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ABSTRACT - This present study describes the aerodynamic characteristics of supersonic flow over 
biconvex and double wedge airfoils using a finite volume method-based commercial CFD code 
Ansys Fluent. A steady-state RANS approach is used with SST k-ω viscous modeling. A series of 
simulations are conducted to analyze the characteristics of shock and expansion waves formed 
around the airfoils for Mach numbers ranging from 1.4 to 3.4 with varying angles of attack (α) from 
0° to 20°. It is observed that the lift and drag coefficients both increase with the angle of attack for 
a fixed Mach number and decrease with the Mach number for a fixed angle of attack. Double wedge 
airfoil generates about 5% more lift at a low Mach number and 1% more lift at a higher Mach number 
compared to the biconvex airfoil. However, the biconvex airfoil generates lesser drag than the 
double wedge airfoil. The maximum value of the pressure coefficient (𝐶𝑝) is found to be 1.7 for 

biconvex airfoil and 1.4 for double wedge airfoil. The maximum value of the lift-to-drag ratio for 
biconvex airfoil is 7.63, occurs at 1.4 Mach number and 3.46° angle of attack, whereas the value for 
double wedge airfoil is 5.19 at the same Mach number with 4.47° angle of attack, which suggest 
that biconvex airfoil has a higher lift-to-drag ratio and gives a better aerodynamics performance. The 
shock waves start to detach after an angle of attack of 5° and the shock wave is fully detached at a 
15° angle of attack for biconvex airfoil for Mach number of 1.4. For the same Mach number, the 
double wedge airfoil, the shock wave starts to form the same as the biconvex airfoil but the waves 
are fully detached at a lower angle of attack of 10°. With the increasing Mach number, the shock 
waves remain attached to the airfoil. 

 
ARTICLE HISTORY 
Received : 06th April 2023 
Revised : 19th Sep. 2023 
Accepted : 25th Oct. 2023 
Published : 26th Dec. 2023 

 
 
KEYWORDS 
Airfoil 

Mach number 

Shock wave 

Supersonic 

CFD  

1.0 INTRODUCTION 

Supersonic flow over aerospace structures has a wide variety of applications in aeronautics. In the field of aerospace 

engineering, biconvex and double-wedge airfoils are utilized frequently, and the experts have produced a great deal of 

work in this area. Both biconvex and double-wedge airfoils are utilized by supersonic aircraft; however, analysis data for 

any of these two airfoils is not easily accessible [1]. The existence of these entities within the flow field of supersonic 

flows gives rise to singularities in the flow, including shock and expansion waves. The presence of these singularities in 

the context of utilizing such airfoils during supersonic flight leads to an augmentation of the unfavorable drag. The 

presence of wave drags and shape, and skin-friction drag is commonly acknowledged in the field. It has been shown that 

minimizing this particular aspect of drag is achievable by maintaining the attachment of the shock to the body during 

flight. The reduction in drag can be accomplished through the implementation of a thinner cross-section, as well as the 

incorporation of sharp leading and trailing edges. This is in contrast to subsonic airfoils, which possess rounded leading 

edges that result in a detached shock, resulting in increased drag as compared to airfoils with attached shocks[2-4]. It is 

important to know the aerodynamic parameters to design such wings.  

A symmetrical biconvex airfoil with a slightly curved leading edge and 6% thickness was studied by Bensiger and 

Prasanth [5]. They used Gambit software to design and mesh the airfoil and ANSYS Fluent software to simulate and show 

the aerodynamic characteristics of the biconvex airfoil. They concluded that this airfoil could also be used in hypersonic 

vehicles.  Hamid et al. [6] investigated the properties of compressible flow around a biconvex arc airfoil that was placed 

in a channel. They did numerical computation for a 12% thick biconvex circular arc airfoil in a two-dimensional medium. 

For the purpose of the numerical investigation, they utilized Reynolds-averaged Navier-Stokes equations in conjunction 

with shear stress transfer (SST) turbulence models. They discovered that an uneven shock motion generates a temporary 

interaction between the shock and the boundary layer, leading to an erratic separation. Because of unstable shock 

oscillation, both the Mach number of shocks and the locations of shock waves exhibit a periodic pattern of behavior. This 

unstable separation brings about the self-excited shock oscillation. Kinaci [7] investigated supersonic flow over a double 

circular airfoil with varying radius. He created the airfoil in Gridgen V15, a mesh generation program, and simulated it 

in Star-CCM+. He demonstrated the location and magnitude of leading and trailing edge shocks. He also computed the 

lift and drag coefficients. A few studies investigated supersonic natural laminar flow on a biconvex airfoil wing [8, 9]. 

They studied the behavior of a thin airfoil at supersonic speeds using supersonic natural laminar flow, and the thin airfoil 

was used to design wings for a Supersonic Business Jet (SBJ). They concluded that, as a result of the iterative nature of 
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flow simulation, the lift and drag coefficients and forces based on analytical and numerical calculations are nearly 

identical and satisfactory. They also calculated the highest pressure and temperature analytically and numerically [1]. 

Tulia et al. [10] analyzed periodic transonic flow over 14% and 18% thick biconvex airfoils. They have investigated the 

flow control technique and surface cooling concept as a contour bump separately. They have emphasized the flow control 

technique to reduce drag at transonic Mach number. However, they did not mention what would happen in the supersonic 

region or whether the flow control technique could be applicable in the supersonic region or not. D. H. Williams et al. 

