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Abstract⎯ This research modifies the leading-edge structure of NACA 0015 and NACA 4415 to resemble the nose of a 

beluga whale. The focus of this modification is to improve the airfoil's aerodynamic performance and investigate the 

changing fluid flow patterns. Numerical equation used is RANS combined with the k-ε turbulence model. Mesh 

independence test shows that mesh with 200 elements is the best mesh. Validation results reveal that CFD data can follow 

the trend of experimental data, especially on the AoA before the stall. There was a significant increase in Cl from NACA 

0015 and NACA 4415 at AoA>9°. On the other hand, the modification also had a positive effect by lowering the Cd value. 

The modification also provides an advantage by increasing the maximum Cl/Cd value. Furthermore, the separation point 

data shows that the modification can delay the separation of the fluid flow in the airfoil. Modifications can cause an increase 

in pressure on the lower side and a decrease in pressure on the upper side. Through velocity contours and streamlines, the 

modifications can reduce the recirculation area. Overall, modifying the leading edge has positive impacts on the NACA 0015 

and NACA 4415 airfoils. 
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I. INTRODUCTION1 

I ncreasing the aerodynamic efficiency of the airfoil is 

an interesting problem to be studied further. An airfoil 

can be considered efficient if it can produce a high lift 

force while keeping the drag force as low as possible [1] 

[2]. If the airfoil's shape is applied to the plane, the 

airfoil with a high lift force will make it easier for the 

plane to take off. Meanwhile, if the airfoil can reduce 

the drag force, it will help the plane save fuel during the 

flight[3][4]. Airfoil efficiency becomes more vital when 

the airfoil is applied to the glider. The glider is an 

aircraft that can work efficiently and does not require a 

propulsion system to fly and stay in the air for a long 

time [5]. In wind turbines, the lift force generated by the 

interaction between the turbine blades and the wind 

blow is used to rotate the turbine blades [6] [7]. There 

are various ways to increase the lift force of the airfoil, 

one of which is by increasing the fluid velocity. Flow 

control devices can increase the efficiency of airfoil. 

Several flow control devices can help increase airfoil 

efficiency by increasing lift, reducing drag and even 

both [8] [9]. Another way to be used is modifying the 

baseline shape of the airfoil. Modifying the baseline 

shape of the airfoil in this study was done by changing 

the shape of the airfoil's leading edge to resemble the 

nose of a beluga whale. 

Arabaci and Pakdemirli had adapted the nose of the 

beluga whale on the bus. The research was conducted to 
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reduce the drag force on the bus on the stationary road 

and move road conditions. The analysis was carried out 

at an inlet velocity of 16.66 m/s. It concludes that the 

optimum shape of the beluga nose can reduce the bus's 

Cd by 27.4% in stationary road conditions. In moving 

road conditions, the optimum shape of the nose of the 

beluga whale can reduce Cd by 20.17% [10]. 

Chowdhury et al., 2018 modified the front surface of a 

passenger car by adapting the boxfish's shape. The 

analysis was performed using the CFD method. The 

CFD process is carried out at various speeds ranging 

from 40 km/h to 100 km/h. Modifying the boxfish shape 

can reduce the drag coefficient from the original 0.56 to 

0.28 at all speed variations [11]. Another research has 

been done by adapting the crescent tails in Thunnus 

thynnus, sailfish, isurus oxyrhynchus and swordfish. 

The aim is to reduce the vortex behind ahmed body so 

that it can reduce Cd. The shape of the crescent-type 

tails is modeled by installing an elliptical flap on the 

back of the body. The angle between the elliptical flap 

and the vertical line that produces the best performance 

is 50º. The use of an elliptical flap can reduce Cd up to 

11.1% [12]. Peng et al., 2017 also researched reducing 

Cd in vehicles by applying the tiger beetle body shape. 

The shape of the vehicle's upper body is modified to 

match the curved shape of the tiger beetle. 

Modifications can help the car reduce Cd from 0.28 to 

0.29 [13]. Sudhakar and Karthikeyan conducted an 

experimental study on the NACA 4415 airfoil by 

implementing tubercles on the leading edge. Tubercles 

can be found on the fins of humpback whales. Tubercles 

on the airfoil at a low Reynolds number can reduce 

separation up to 50% at AoA=18° [14]. 

Some of the studies mentioned above are held to 

improve the aerodynamic capabilities of a body shape 

using methods inspired by animals that exist in nature. 

