wing 
 

Stall phenomenon leads an aircraft into a state of chaos and this need to be delayed to have 
better flight condition. The dimple-like structure on the plain wing increases the stall angle, as shown 
in Figure 7. The stall angle for the plain wing was 16°, whereas, for both inward and outward dimples, 
it was 20°. 
 

 
Fig. 7. Coefficient of lift vs angle of attack 

 
3.3 Analysis of Contours 
 

Streamtraces, static pressure contours and velocity contours are shown in Figure 8 to Figure 10.  
 
3.3.1 Plain wing 
 

From stream traces it is observed that flow is well aligned along the surface of the airfoil as it 
flows from the leading edge towards the trailing edge. As the angle of attack is increased from 0° to 
16°, separation of streamlines is noticed near the trailing edge. From pressure and velocity contours, 
it can be concluded that the highest pressure is seen at the stagnation point. It reaches a minimum 
value as it moves over the surface and increases again towards the trailing edge. With an increase in 
angle of attack, the maximum pressure point shifts downward. Similarly, reverse patterns are 
observed for velocity contours that is minimum at the location of maximum pressure. This 
phenomenon takes place in accordance with the principle of Bernoulli’s Theory. 
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Fig. 8. Streamtraces – plain wing 

 

  
Fig. 9. Static pressure contour- plain wing Fig. 10. Velocity contour- plain wing 

 
3.3.2 Wing with inward dimple 
 

From the stream traces in Figure 11 and Figure 12, it is seen that flow circulates in the dimple 
region forming vortex inside the inward dimple cavity, resulting in the suction of flow (low-pressure 
region), thus delaying the flow separation. It is visible from Figure 13 that maximum pressure 
observed at the stagnation point. At higher angle of attacks flow starts separating towards the trailing 
edge. Consequently, the velocity contour in Figure 14 shows minimum value at the stagnation point 
in accordance with the Bernoulli’s principle. 
 

  
Fig. 11. Streamtraces – inward dimple Fig. 12. Magnified view- inward dimple 
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Fig. 13. Static pressure contour- inward dimple Fig. 14. Velocity contour- inward dimple 

 
3.3.3 Wing with outward dimple 
 

The flow moves smoothly over the dimple region following the usual streamline pattern as shown 
in Figure 15 and Figure 16. Similar observation is done for outward dimple, there is a low-pressure 
region formed at the tip of protrusion which results in the suction of flow and delay in flow 
separation. From Figure 17, pressure contour, and Figure 18, velocity contour, it can be observed 
that maximum pressure and minimum velocity is attained at the stagnation point at the leading edge 
of the wing. Also due to the protruded surface a suction region is created and a very low value of 
pressure is seen at that particular area. 
 

  
Fig. 15. Streamtraces- outward dimple Fig. 16. Magnified view- outward dimple 

 

  
Fig. 17. Static pressure contour-outward dimple Fig. 18. Velocity contour- outward dimple 
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3.4 Varying Reynolds Number 
 

The Reynolds (Re) number is varied using two different inlet velocities, 30 m/s and 90 m/s, and 
the corresponding Reynolds numbers are 2030387 and 6091160. It is observed from Figure 19 that 
the higher Reynolds number generates more lift for an inward dimple. At the same time, the effect 
of the Reynolds number on the outward dimple is not distinct. 
 

 
Fig. 19. Varying Reynolds number 

 
4. Conclusion 
 

Dimple surface modifications on the surface on the wing have resulted in better aerodynamic 
characteristics. It can be inferred that as vortex are generated in and around the dimple surface it 
energizes the flow, hence resulting delay in flow separation. Also, the amount of lift generated is 
found out to be much higher than normal plain 3D wing. Therefore, the new modified wing was 
proven to be beneficial. From the analysis performed the following points can be concluded 

 
i. Introduction of dimple-like structure – both inward cavity type and outward protrusion 

type lead to delay in the stall. The stall angle was 20° for both inward and outward 
dimples. 

ii. From stream traces, it is observed that the dimple-like cavity delays the flow separation. 
For an inward dimple, the vortex formed inside the dimple causes the flow to reattach to 
the wing. 

iii. Considering inward and outward dimples, inward dimples give a higher lift than the latter. 
iv. For an increase in Reynolds number, the lift coefficient also increased for the inward 

dimple case. 
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5. Future Scope 
 

As this technique of introducing dimples on the surface of the wing is seen to delay the stall and 
have better aerodynamic characteristics, this research work can be extended in future by altering the 
shape and size of surface modifier used. The geometry of the dimple can be changed by altering the 
aspect ratio and the same model can be analysed again noting the variations. Also wing with dimples 
placed at various locations can be modelled and tested against varied inlet (Re) numbers. Taking the 
manufacturing process into account, study can be further carried out on the choice of materials 
appropriate for construction of the modified wing and environmental effects on the cavity/protruded 
area. Scope of this research work widens by moving onto experimental tests after carrying out 
computational analysis of the modified wing. 
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