[11] experimented on a 5% thick biconvex airfoil in a Compressed Air Tunnel and analyzed the aerodynamic coefficient 

𝐶𝐿 and CD at subsonic region. But at supersonic speed, the values of lift coefficient, CL and drag coefficient, CD may vary 

as there will be shock waves. W. P. Jones and Sylvia W. Skan [12] developed a technique for calculating the aerodynamic 

coefficients for an oscillating airfoil. For different frequencies, aerodynamic lift and pitching moment derivatives are 

given for a 5% thick, symmetrical, circular-arc airfoil at Mach numbers of 1.4, 1.5, and 2.0 and compared to values 

obtained based on the flat plate theory. At the lower Mach numbers, the effect of thickness seems to be important, and 

the results indicate that the flat plate theory is not sufficiently precise.  

Robert J. McGhee et al. [13] conducted an experiment to determine the low-speed two-dimensional aerodynamic 

characteristics of a 13% thick airfoil designed for general aviation applications in the Langley low-turbulence pressure 

tunnel. They showed that maximum section lift coefficients climbed fast at Reynolds numbers between 2 × 106 and 

6 × 106 and reached values larger than 2.0 for the plain airfoil and greater than 3.0 with a 20% chord-split flap deflected 

60 degrees, according to the investigation's findings. Olejniczak et al. [14] analyzed a double-wedge airfoil numerically 

and experimentally, measured the surface pressure heat-transfer rate, and visualized the flow using interferometry. They 

demonstrated that computed separation zones are smaller than those seen in the experimental investigation. They found 

that CFD's failure to match experiments in calculating the separation areas is not due to grid resolution effects, viscous 

conditions modeling, turbulence, or flow unsteadiness but the inadequate models of real gas and vibrational unbalancing 

effects. Solomon and Hennery [12] investigated aerodynamic coefficients of 4% and 6% thickness ratios for two 

symmetrical double-wedge airfoils and compared them with the NACA 65-206 airfoils. At subsonic speeds, the double-

wedge airfoil exhibited no distinguishable features other than those of usual subsonic profiles like that of NACA 65-series 

airfoils of small thickness ratios. However, unlike the subsonic profile, the lift curve slope varied with the Mach number. 

At low Mach numbers, the maximum lift coefficients of the double-wedge airfoil were comparable to the 6% thickness 

ratio of symmetric NACA airfoils. They showed that the drag coefficient of the double-wedge airfoil was lower than that 

of conventional airfoils at low speeds but at high speeds. Furthermore, a number of recent investigations have been carried 

out for high-speed aerodydanmics[15-18]. The aerodynamic characteristics of biconvex and double wedge airfoils can be 

analyzed in many ways; however, they are mainly classified into two types: (a) high-fidelity and (b) low-fidelity 

techniques. The first one includes experimental measurements and numerical simulations, and the second includes shock 

expansion and linearized theories [19]. The CFD method can be very helpful to analyze and obtain the results of the 

aerodynamic characteristics of a supersonic airfoil.   

In the present work, an attempt is made to analyze the aerodynamic characteristics at high Mach numbers and 

compressible flow of 2D biconvex and double wedge airfoils with varying angles of attack. The work also includes 

analyzing different shock waves and their effect on the airfoils. Finally, a comparison of numerical results between these 

two airfoils will be studied. The numerical simulations are carried out using ANSYS Fluent, and comparisons are made 

to determine which airfoil performs better at supersonic speed. 

2.0  METHOD 

In this present study, biconvex and Double-wedge supersonic airfoils are chosen. The geometry of the selected airfoils 

is created using SpaceClaim. The design of the airfoils is in a two-dimensional shape and a chord length of 1 meter. The 

Computational Fluid Dynamics (CFD) approach was used within the ANSYS program to carry out a number of 

simulations, and the results were analyzed. The CFD package mainly works as a Pre-processor, solver, and post-processor. 

In pre-processor geometry and meshing are included. The solver solves the problem numerically using boundary 

conditions and various turbulence modeling in the solver. In the post-processor, the analysis of the results is done. In 

ANSYS, a Fluent RANS-based solver was used, and an SST k- ω viscous model was used for viscous modeling.  

2.1 Airfoil 

For simulation in this work, two different types of airfoils are chosen: (I) a double-wedge airfoil and (II) a biconvex 

airfoil. Both of these are examples of supersonic airfoils. Typically, supersonic airfoils have a narrow section that is 

composed of angled planes or opposing arcs (these types of airfoils are referred to as "Double-Wedge airfoils" and 

"biconvex airfoils," respectively). These airfoils often have very low thickness-to-chord ratios; hence, it is important to 

note that they are relatively thin. The sharp edges of the airfoil ensure that there is no development of a separate bow 

shock in front of the airfoil as it travels through the air [20]. 

In contrast, subsonic airfoils usually have rounded leading edges to reduce flow separation over a wide range of angles 

of attack. This helps the airfoil perform better at lower speeds [21]. When traveling at supersonic speeds, a rounded edge 

will behave just like a blunt body, which will cause a bow shock and significantly increase the amount of wave drag. 

Modifications are made to the thickness, camber, and angle of attack of the airfoils in order to get a design that results in 
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a slight deviation from the path taken by the airflow in the surrounding environment [22]. The simulation unit cord length 

of 1 meter is selected for both airfoils. ANSYS SpaceClaim created airfoil geometry. As the flow past these airfoils is 

supersonic, there are shock waves, namely oblique shock and expansion shock waves. The oblique shock is created at 

both airfoils' leading and trailing edges. An expansion wave region is observed whenever the flow is turned away from 

the surface, as shown in Figure 2.  