However, many of these studies focused on vehicle 

modification to reduce the Cd. Therefore, those studies 
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cannot be used as a robust parameter when discussing 

airfoils because airfoils can generate lift force. In 

addition, the airfoil also has a special feature in the form 

of a streamlined shape so that the resulting fluid flow 

conditions are very different from vehicles. Research 

conducted by Sudhakar and Karthikeyan also only 

focuses on fluid flow separation without considering 

essential parameters such as aerodynamic forces and the 

efficiency of the airfoil. 

This paper analyzes and investigate the aerodynamic 

capabilities of the modified NACA 4415 and NACA 

0015 airfoils by adapting the nose shape of the beluga 

whale. This study also assessed the aerodynamic 

performance resulting from these modifications and 

compared them with the baseline forms of NACA 4415 

and NACA 0015. Thus, a comprehensive conclusion 

can be drawn about whether this modification can 

significantly impact the aerodynamic efficiency of the 

airfoil. In particular, this study also aims to see the 

differences in fluid flow patterns between modified and 

unmodified airfoils. Furthermore, this study also tries to 

reveal the effect of symmetrical and asymmetrical 

airfoils on the effectiveness of the beluga whale's nose 

shape 

II. METHOD 

A. NACA four digit 

The four-digit NACA is an airfoil introduced by the 

National Advisory Committee for Aeronautics (NACA). 

The distribution thickness of the four-digit NACA has 

almost the same shape as some efficient airfoils, such as 

the Gӧttingen 398 and Clark Y airfoil. NACA four-digit 

can be created by at least 50 points or more. The 

advantage of the four-digit NACA is that it has good 

stall characteristics, has a relatively low center of 

pressure movement and has little effect on roughness. 

As the name implies, the four-digit NACA consists of 

four integer digits. The first integer is the maximum 

camber of the airfoil and the second integer indicates the 

maximum position of the camber. The third and fourth 

integers are the maximum thickness of the airfoil [15] 

[16]. A symmetrical four-digit NACA must have the 

first and second integers being zero, and this is because 

the airfoil has the same camber line as the chord line. 

The camber line is defined as a line that divides the 

airfoil in equal size. Meanwhile, the chord line is a line 

that start form leading edge to trailing edge [17]. The 

four-digit NACA used as objects in this study is NACA 

4415 and NACA 0015, as seen in Figure 1. 

 

B.  Modification of airfoils 

The leading edges of the NACA 4415 and NACA 

0015 were modified by applying a beluga whale nose 

shape. The dimensions of this modification can be seen 

in Figure 2. This dimension was first introduced by 

Mohamed et al [18]. All dimensions are shown in the 

form of multiplication of the values of c. The symbol c 

is the length of the airfoil chord [19]. In this study, the 

chord length of NACA 0015 and NACA 4415 is 1 meter 

[20]. The final form of NACA 4415 and NACA 0015 

after modification can be seen in Figure 3. 

 

C. Numerical method and turbulence model 

 The case of fluid flow around the airfoil in this 

research is solved by using a numerical method or can 

be known as CFD. RANS equation can regulate 

incompressible fluid flow [21]. RANS equation consists 

of the momentum equation and the mass conservation 

equation. Both of them are given in equation 1 and 

equation 2, respectively [22]. RANS equation can be 

completed by using the k −   turbulence model is used. 

The k −  equation has its advantages in predicting the 

coefficients of aerodynamic forces [23]. The equations 

for the k −  turbulence model are written in equations 

3 and 4 [24]. 
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D. Mesh, domain and setup conditions 

This research uses structured mesh. The mesh uses a 

quadrilateral shape, as seen in Figure 4(a). The mesh 

(a) NACA 0015 (b) NACA 4415 

Figure 1. NACA four-digit 
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is made denser as it approaches the airfoil [25]. 

Meanwhile, the shape of the domain and its 

dimensions are illustrated in Figure 4(b). Details of 

the boundary conditions can be found in Figure 4(c). 

Boundary conditions in the domain consist of 

velocity-inlet and pressure-outlet. Meanwhile airfoil 

defined as wall (no-slip) boundary conditions [26].  

 

 

 

E. Mesh independence test 

 The mesh independence test in this study used the 

method proposed by Roache. Various equations are 

needed to perform the mesh independence test. Equation 

5 describes the ratio of the number of mesh elements. 

