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Abstract   

 

In the past two years, the pandemic situation has affected the aviation industry drastically. This 

situation starts to change, gradually, which is about to highly increase the international air 

travel around the world. Commercial air transport emission contributes a significant amount to 

global warming. Hence, in this research, to reduce the fuel consumption in commercial aircraft 

the aerodynamic surface of the wing is improved with the help of a hollow model in three 

dimensions. This biomimetic model named Raw Riblet was derived from a shark’s skin texture. 

The cross-section of the wing was (NACA 0012) designed and the Raw Riblet model was 

implemented in two different ways, computationally, and formulated biomimetic aerofoil 

models such as BRR and LRR (0.455). All these aerofoil models were analysed in high-speed 

airflow, computationally, and the aerodynamic performance values were noted. All the 

computational results were validated, and the result analysis showed a promising decrease in 

viscous drag of up to 11%. Both biomimetic models performed well in disturbance reduction 

when compared to the NACA model. This improved aerodynamic surface with reduced drag 

would decrease the fuel consumption in aircraft. This computational model would help us to 

fight the war against global warming. 

 

Keywords: Aerofoil; Biomimetics; Computational Fluid Dynamics; Transonic flow; Viscous 
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Abbreviations: 

B – Bottom 

HPBA – Hollow Patterned Biomimetic Aerofoil 

L – Low-depth 

NACA – National Advisory Committee for Aeronautics 

RR – Raw Riblet 

3D – Three Dimension 
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1. Introduction 

 

The European Union has planned to reduce aviation emissions up to 75% by 2050 [1]. In 

relation to that, many European countries have invested their funds to develop a sustainable 

solution for emission reduction. Much research was done on alternate powered aircraft, idea 

was to switch the propulsion from gas turbine engines to solar power, battery electric power, 

and so on [2]. However, these solutions couldn’t compensate the long-range commercial 

aircraft which require more energy for operation. Hence, we are again back to square one i.e., 

finding a way to improve the emission of available aircraft models in large use. This made the 

way for the necessity to improve the aerodynamic surface of a commercial aircraft. The main 

aerodynamic surface of any aircraft is the wing which generates lift force by keeping the flow 

disturbances at bay. These disturbances are called drag which increases at high angles of wing 

operation which would lead to high fuel consumption and emission, accordingly. Drag is of 

many types such as friction, induced, after-body, interference, wave, and parasitic. Out of 

which friction contributes to the maximum amount of total drag in commercial aircraft [3]. 

Therefore, it is essential to reduce the friction drag which improves the efficiency [4]. 

 

Friction drag is also called viscous drag which occurs due to the interaction between the wing 

surface and the fluid particles. Jianlong et al, noted in their research that with the increase in 

the angle of attack, the disturbance around the NACA 0012 would increase [5]. Although there 

are many ways to reduce that, biomimetic is the most promising approach in recent times [6, 

7]. Biomimetics is a way of finding solutions to problems in engineering sciences from nature 

[8, 9]. Even in viscous drag reduction biomimetic sets a new pathway. Studies on shortfin mako 

sharks (as shown in Figure 1) revealed that the riblets are aligned in the direction of fluid flows, 

which reduces the interaction between the skin surface and the fluids [10]. Bechert and Reif 

proved the idea of shark skin drag reduction up to 3% [11]. Bhatia et al, analysed two models 

using computational fluid dynamics and noted a 4% reduction in drag [12]. Similarly, Wen et 

al fabricated a 3D printed shark skin and tested it in fluid flow which reduced the speed of the 

object to 6% [13]. Sharkskin pattern was also implemented in the internal pipeline flow and 

the drag reduction was noted as high as 7% [14]. Han et al. made a biomimetic pattern using a 

different manufacturing technique and investigated it in the fluid flow which reduced the drag 

to 8% [15]. Dai et al. concluded at the end of their flow studies that the 3D pattern sharkskin 

would reduce the drag up to 9 % [16]. Zhang et al. developed a computational model of shark 

skin pattern and verified the computational results with the experimental values which 
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evidenced from 8% to 9.5% in drag reduction [17]. Therefore, in this research work, a 

biomimetic pattern was developed from shark skin and implemented on a smooth aerofoil 

surface in two different ways. It was then studied in computational fluid flow which resulted 

in improved the performance of the aerodynamic surface. 

 

2. Computational Model 

 

From the scanning electron microscopic image of the Carcharhinus Falciformis as shown in 

Figure 1(a), dimensions are obtained. Apart from the microscopic dimensions, specifications 

such as height and thickness were scaled to the length ratio and designed a Raw Riblet (RR) 

model in three dimensions as shown in Figure 1(b), computationally, using the Solidworks 

software because of its effectiveness [18] in part design. The RR pattern was designed very 

similar to the sharkskin which helped in fluid flow disturbance reduction. 