  

Figure 1. Supersonic flow over Double-Wedge airfoil (left) and biconvex airfoil (right) 

2.2 Airfoil Geometry 

 The geometry of the Double-wedge airfoil is generated using SpaceClaim (Shown in Figure 1). Where M∞ represents 

the Free Stream Mach Number, α is the Angle of Attack, C is the chord length, set equal to 1 meter, δ is the half wedge 

angle, set equal to 5°, and t represents the maximum thickness. The top and bottom surfaces of the biconvex airfoil are 

generated using two sets of equations, 
𝑦𝑢

𝐶
= 0.1

𝑥

𝐶
(1 −

𝑥

𝐶
) and  

𝑦𝑙

𝐶
= −0.1

𝑥

𝐶
(1 −

𝑥

𝐶
), respectively, Where C is 1 meter, 

which gives a unit chord 5% thick biconvex airfoil, as shown in Figure 3. 

 

Figure 1. Airfoil Geometry 

2.3 Governing Equations 

Flow past the airfoil is 2D and in supersonic range or Mach number, M> 1, so the flow is compressible. So, 

compressible Continuity, Navier-Stokes, and Energy equations are chosen for Governing Equations for the flow              

field [23]. So, the governing equations of steady and 2D compressible flow can be expressed as: 

𝜕(𝜌𝑢)

𝜕𝑥
+

𝜕(𝜌𝑣)

𝜕𝑦
= 0 (1) 

  

𝑢
𝜕(𝜌𝑢)

𝜕𝑥
+ 𝑣

𝜕(𝜌𝑢)

𝜕𝑦
= −

𝜕𝑃

𝜕𝑥
+

𝜕𝜏𝑥𝑥

𝜕𝑥
+

𝜕𝜏𝑦𝑥

𝜕𝑦
 (2) 

  

𝑢
𝜕(𝜌𝑣)

𝜕𝑥
+ 𝑣

𝜕(𝜌𝑣)

𝜕𝑦
= −

𝜕𝑃

𝜕𝑦
+

𝜕𝜏𝑥𝑦

𝜕𝑥
+

𝜕𝜏𝑦𝑦

𝜕𝑦
 (3) 

  

ρ𝑐𝑣

𝑑𝑇

𝑑𝑡
=  𝑘∇2𝑇 + 𝜙 (4) 

here,  

𝜏𝑥𝑥 = 2𝜇
𝜕𝑢

𝜕𝑥
 

 

𝜏𝑥𝑥 = 2𝜇
𝜕𝑣

𝜕𝑦
 



Md. Zulkarna-En et al. │ International Journal of Automotive and Mechanical Engineering │ Vol. 20, Issue 4 (2023) 

 

journal.ump.edu.my/ijame  10824 

𝜏𝑥𝑦 = 𝜏𝑦𝑥 = 𝜇(
𝜕𝑢

𝜕𝑦
+

𝜕𝑣

𝜕𝑥
) 

 

𝜙 = 𝜇[2 (
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2

+ 2 (
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𝜕𝑦
)

2

+ (
𝜕𝑢

𝜕𝑦
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𝜕𝑣

𝜕𝑥
)2] 

Where, equation (1) is the continuity, equations (2) and (3) are the Navier-Stokes, and equation (4) is the energy equation. 

u and v are the velocity in the x and y direction, respectively, µ is the viscosity, ρ is density, p is pressure, τ is shear stress, 

𝜙 is viscous dissipation function, and T is temperature. 

2.4 Computational Method 

The present study used ANSYS Fluent software to run the simulations. The simulations were performed for a variety 

of different Mach numbers 1.4 to 4.4, varying the angle of attack. As the flow is compressible i.e., density is not constant, 

so density-based solver was selected. The energy equation was turned on. The fluid flow over the airfoil is also turbulent, 

so the RANS equation was solved. The RANS is a time-averaged equation and can be expressed as:  

𝜕(𝜌𝑢𝑖)

𝜕𝑥𝑖

= 0 (5) 
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(−𝜌𝑢′
𝑖𝑢

′
𝑗) (6) 

here, 

u = velocity of the fluid 

𝜌 = density of the fluid 

𝜇 = dynamic viscosity of the fluid 

On the left-hand side of this equation is the definition of the fluid element's mean momentum change due to flow 

instability and convection caused by the mean flow. The Reynolds stress (−𝜌𝑢′
𝑖𝑢

′
𝑗) regulates this adjustment, which is 

governed by the mean body force, isotropic stress due to the mean pressure field, viscous stresses, and visible stress due 

to the fluctuating velocity field. To solve the RANS equations, this nonlinear stress term necessitates additional modeling, 

which has resulted in a wide range of turbulence models [24-26]. 

In the present work for turbulence modeling SST (Shear Stress Transport), the k-ω turbulence model is used to capture 

the turbulence effect for the flow over the airfoil and is described in the next section. 