The order of the mesh independence test is written in 

equation 6. Meanwhile, the grid convergence index for 

the fine mesh can be determined using equation 7[27]. 

Besides, the grid convergence index for the coarse mesh 

is determined by equation 8. Error band can be 

calculated by equations 9 and 10[28]. The Mesh 

independence test is carried out by testing three mesh 

variations, i.e., fine (200000 elements), medium 

(100000 elements) and coarse (50000 elements), as 

shown in Figure 5. The purpose of this step is to find out 

the mesh with the lowest error and ensure that the 

results given by each mesh variation are in the 

convergence index range. The mesh independence test 

takes samples of fluid velocity values around NACA 

0015 at x=0.5 and y=0.5 with AoA=0º. The sample is 

expressed as a discrete solution (f). The results are given 

in table 1. Variation of the mesh in this study can be 

said in the convergence index range after the 

1.0007coarse

p
fine

GCI

GCI r
  [29]. The GCIfine is equal to 

0.019% and the GCIcoarse is 0.1185%. Mesh selected 

for further computation is fine because it has the 

smallest error value, i.e., 0.0154%. Mesh error is the 

error between a discrete solution and the exact value. 

Equation 12 can be used to calculate the exact value. 
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Figure 2. Dimension of modification 

(a) NACA 0015 
(b) NACA 4415 

Figure. 3. NACA four-digit modification 

(a) Mesh (b) Domain 
(c) Bounday condition 

Figure. 4. Pre-processing parameters 



International Journal of Marine Engineering Innovation and Research, Vol. 8(2), Jun. 2023. 222-231 

(pISSN: 2541-5972, eISSN: 2548-1479) 

225 

 

III. Results and Discussion 

The comparison between experimental results and 

CFD is shown in Figure 6. This comparison is a 

validation to ensure that the data obtained from 

computational can be well received. Cl and Cd data on 

the baseline airfoil NACA 0015 and NACA 4415 are 

the main data in this validation stage. These two airfoils 

were analyzed at different Reynolds numbers following 

the experimental data that have been available from 

other studies. The computational process for NACA 

0015 is performed on the Reynolds number 160000 

[30]. Meanwhile, the computational process for NACA 

4415 is performed on the Reynolds number 3000000 

[31]. Based on Figure 6(a), it can be observed that the 

experimental data and computational data on NACA 

0015 show similar results where the Cl curve is a drop 

curve [32]. Stalls from experimental and computational 

data also occur in the same AoA. Sufficiently identical 

results can also be observed in the Cl data for the NACA 

4415 airfoil. However, the stall is delayed one degree 

compared to experimental data. Figure 6(b) is the Cd 

data from computational and experimental results on 

NACA 4415 and NACA 0015. All Cd data on AoA≤10º 

show almost similar results in all types of airfoils. When 

AoA˃10º, NACA 0015 data started to show quite 

different results. NACA 4415 showed different results 

between computational and experimental data when 

AoA˃15º. Overall, the Cl and Cd data showed quite 

valid results, especially in AoA before the stall. After 

the stall, the Cl and Cd data begin to show deviations. 

This deviation is acceptable because of the weakness of 

the RANS equation in modeling fluid flow conditions in 

post-stall conditions. In addition, a complex vortex has 

been formed when the airfoil is in a post-stall condition, 

so the fluid flow condition has become unstable [33]. 

The Cl data for NACA 0015 and NACA 4415 before 

and after modification can be seen in Figure 7(a). The 

Reynolds number used in this data is 106, which applies 

to all types of airfoils and their modifications. At 

AoA≤4º, airfoil modification did not significantly affect 

changes in Cl values in NACA 0015 and NACA 4415. 

The increase in Cl in airfoils slowly began to be seen 

(a) Fine (b) Medium (c) Coarse 

Figure. 5. Mesh in this study 

TABLE 1. 

RESULTS OF MESH STUDY 

Type Variable(u)  r frh=0 Mesh error 

fine 15.2841 

2.6204 2 15.2864 

0.0154% 

medium 15.2719 0.0947% 

coarse 15.1974 0.5822% 

 

 

(a) Cl (b) Cd 

Figure. 6. Validation 
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when AoA>4º. However, the modification to NACA 

0015 cannot delay the stall where it stalls but occurs at 

AoA=14º. Different results are seen on the NACA 4415 

where the airfoil can delay the stall even though it is 

only one degree. Baseline NACA 4415 occurred stall at 

AoA=14º. Meanwhile, the stall after modification is at 

AoA=15º. Figure 7(b) is the Cd data on NACA 0015 and 

NACA 4415 before and after modification. The leading-

edge modification of airfoils has a positive effect by 

lowering the Cd value. The decrease in the value of Cd in 

NACA 0015 begins at AoA≥3º, and the decrease in 

NACA 4415 begins at AoA≥4º.  