 

 

                                            
          (a) 

 

Figure 1. (a) Carcharhinus Falciformis – Silky Shark [19],  

(b) 3D design of Raw Riblet [20, 21] 

 

 

In order to design an aerodynamic surface, the most common symmetrical aerofoil structure 

named NACA 0012 was taken into account. Based on the coordinates obtained from 

airfoiltools.com, a NACA 0012 wing was modelled in three dimensions using Solidworks as 

shown in Figure 2(a). The fluid disturbances usually occur at the leading edge and flow 

downstream of the surface. Hence, to reduce the drag in those areas, the RR pattern was placed 

at the bottom (downstream) and near to the lead edge of the NACA 0012 aerofoil, separately. 

These models are called biomimetic models. Due to the implementation of a hollow pattern at 

the bottom and low-depth locations, these models are called bottom raw riblet (BRR) and low-

depth raw riblet (LRR) models as shown in Figure 2(b) and 2(c), respectively. The depth of the 
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pattern in the LRR and BRR models are 0.455 and 0.5 metres, respectively. The chord length 

of the NACA model is 1 metre. NACA and biomimetic models were saved as the solid part 

file type which helped in computational analysis. 

 

   

                                    (a)                                                         (b) 

 

(c) 

 

Figure 3. (a) NACA 0012 [16], (b) 1BRR HPBA, (c) 1LRR(0.455) HPBA 

 

3. Computational Analysis 

ANSYS is a user-friendly commercial tool that works well in both external and internal fluid 

flow analysis [22]. Therefore, the 3D computational models were imported onto the Design 

Modeler of the ANSYS. In this section, a computational domain was formulated with respect 

to the scaling ratio of an experimental wind tunnel and chord length of the models, individually. 

The target and tool-bodies were defined at the end.  

 



 

 

Classification: Restricted  

The NACA and biomimetic aerofoil models were imported into the Mesh section of the 

ANSYS-Fluent. In this section, all the faces of the models were divided into many parts and 

the boundary conditions were set such as inlets, outlets, walls, etc, separately. It was then 

meshed using the default mesh option, which divided the solid into many small units called 

cells or grids or elements with nodes. This would help us to apply and solve the governing 

equations for every cell, individually. The meshed models were checked for any errors and 

saved.  These models were then imported into Fluent. In this section, the qualities of the meshed 

models were checked. Additionally, the tetrahedral mesh elements were converted into the 

polyhedral mesh as shown in Figure 3 which would help to reduce the computational time by 

approximating the gradients of each cell and their neighbours. Sosnowski concluded in the 

research that polyhedral mesh would give accurate results at a less computational cost [23]. 

The Sutherland law was enabled for its effectiveness. Most of the long-range commercial 

aircraft fly at high subsonic Mach numbers between 0.6 to 0.9 [24]. This is a compressible flow 

regime where the viscous drag is predominant. Hence, in this research, 0.8 Mach airflow was 

considered to investigate which is within the transonic flow regime. The gauge pressure was 

calculated with the use of below mentioned formulae.  

P0

P
= (

1+(γ−1)

2
M2)

γ

γ−1
  = 66471 Pascal [20] 

                                           

where  P0- Total pressure (101325 pa), P – Static pressure, γ – Gas constant (1.4), 

M- Mach number (0.8). Spalart Allmaras – a one equation model opted for its effectiveness in 

external fluid flow investigations. The SA model is given using the following equation.  

∂v̂

∂t
+ uj  

∂v̂

∂xj
=  cb1(1 − ft2)Ŝv̂ − [cw1fw −

cb1

k2  ft2] (
v̂

d
 ) 2 +

1

σ
[

∂

∂xj
((v + v̂)

∂v̂

∂xj
) + cb2

∂v̂

∂xi

∂v̂

∂xi
]                                                                                        

 

Where, Ŝ = Ω + [
v̂

k2d2  fv2],  Ω = √2WijWij   is the magnitude of the vortices, d is the distance 

from the field point to the nearest wall,            fw = g [
1+cw3

6

g6+cw3
6 ]

1

6
,      g = r +  cw2 (r6 − r),  r =

min [
v̂

Ŝk2d2 , 10],  ft2 = ct3exp(−ct4x2), Wij =
1

2
(

∂ui

∂xj
−

∂uj

∂xi
). The boundary conditions are: 

v̂ for wall = 0, v̂ for far field = 3v∞: to ∶  5v∞ . Note that these boundary conditions on the 

Spalart Allmaras turbulence field variable correspond to turbulent kinematic viscosity values 
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of: vt for far field = 0.210438v∞: to ∶  1.294234v∞. The constants are: Cb1 = 0.1355, σ =

2
3⁄ ,  Cb2 = 0.622, k = 0.41, Cw2 = 0.3, Cw3 = 2, Cv1 = 7.1, Ct3 = 1.2, Ct4 = 0.5, cw1 =

cb1

k2 +
1+cb2

σ
 

[25]. Ideal gas law was chosen for its properties. Second-order equations and coupled solution 

methods were chosen which helped to solve the models in transonic flow. The solution was 

initialized from the inlet and iterated at 00, 30, 60, 90, 120, 150, 180, 210, 240, 270, 300 angles of 

attack. 