2.5 SST k-ω Model 

Shear Stress Transport (SST) k-ω is a popular eddy-viscosity turbulence mode that is modeled with two equations in 

CFD analysis. Menter developed the shear-stress transport (SST) k-ω model to combine the k-ω model's robust and 

accurate formulation in the near-wall region with the k- ϵ model's free-stream independence in the far field. The k-ϵ model 

is converted to a k- ω formula to accomplish this. The SST k- ω model is similar to the standard k-ω model, with the 

following improvements [27-29]: 

i. The k-ω standard model and the transformed k-ϵ are combined and added with a mixing function. The blending 

function is designed to be one in the neighborhood where the standard k-ω model is activated, the surface is zero 

away, and the transformed k-ϵ model is activated. 

ii. The SST model contains in the omega equation a damp cross-cutting term. 

iii. In addition, the turbulent shear stress is expressed, and the description of the turbulent viscosities is improved. 

iv. There are different modeling constants. 

The turbulent kinetic energy, k, and the eddy viscosity dissipation rate, ω are determined by using the following 

transport equations:  

𝜕(𝜌𝑘)

𝜕𝑡
+

𝜕(𝜌𝑘𝑢𝑖)

𝜕𝑥𝑖

=  
𝜕

𝜕𝑥𝑗

(𝛤𝑘

𝜕𝑘

𝜕𝑥𝑗

) + 𝐺𝑘 − 𝑌𝑘 + 𝑆𝑘 (7) 

  

𝜕(ω𝑘)

𝜕𝑡
+

𝜕(𝜌ω𝑢𝑖)

𝜕𝑥𝑖

=  
𝜕

𝜕𝑥𝑗

(𝛤ω

𝜕ω

𝜕𝑥𝑗

) + 𝐺ω − 𝑌ω + 𝐷ω + 𝑆ω (8) 

 Gk denotes the generation of turbulence kinetic energy due to mean velocity gradients in these two 

equations. Gω stands for the generation of ω. The effective diffusivity of k and ω, respectively, is represented by 𝛤𝑘 and 

𝛤ω, which can be calculated as described below.  The dissipation of k and ω due to turbulence is represented by 
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Yk and Yω. Dω represents the cross-diffusion term, calculated as described below. Sk and Sω are user-defined source 

terms. 

The effective diffusivities for the SST k-ω model are given by,  

𝛤𝑘  =  𝜇 +
𝜇𝑡

𝜎𝑘

 

 

𝛤𝜔  =  𝜇 +
𝜇𝑡

𝜎𝜔

 

Where, 𝜎𝑘 𝑎𝑛𝑑 𝜎𝜔 represents the turbulent Prandtl numbers for k and ω, respectively and 𝜇𝑡 represents turbulent viscosity 

and can be calculated by the following expression, 

 𝜇𝑡  =  
𝜌𝑘

𝜔

1

𝑚𝑎𝑥[
1

𝛼∗,
𝑆𝐹2
𝑎1𝜔

]
 

where S is the strain rate magnitude, α is the angle of attack and 𝜎𝑘 =
1

𝐹1
𝜎𝑘,1

+
(1−𝐹1)

𝜎𝑘,2

 , 𝜎𝜔 =
1

𝐹1
𝜎𝜔,1

+
(1−𝐹1)

𝜎𝜔,2

 and F1, F2 are the 

blending functions. 

2.6 Computational Domain and Boundary Conditions 

A computation C-type domain is created to run the simulations around the Double-Wedge and biconvex airfoils. A 

chord length (C) of 1 m is selected for both airfoils. The domain is extended by 12.5C upstream and 20C downstream 

from the trailing edge to minimize the boundary effect [30], as shown in Figure 3. For simulation, the airfoil surface is 

selected as a no-slip boundary condition. The outer domain ABCDEF is selected as a pressure-farfield boundary condition 

where the velocity is inputted as Mach number (M). Instead of rotating the airfoils, the angle of attack (α) was changed 

in the present simulations by changing the direction of flow, which had the same effect on the airfoils. The x and y 

components of the flow can be calculated by 𝑀cos(𝛼) and 𝑀sin(𝛼), respectively, for different angle of attack (α).  

 

Figure 2. Computational domain and boundary conditions 

2.7 Meshing 

The meshing of the computational domain containing the Biconvex and Double-Wedge airfoils was completed by the 

commercial software ANSYS Meshing. The C-type structural mesh was developed to improve the wall function and for 

better convergence. The meshing with quadrilateral elements for the whole domain surrounding the Double-Wedge and 

biconvex airfoils is shown in Figure 4. By dividing circular and rectangular sections of the domain with different edge 

sizing, a different number of meshes were developed. Around the airfoils, a denser mesh was generated to capture the 

viscous and shock wave effect over the surface of the airfoils. The application of the wall function near the airfoil 

significantly controls the solution and processing time. The non-dimensional wall parameter is defined as:  

𝑦+ = 𝑦 ×
√(𝜏𝜔 𝜌⁄ )

𝜇
 (9) 

Here 𝑦 is the distance of the wall to the centroid of the first cell. It is also known as the first cell height. The 𝑦+ is 

maintained around 0.23 for the biconvex and 0.27 for the double wedge airfoil. Biasing was done near the airfoil region 

to control the nearby wall 𝑦+ value.  
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Figure 3. Mesh of the airfoils 

2.8 Mesh Independence 

A Mesh independency test was carried out using a series of simulations for both airfoils separately. By dividing 

circular and rectangular sections of the domain with different edge sizing, a different number of meshes were developed. 