The efficiency of NACA 0015 and NACA 4415 

before and after modification can be seen in Figure. 8. 

Modifying NACA 0015 at 0º≤AoA≤3º cannot increase 

the airfoil efficiency due to the increase in the Cd value. 

A very satisfactory result is seen at AoA>3º, where 

airfoils that have been modified can improve the 

efficiency very well. Baseline NACA 0015 has 

maximum efficiency at AoA=7º. Meanwhile, the 

maximum efficiency after NACA 0015 has been 

modified is at AoA=8º. The modified NACA 4415 

occur a decrease in performance at AoA<3º. After that, 

modified NACA 4415 showed satisfactory results. 

Baseline NACA 4415 has the highest efficiency at 

AoA=6º, and the modified NACA 4415 has the highest 

maximum efficiency at AoA=7º. Thus, it can be 

concluded that the modification of the airfoil can 

increase the maximum efficiency of the airfoil and can 

increase the AoA with a maximum efficiency of one 

degree.  

This analysis was carried out to investigate whether 

modification of the airfoil's shape can delay or even 

eliminate separation. This analysis is also helpful for 

knowing how the airfoil improves its efficiency or 

aerodynamic performance. The location of the 

separation is a parameter commonly used to measure the 

reliability of a fluid flow control device [34] [35]. A 

fluid flow control device can be declared reliable if it 

can delay or even eliminate separation [36], [37]. 

Separation is a phenomenon that is highly avoided in 

airfoils [38]. Separation is a major cause of stalled 

airfoils [39]. The location of the separation points at 

NACA 0015 and NACA 4415 is given in Figure 9. The 

separation points are written in the form of a 

dimensionless value. This dimensionless value is 

(a) Lift coefficient of airfoil (b) Drag coefficient of airfoil 

Figure. 7. Aerodynamic data 

Figure 8. Efficiency of airfoils with and without modification 
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obtained from the ratio between the separation point 

location and the chord length. The purpose of using this 

ratio is that the results obtained can be generalized 

regardless of the chord length of the airfoil. 

Modification of NACA 0015 can delay the occurrence 

of separation. Separation at baseline NACA 0015 begins 

to occur at AoA=12º. Meanwhile, separation in 

modification NACA 0015 begins at AoA=13º. 

Modifying NACA 0015 can also shift the separation 

closer to the trailing edge [40]. This applies to all AoAs. 

At the extreme AoA, the shift in the location of the 

separation is not very significant. A contrasting result is 

seen in NACA 4415. Modification of the NACA 4415 

can shift the separation location in the near of leading 

edge. In addition, the modification also precedes the 

separation. At baseline NACA 4415, separation begin 

AoA=12º. However, in the modified NACA 4415 the 

separation begins at AoA=11º. It is necessary to 

investigate further whether the phenomenon of 

accelerating separation occurs only in the modified 

NACA 4415 or in all four-digit NACA asymmetry.  

The fluid flow around the airfoil is visualized 

through the pressure contour, as shown in Figure 10. At 

AoA=0º, the modification of airfoils does not give the 

effect on the pressure of fluid around the airfoil. The 

modification airfoil shifts the area with the highest 

pressure to the beginning of the upper side. The high 

pressure is converted to pressure Cd so that the Cd 

received by the airfoil is greater than the baseline airfoil. 

In addition, this increase in pressure also slightly 

decreases the Cl ability of the airfoil. Thus, the modified 

airfoil is not very suitable for use at low AoA. When 

AoA=10º, the modified NACA 0015 and the baseline 

NACA 0015 have nearly identical pressure contours.  