 

 

(a)                   (b) 

                     

       (c) 

 

Figure 3. Polyhedral Mesh image of; (a) NACA 0012, (b) 1BRR, and (c) 1LRR (0.455). 
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4. Results and Discussion 

4.1 NACA 0012 Vs 1-BRR HPBA 

 

Figure 4. NACA 0012 Vs 1BRR: Viscous drag 

 

Figure 4, clearly shows that the viscous drag force of 1BRR HPBA varied from 179.04 N at 00 

to 71.28 N at 300 angles of attack. Similarly, the viscous drag of NACA 0012 varied from 

180.02 N at 00 to 69.73 N at 300. At 00, 30, 60, 90  and 120 angles of attack, the variation between 

the two models is near to -1%. Whereas, at 180, 210, 240, 270, and 300 angles of attack, the 

viscous forces vary from 0 to 3%. Based on the comparison between these models, 1BRR 

performed better from 00 to 150 angles of attack when compared to the NACA 0012. The 

viscous drag reduction was as high as 5% at 150 angle of attack. 

 

4.2 NACA 0012 Vs 1-LRR (0.455) HPBA 

 

Figure 5. NACA 0012 Vs 1LRR (0.455): Viscous drag 
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Figure 5, clearly shows that the viscous drag force of 1LRR (0.455) HPBA varied from 172.98 

N at 00 to 71.59 N at 300 angles of attack. Similarly, the viscous drag of NACA 0012 varied 

from 180.02 N at 00 to 69.73 N at 300. At 00, 30and 180 angles of attack, the variation between 

the two models is between -3 and -4%. Whereas, at 60, 90and 120 angles of attack, the variation 

between the two models is between -5 and -10%. At 210, 240, 270and 300, angles of attack the 

variation between the two models is between 3 and 4%. Based on the comparison between 

these models, 1LRR (0.455) performed better from 00 to 180 angles of attack when compared 

to the NACA 0012. The viscous drag reduction was as high as 11% at 150 angle of attack. 

 

4.3 NACA0012 Vs 1BRR Vs 1LRR (0.455) 

Although both biomimetic models performed better than NACA 0012 in viscous drag 

reduction, 1LRR (0.455) reduced the viscous drag higher than that of the 1BRR model. The 

reason is elaborated in Table 1. 

Table 1. Skin-friction Coefficient 

Models at 150 Explanation 

 

(a) NACA 0012 

The skin-friction coefficient distribution on 

the wall surface of the NACA 0012 shows 

that the area with reduced values of the skin-

friction coefficient is less. 

 

(b) 1BRR HPBA 

1BRR HPBA model’s surface contour of 

skin friction coefficient demonstrates that the 

values of skin friction could be reduced at 

large with the implementation of the RR 

pattern in the downstream position. 

 
(c) 1LRR (0.455) HPBA 

Due to the application of the RR pattern near 

to the leading edge, in 1LRR (0.455) skin 

friction coefficient is reduced at very large 

areas on the aerofoil surface. Hence, 1LRR 

(0.455) achieved a higher amount viscous 

drag reduction. 
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4.4 Validation 

The grid refinement test proved that the values were validated against Gregory’s experimental 

values and the mesh element size is reliable as shown in Table 2. When the NACA 0012 model 

meshed with a size of 0.49, the coefficient of lift varied highly. Similarly, the mesh element 

size of 0.51 resulted in negative values of the lift coefficient. The lift and drag coefficients 

obtained at 0.5 element size were in close agreement with Gregory’s experimental values. Due 

to the values at 0.5 being within the tolerance level, the same element size was used in this 

research for computational analysis. 

Table 2. Validation 

Mesh 

Element Size 

Coefficient of 

lift 

Coefficient 

of drag 

0.49 0.0002 0.019 

0.50 0.001 0.019 

0.51 -0.00005 0.0195 

Experimental 

Values [26] 

0.005 0.017 

 

5. Conclusion 

At high angles of attack, the reversed fluid flow enters into the hollow chamber of the RR 

model. These fluid particles would circulate within the hollow section, circulate above the 

aerofoil surface and straighten which would run in parallel to the mainstream flow [17]. This 

reduced the interaction between the fluids and surface which improved drag, eventually. This 

RR computational model is very promising in reducing the disturbances in the transonic flow 

regime as high as 15%. This would reduce fuel consumption greatly in long-range air 

transportation which reduces global emissions. Further research recommended exploring this 

surface pattern experimentally. 
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