These simulations were carried out for Mach 1.4 and 5˚ angle of attack for both airfoils. Figure 5 and Figure 6 shows how 

the lift coefficient varies with the number of mesh elements for Double-Wedge and Biconvex airfoils, respectively. As 

can be seen in the figures, meshes of more than 109438 elements (for Double-Wedge airfoil) and 40000 elements (for 

biconvex airfoil able to generate precise results with minimal deviation. Consequently, for further simulation, the mesh 

with element numbers 109438 and 40000 was chosen for Double-Wedge and biconvex airfoil, respectively. For biconvex 

airfoil, skewness is limited to 1.3e-10 to 0.21, orthogonality is 0.11-0.9 and aspect ratio is 0.1, whereas for Double-Wedge 

airfoil, these are 1.31e-10 to 0.2, 0.8-0.9, and 1 respectively.  

 

Figure 4. Variation of lift coefficient with number of elements double-wedge airfoil  
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Figure 5. Variation of lift coefficient with number of elements biconvex airfoil 

3.0 RESULT AND DISCUSSION 

A 5% thick biconvex and a 5° half wedge angle Double-Wedge airfoil with a 1-meter chord length were modeled in 

supersonic flow. Around the airfoils, a C-type domain was created, and a structured quad mesh was developed. Due to 

the great compressibility of supersonic flow, a density-based solver was employed. Numerical solutions were found for 

the Navier-Stokes, Compressible Continuity, and energy equations. The Angle of Attack (α) ranges for both airfoils varied 

from 0° to 20° during a series of simulations for five different Mach numbers (1.4, 2.0, 2.4, 3.0, and 3.4). The distribution 

of pressure across the surface of the airfoils was numerically evaluated for each Mach number, Angle of Attack (α), Lift 

Coefficient (CL), and Drag Coefficient (CD). A RANS-based solver is used for solving the turbulence model. 

The changes in lift coefficient (CL) with angle of attack (AOA) (α) at Mach number 1.86 are compared to the results 

of Beastall D et al. [20]. Figure 7 compares the numerical results obtained in this study for a Double-Wedge airfoil with 

experimental results, linear theory, and shock-expansion theory. At a lower angle of attack up to 4°, the lift curves for all 

methods are linear and agree well with numerical results. The lift coefficient decreases at an 8° AOA compared to other 

methods, and at higher angles of attack, the experimental results provide a good approximation to the numerical results. 

When the linear theory curve and numerical results are compared, it is clear that even though the linear theory is based 

on plate configuration, it performs better at lower degrees of attack. The deviation from numerical results can be seen at 

higher degrees of attack. The Shock-Expansion theory is the exact theory for determining the aerodynamic lift and drag 

of a pointed airfoil, in this case, a Double-Wedge airfoil. When the numerical results and the Shock-Expansions theory 

results are compared in Figure 7, the curves almost coincide, confirming the validity of the numerical results found in this 

study. So, the results found numerically in the present work agree with the results of Beastall D et al. [31]. 

Figure 8 compares the numerical results for a biconvex airfoil obtained in this study to experimental and linear theory 

results. The numerical results are not compared because the Shock-Expansion theory only applies to pointed airfoils. 

When comparing experimental results to linear theory results, it can be seen in Figure 8 that the results obtained from 

linear theory are in very good agreement with the experimental results, and when comparing these two results to numerical 

results, it can be seen that the deviation from numerical results is comparatively very small at lower degrees of angle of 

attack. A slight deviation can be observed at higher degrees of attack, but the overall numerical result found is in good 

agreement with Beastall's results.  

 
Figure 6. Comparison between the change in the coefficient of lift, CL against the angle of attack, α with the result of 

Beastall D et al. [20] at Mach 1.86, Double-Wedge airfoil. 
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Figure 7. Comparison between the variation of CL versus α with the result of Beastall D et al. [21] at Mach 1.86, 

Biconvex Airfoil. 

3.1 Mach Number and Pressure Contours 

The Mach number, pressure contours, and other results, namely the lift and drag coefficients and pressure coefficient 

distribution are extracted from the CFD post. 

Mach number contours for fixed Mach, M=1.4, is shown in Figure 9, for both Biconvex and Double-Wedge airfoils 

for the angle of attack ranging, 𝛼 = 2°, 5°, 10°, 15°, 20°. It is observed that an attached oblique shock wave is formed at 

the leading edge of both airfoils for 𝛼 = 2° and 5°; after that expansion, a wave is created over the whole surface of the 

biconvex airfoil, but for Double-Wedge airfoil expansion wave is created at half chord location (0.5C) at 𝛼 = 2°, for both 

the upper and lower surfaces and only at the upper surface at 𝛼 = 5°. The downstream Mach number decreases after the 

attached oblique shock at the leading edge and increases after the expansion wave, and at the trailing edge, another oblique 

shock is formed, and the downstream Mach number again decreases to the free-stream value.  