 

 

 

 

 

 

 

The increase in Cl in the modified NACA 0015 is 

caused by the increase in the area in direct contact with 

the high-pressure fluid, namely in the modified area.On 

the other hand, the pressure on the upper side tends not 

to increase so that the Cl can increase properly. On the 

NACA 4415, the increase in pressure near bottom side 

is visible. However, the increase in pressure on the top 

side also occurs, so the increase in Cl produced by 

NACA 4415 is not as good as NACA 0015. Velocity 

contours and fluid flow streamlines are used to visualize 

the fluid flow separation on the airfoil's upper side. Two 

AoA, i.e., AoA=15º and AoA=20º, are used as samples 

in this analysis. Overall, the velocity and streamline 

contours of the fluid flow in this paper are given in 

Figure 11. Based on Figures 11 (a) and 11 (b), the 

modification of NACA 0015 not only shifts the 

separation location towards the leading edge but also 

reduces the fluid flow separation area. Contrasting 

results are seen in the case of flow around NACA 4415. 

In NACA 4415, the modification causes the fluid flow 

separation to expand. That is why the increase in 

performance of NACA 4415 is not as good as NACA 

0015. Therefore, the performance improvement of 

NACA 4415 is entirely caused by pressure differences 

on the upper and lower sides. The same pattern is also 

seen at AoA=20º. Because the fluid flow separation 

initially occurs at the trailing edge and then expands to 

the leading edge, the stall can be said to be a trailing 

edge stall type. 

 

Figure 9. Fluid flow separation position 
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(a) Baseline NACA 0015 at 

AoA=0º 

(b) Modification NACA 0015 at AoA=0º 

 

(c) Baseline NACA 4415 at AoA=0º 

(d) Modification NACA 4415 at AoA=0º (e) Baseline NACA 0015 at AoA=10º 

 

(f) Modification NACA 0015 at AoA=10º 

(g) Baseline NACA 4415 at AoA=10º (h) Modification NACA 4415 at AoA=10º 

 

Figure. 10. Pressure contour 



International Journal of Marine Engineering Innovation and Research, Vol. 8(2), Jun. 2023. 222-231 

(pISSN: 2541-5972, eISSN: 2548-1479) 

229 

 

(a) Baseline NACA 0015 at AoA=0º 

 
(b) Modification NACA 0015 at AoA=0º (c) Baseline NACA 4415 at AoA=0º 

(d) Modification NACA 4415 at AoA=0º 

 

(e) Baseline NACA 0015 at AoA=10º 

 

(f) Modification NACA 0015 at AoA=10º 

 

(g) Baseline NACA 4415 at AoA=10º 

 

(h) Modification NACA 4415 at AoA=10º 

 

Figure. 11. Velocity contour 
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IV. CONCLUSION 

Modification is conducted on NACA 0015 and 

NACA 4415 by adapting the shape of the beluga whale's 

nose. The result obtained is that the modified airfoil can 

increase the value of Cl and reduce Cd. Modifying 

NACA 0015 and NACA 4415 can increase the 

efficiency of the airfoil, mainly at AoA≥3º. Thus, it can 

be concluded that the modification of the airfoil 

positively impacts the aerodynamic efficiency. The fluid 

flow when AoA=0º around the modified airfoil tends to 

change slightly in the form of a shift in the high-

pressure area towards the upper side. So that at AoA=0º, 

the airfoil experienced a slight decrease in Cl and an 

increase in Cd. If AoA°, the pressure on bottom of 

modified NACA 0015 is slightly increase. When 

AoA=10º, the modification of NACA 0015 slightly 

increased the pressure on the bottom area. The pressure 

on the top side tends to be constant, so the additional Cl 

produced is quite large. Meanwhile, at NACA 4415, 

there is a pressure increase on the bottom of airfoil. 

However, the pressure on top of airfoil also increased, 

so the percentage increase in Cl was not as good as 

NACA 0015. Overall, the efficiency improvement of 

NACA 0015 after modification was indeed better than 

NACA 4415 after modification. However, this 

efficiency increase cannot even match the baseline 

efficiency of NACA 4415. However, NACA 0015 

provides better results from the point of view of 

separation. NACA 0015 can delay separation and shift 

the separation point closer to the leading edge. It is in 

stark contrast to the modification of NACA 4415, which 

precede separation and shifts separation closer to the 

leading edge. 

This study provides an initial description of the 

modification of the leading edges airfoil that applies the 

shape of the nose of the beluga whale. Further research 

is needed to develop this research. Various variations of 

symmetrical and asymmetrical airfoils also need to be 

considered for further research to conform to everything 

revealed. The modified airfoil can also be analyzed in 3 

dimensions to get more actual data. In addition, the AoA 

variation can also be enlarged in order to obtain 

comprehensive information. 
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