 

Figure 8. Mach number Contour of Mach 1.4 at Different Angle of Attack (α) 

At α=10°, it can be observed that the attached oblique shock started to become a detached shock, and at α=15° and 

α=20°, this detached shock formed a significant stern shock ahead of the leading edge. Bow shock formation reduces the 

Mach number to a minimum value of 0.02 for biconvex airfoil and 0.05 for Double-Wedge airfoil, respectively. Due to 

the formation of this bow shock, a discontinuity is created in the fluid flow domain, which reduces the velocity and 

pressure field. The maximum value of Mach number 5.14 for biconvex airfoil and 5.05 for Double-Wedge airfoil is 

observed at α=20° at the upper surface of the airfoils. 
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Figure 9. Mach number Contour at α=10° for different Mach number  

Figure 10 shows the Mach number contours for the angle of attack 𝛼 = 10° for different free-stream Mach numbers 

ranging from 1.4 to 3.4. It can be observed from the above figure that the detached shock formed at M=1.4 is becoming 

attached at the leading edge at Mach 2.0, and further increasing the Mach number decreases the shock angle, which 

indicates that the oblique shock is getting more attached to the airfoil surface for both the airfoils and the flow is getting 

towards the hypersonic regime, and the aerodynamic heating is taking place on the surface of the airfoils. For M= 2.0, 

2.4, 3.0, 3.4, the downstream flow velocity is beginning to accelerate before the biconvex airfoil's half-chord length and 

after the Double-Wedge airfoil's half-chord length. The maximum value of the Mach number is 4.52 for the biconvex 

airfoil and 4.43 for the Double-Wedge airfoil is found on the upper surface at the trailing edge for both airfoils. The 

minimum Mach number value is equal to 0.27 for the biconvex airfoil and 0.32 for the Double-Wedge airfoil on the lower 

surface at the leading edge for both airfoils. Similar types of observations are found by observing the Mach number 

contours for the angle of attack 𝛼 = 15° for different Mach numbers, as shown in Figure 11. The maximum value of the 

Mach number is (M=4.72, for both airfoils) on the upper surface at the trailing edge for both airfoils. The minimum value 

of the Mach number is (M=0.08 for the biconvex airfoil and M=.15 for the Double-Wedge airfoil) on the lower surface 

at the leading edge for both airfoils.  

 

Figure 10. Mach number Contour at α=15° for different free stream Mach number 

The Mach Number contours for angles of attack, α=20°, are shown in Figure 12 for various Mach numbers. The figure 

shows that at M=1.4, the detached shock has transformed into a very powerful bow shock in front of the airfoils, 
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significantly increasing the drag and decreasing the lift. This powerful bow shock will start to attach as the Mach number 

rises and will fully attach after M=2.0. On the upper surface at the trailing edge of both airfoils, the maximum Mach 

number is (M=5.14 for a biconvex airfoil and M=5.05 for a double-wedge airfoil). On the lower surface at the leading 

edge of both airfoils, the minimum Mach number is M=0.02 for a biconvex airfoil and M=.05 for a double-wedge airfoil.  

 

Figure 11. Mach number contours at α=20° for different Mach numbers 

Pressure contours for fixed Mach, M=1.4 is shown in Figure 13 for both Biconvex and Double-Wedge airfoils for 

Angle of Attack ranging, 𝛼 = 2°, 5°, 10°, 15°, 20°. It is observed from the figure that the lower surface of the airfoils has 

a higher pressure region, and the upper surface has a lower pressure region, and pressure increases than the free stream 

value after the oblique shock wave and decreases after the expansion wave. At 𝛼 = 2°, the maximum pressure occurs 

after the oblique shock at the leading edge at the lower surface of the airfoils. Still, the Double-Wedge airfoil has a wider 

area of higher pressure than the biconvex airfoil. Still, at 𝛼 = 5°, a biconvex airfoil creates a higher value of pressure than 

the other airfoil, which is because for the biconvex airfoil, there is still an oblique shock created at the leading edge. On 

the contrary, there creates a weak Mach wave, and across the Mach wave, downstream pressure is lesser than the 

downstream pressure of an oblique shock for Double-Wedge airfoil as the half wedge angle and the Angle of Attack are 

the same. Further increasing the Angle of Attack (from 𝛼 = 10° 𝑡𝑜  𝛼 = 20°), The Double-Wedge airfoil generates a 

wider area with a higher-pressure region than the other airfoil.  

 

Figure 12. Pressure contour of Mach 1.4 at different angle of attack (α) 
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Figure 14-16 shows the Pressure contours for Angle of Attack, 𝛼 = 10°, 𝛼 = 15°, 𝛼 = 20°,  for different Mach 

Numbers, respectively. It can be observed from the figures that they show similar types of characteristics; for example, 

at 𝛼 = 10°, the maximum pressure occurs downstream of the oblique shock created at the lower surface of the airfoils. 

Increasing the Mach number increases the maximum pressure value, and the highest is at M=3.4. The highest of the 

highest between these three Angle of Attack, shown in Figures 14,15,16, occurs at 𝛼 = 20°, and the values are 498783 

pascals and 483517 pascals for biconvex and Double-Wedge airfoil, respectively. So, the biconvex airfoil generates a 

higher value of maximum pressure than the Double-Wedge airfoil.  

 

Figure 13. Pressure Contour at α=10° for different Mach number  

 

 

Figure 14. Pressure Contour at α=15° for different Mach number 
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Figure 15. Pressure Contour at α=20° for different Mach number 

3.2 Effect of Lift and Drag Coefficient 

The effects of lift coefficient and drag coefficient for different angles of attack for five different Mach values are 

depicted in Figure 17 and Figure 18, respectively. In supersonic flow over the thin airfoil, the lift coefficient follows the 

equation, 𝐶𝐿 =  
4𝛼

√𝑀2−1
  . Based on the linearized theory, the lift coefficient increases for a fixed Mach number, increasing 

the angle of attack (α). As the denominator of the equation mentioned above suggests for a fixed angle of attack, increasing 

the Mach number decreases the lift coefficient; for example, for a 2° angle of attack, 𝐶𝐿 = 0.146 at 𝑀 =1.4 and 𝐶𝐿 = 

0.081 at 𝑀 =2.0 for the biconvex airfoil, whereas, 𝐶𝐿 = 0.155 at 𝑀 =1.4 and 𝐶𝐿 = 0.082 at 𝑀 =2.0 for Double-Wedge 

airfoil. Therefore, for a fixed Mach number, increasing 𝛼 will increase 𝐶𝐿, as observed in Figure 17; however, for all other 

Mach numbers, the 𝐶𝐿 increase linearly with 𝛼 for both the airfoils. For Mach 1.4, the lift curve is linear up to a 7° angle 

of attack for the biconvex airfoil, as shown in Figure 17(a), whereas up to 𝛼 = 5° for Double-Wedge airfoil as in Figure 

17(b). A detached bow shock is created in front of the airfoil beyond the angle of attack 7° after that with increasing α, 

which reduces the lift. So, for the same parameters, a Double-Wedge airfoil generates almost 5% (at low Mach number) 

and more than 1% (at higher Mach number) more lift than a biconvex airfoil.  

 
Figure 16. Lift coefficient versus angle of attack (α) at different Mach numbers (a) Biconvex airfoil and (b) Double-

Wedge airfoil  
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Figure 17. Drag coefficient plot against the angle of attack (α) at different Mach numbers (a) Biconvex airfoil and (b) 

Double-Wedge airfoil 

Figure 18 illustrates how the drag coefficient increases with increasing the angle of attack (α) for a fixed Mach number 

and increases with increasing the Mach number for a fixed angle of attack (α). For instance, the drag coefficient with a 

biconvex airfoil at Mach 1.4 and 2.0 is found to be 0.024 and 0.014, respectively, for a given 2° angle of attack. At Mach 

numbers 1.4 and 2.0, the drag coefficients for a Double-Wedge airfoil are 0.043 and 0.025. The drag greatly increases 

shortly after 𝛼 = 7° for a biconvex airfoil, as seen in Figure 18(a), and 𝛼 = 5° for a Double-Wedge airfoil, as seen in 

Figure 18, due to the formation of a strong detached bow shock wave in front of the airfoils as previously noted. 

3.3 Effect of Lift-to-Drag Ratio 

The lift-to-drag ratio (
𝐶𝐿

𝐶𝑑
) compares the amount of lift produced by a wing or airfoil to its drag. The lift-to-drag ratio 

expresses the relationship between lift and drag by dividing the lift and drag coefficients. The 
𝐶𝐿

𝐶𝑑
 ratio indicates the 

efficiency of an airfoil. Higher 
𝐶𝐿

𝐶𝑑
 ratio aircraft are more efficient than lower 

𝐶𝐿

𝐶𝑑
  ratio aircraft. The lift-to-drag ratio against 

the angle of attack for different Mach numbers is plotted and shown in Figure 11 for both airfoils. From Figure 19, it can 

be seen that the values of the lift-to-drag ratio (
𝐶𝐿

𝐶𝑑
) increase with angle of attack (α) up to a maximum value and then 

decrease to a minimum. According to Figure 20, the highest values of  (
𝐶𝐿

𝐶𝑑
)

𝑚𝑎𝑥
are determined to be 7.63, 7.18, 6.96, 

6.77, and 6.66 for Mach 1.4, 2.0, 2.4, 3.0, and 3.4 at 3.46°, 3.72°, 3.89°, 3.99°, and 4.05° angle of attack, respectively. 

Figure 20 displays the numbers for a Double-Wedge airfoil. For Mach 1.4, 2.0, 2.4, 3.0, and 3.4, respectively, maximum 
𝐶𝐿

𝐶𝑑
 is at an angle of attack of 4.47°, 5.09°, 5.38°, 5.55°, and 5.75°, and the corresponding maximum values of  

𝐶𝐿

𝐶𝑑
 are 5.19, 

5.16, 5.07, 4.97, and 4.92. These statistics show that the value of (
𝐶𝐿

𝐶𝐷
)

𝑚𝑎𝑥
 decreases as the Mach number increases 

because the lift coefficient increases and the drag coefficient decreases. It is also clear from Figures 19 and 20 that 

biconvex airfoils 
𝐶𝐿

𝐶𝐷
 are larger than Double-Wedge airfoils because, for a given set of parameters, biconvex airfoils 

produce less drag as the angle of attack increases. In contrast, Double-Wedge airfoils produce more drag as the angle of 

attack increases.  

 
Figure 18. Changes of lift-to-drag ratio versus angle of attack (α) at different Mach numbers (a) Biconvex airfoil and (b) 

Double-Wedge airfoil  
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Figure 19. Maximum lift-to-drag ratio versus Mach number  

3.4 Effect of Pressure Coefficient (Cp) 

The coefficient of pressure (Cp) is a non-dimensional quantity that defines the relative pressures in a flow field. The 

pressure at all places surrounding an airfoil makes up this pressure distribution. Graphs of these distributions are typically 

drawn with negative numbers higher on the graph, as the Cp for the airfoil's upper surface is usually lower than zero, 

hence the top line on the graph. Figure 21 depicts the pressure coefficient (Cp) distribution along a biconvex airfoil at 

Mach 1.4 for different angles of attack (α). This Mach number was chosen because, as shown in sections 3.1 and 3.2, the 

lift and lift-to-drag curves are higher at this Mach number than at other Mach numbers. The distribution of Cp over the 

upper and lower surface is similar and symmetric at =0°, as shown in Figure 13(a), which is why at =0°, a biconvex airfoil, 

which is a symmetric airfoil, does not produce any lift. By increasing the angle of attack, the surface pressure distribution 

is no longer symmetric, and maximum Cp is obtained at the lower surface of the airfoil. As shown in Figure 21, with 

increasing the angle of attack, the point of maximum Cp also increases, and the area of the graph indicates the rise of the 

lift coefficient. At α=20°, the maximum coefficient of pressure is 1.7. It can also be seen from Figure 21(e-f) that, at 

α=15° and α=20°, the pressure distribution is not uniform at the upper surface towards the trailing edge. The reason is 

that the oblique shock wave is advancing towards the leading edge from the trailing edge, and the flow is separating from 

the surface and reversing downstream of the oblique shock, as shown in Figure 9. Figure 22 shows the pressure coefficient 

(Cp) distribution along the Double-Wedge airfoil for different angles of attack (α) at Mach 1.4.   

By observing Figure 22(a-f) and comparing it with Figure 21 for a Double-Wedge airfoil, the area and the trend of the 

curve are similar for both airfoils. In addition, it can be seen from the graphs, at α=15° and α=20°, Figure 14(e-f), the 

pressure distribution is uniform at the upper surface towards the trailing edge. The Maximum value of Cp occurs at α=20°, 

and the value is (𝐶𝑝)𝑚𝑎𝑥 = 1.4 for Double-Wedge airfoil. Hence, comparing this maximum Cp to that of a biconvex 

airfoil, the biconvex generates a 17.6% higher value of the maximum Cp. An expansion wave is created whenever 

supersonic flow is turned away from the direction of flow. The flow properties change across the expansion wave: pressure 

decrease and flow velocity increase. On the other hand, an oblique shock wave is created whenever the flow turns itself 

in the direction of flow. The flow properties change across the oblique shock wave; namely, pressure increases and flow 

velocity decreases [32]. For this reason, the pressure coefficient increases after the leading edge of the biconvex airfoil, 

where an oblique shock is created, and it gradually decreases till the trailing edge as after the leading edge before the 

trailing edge expansion wave is created over the airfoil surface, shown in Figure 21. The maximum thickness for a Double-

Wedge airfoil is 0.5C, where the downstream surface makes a negative slope. For this reason, the flow is turned away, 

and an expansion wave is created; for this reason, after 0.5C, the value of Cp decreases to a minimum for all angles of 

attack, as shown in Figure 22.  

  
(a) (b) 

Figure 20. At Mach 1.4, the pressure coefficient (Cp) distribution over the surface of the Biconvex airfoil is shown for 

(a) α=0°, (b) α=2°,  
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(c)  (d) 

  

  
(e)  (f)  

Figure 21. (cont.), (c) α=5°, (d) α=10°, (e) α=15°, (f) α=20° 

 

  
(a) (b) 

  

  
(c)  (d)  

Figure 22. At Mach 1.4, the pressure coefficient (Cp) distribution over the surface of the Double-Wedge airfoil is shown 

for (a) = 0°, (b) = 2°, (c) = 5°, (d) = 10°, 
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(e)  (f)  

Figure 23. (cont.), (e) = 15°, and (f) = 20° 

From the numerical analysis, it can be observed that the biconvex airfoil has a higher value of (Cp)max than the Double-

Wedge airfoil for the same parameters. Both biconvex and Double-Wedge airfoil generate more lift at Mach 1.4 with the 

increase in the angle of attack (α) than other Mach numbers. Still, a Double-Wedge airfoil generates comparatively more 

lift than a biconvex airfoil for the same parameters. On the other hand, both the airfoils generate drag with increasing 

angle of attack (α), but the biconvex airfoil generates less drag than the Double-Wedge airfoil. For this reason, the 

biconvex airfoil has a higher lift-to-drag ratio. So, a biconvex airfoil gives a better aerodynamic performance for the same 

parameters than a Double-Wedge airfoil. 

5.0 CONCLUSIONS 

In the current investigation, numerical analysis was used to investigate the aerodynamic qualities of biconvex and 

Double-Wedge airfoils. A series of simulations were performed using ANSYS software. RANS-based solver is used, and 

the SST k-ω model is used for viscous modeling. The major findings of this research are: 

• At Mach 1.4, a detached bow shock wave is formed in front of both airfoils at 10°, 15°, and 20° angles of attack. 

• At 2.0-3.4 Mach numbers, the detached shock wave created in front of both airfoils at Mach 1.4 becomes attached to 

the surface for all angles of attack. 

• For the same angle of attack and Mach number, the biconvex airfoil has a maximum 𝐶𝑝 of 1.7, but the double-wedge 

airfoil has a maximum 𝐶𝑝 of 1.4. As a result, a biconvex airfoil has a higher maximum pressure distribution than a 

double-wedge airfoil.  

• At Mach 1.4, biconvex airfoils have a maximum lift-to-drag ratio of 7.63, compared to 5.19 for double-wedge airfoils. 

As a result, a biconvex airfoil has a higher lift-to-drag ratio than a double-wedge airfoil. Biconvex airfoils outperform 

Double-Wedge airfoils in terms of overall aerodynamic performance based on the greatest lift-to-drag ratio. 
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