Engineering and Applied Sciences
2025, Vol. 10, No. 2, pp. 11-17
https://doi.org/10.11648/j.eas.20251002.11

SciencePG
Science Pumng Group

Research Article

Influence of Mach Number on the Aerodynamic
Performance of a Biconvex Airfoil

Deboprio Biswas ©, Rubiat Mustak® @, Smaran Bakchi ©, Sukanto Biswas

Department of Mechanical Engineering, Khulna University of Engineering & Technology, Khulna, Bangladesh

Abstract

This study concentrated on numerically simulating the behavior of a biconvex airfoil under compressible flow conditions. A
turbulent, two-dimensional, compressible steady flow is considered. The study entails examining the biconvex airfoil's
aerodynamic properties as the Mach number increases. The flow turbulence was predicted by the simulations using the SST k-®
viscous modelling and Reynolds-averaged Navier-Stokes equations. Under turbulent and steady-state flow conditions,
simulations were done using commercial ANSYS FLUENT software. Both viscid and inviscid flows were considered. Validation
is done with the help of existing literature. Mesh independency test is done. Visualization is also done to understand the flow
conditions clearly. The simulations were done for Mach number 1.1, 1.3 and 1.5. According to the findings, the coefficient of lift
rises as the angle of attack increases but falls as the Mach number increases. The delay of boundary layer separation causes the
flow separation to lag as the Mach number rises. As the angle of attack increases, the coefficient of drag also rises. For both viscid
and inviscid flows, the stall angle changes from 24° to 28° as the Mach number rises from Ma=1.1 to 1.5. The airfoil shows
maximum aerodynamic performance at Ma = 1.1 with the highest magnitude of coefficient of lift.
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1. Introduction

In this modern arena, an airplane is widely used vehicle for  teristics of biconvex airfoil.

traveling. The speed of sound is less than the speed of su-
personic aircraft. The official journey of the supersonic air-
plane started in September 1935, in Rome [1]. Since then,
many researches were done on the supersonic airfoil. Along
with airplanes, airfoils are also being studied for hyperloop
systems to mitigate piston effects with traditionally shaped
hyperloop pods [2, 3]. The most widely used airfoil for su-
personic flight is biconvex and double wedge airfoil. Bicon-
vex airfoil consists of two circular arcs [4]. Computational
analysis is a handy way to analyze the aerodynamic charac-

Askari et al. studied compressible flow around biconvex
and double wedge airfoils both analytically and numerically.
To obtain analytical answers, Busemann's second-order the-
ory in conjunction with shock and expansion theory was used.
It is kfound that the error in static pressure between analytical
and numerical solutions is 3.40 percent and the average error
in aerodynamic coefficients is 1.62 percent. The consistency
of static temperature between analytical and CFD solutions
far away from solid walls, especially in compression zones
was also found [5].
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Hamid et al. investigated the characteristics of compressi-
ble flow around a biconvex arc airfoil in a channel. The nu-
merical computations were performed on a biconvex circular
arc airfoil in a two-dimensional channel with a thickness of
12%. Two-equation k- shear stress transfer (SST) turbulence
model in conjunction with Reynolds-averaged Navier-Stokes
equations was used. Self-excited shock oscillation was ex-
hibited for pressure ratios 0.68 to 0.71, whereas a constant
flow field with compression waves was recorded for pressure
ratios 0.73 to 0.71. It is revealed that the flow field exhibits
steady phenomena for pressure ratios below 0.68 and be-
comes unsteady for pressure ratios greater than 0.69 [6].

Krishna at al. investigated on supersonic laminar flow on
double wedge and biconvex airfoils at Mach 3 and found
almost similar result regarding flow properties. However, a
slightly better result was found for biconvex airfoils [7]. A
biconvex airfoil in a transonic oscillating cascade was sub-
jected to unsteady pressure measurements by Shaw et al.
Biconvex airfoils usually show a very low-pressure gradient.
Because of this nature of biconvex airfoil, at zero angle of
attack, it was expected that the cascade achieves stability at
that condition. The cascade achieve stability at a Mach num-
ber of 0.65 which is consistent with flat-plate theory. The
stability was confirmed by data verification. At a low angle of
attack particularly 7.0 degrees with a Mach number of 0.80
the biconvex airfoil performs close to the flat-plate which is
somewhat unexpected [8]. Zhou et al. performed a numerical
analysis of a Busemann-type supersonic biplane airfoil. By
using the shock interference effect between airfoils, this kind
of biplane can lessen wave drag. The Busemann type super-
sonic biplane's fluid-structure interaction feature was exam-
ined. First, a theoretical two-dimensional structural model
was created utilizing the wing structure's primary elastic
properties. Numerical simulations were conducted by cou-
pling this model with unsteady Navier-Stokes equations.
According to the analysis, an airfoil in a biplane system is less
stable than one alone in a supersonic flow [9].

From the above discussion it is clear that a continuous ef-
fort is ongoing to improve and understanding the aerodynamic
characteristics of a biconvex airfoil. A lot of attempts have
already been done. The aerodynamic properties of a biconvex
airfoil at three distinct Mach values were the main emphasis
of this work. These three new Mach number combinations
have not been studied previously. In this study a thin biconvex
airfoil is used because it reduces wave drag significantly.

2. Methodology

2.1. Governing Equations

In CFD procedure, fundamental governing equations are
continuity, momentum and energy equation [10]. In addition,

turbulence model needs to be selected for solving the problem.

For steady state condition, fundamental governing equations

are:
S(pa) |, &(pb) _
5x Sy =0 (1)
d(pa) d(pa) _ _6_P 0Tyxx , OTyx
a ox +b ay - dx ox ay (2)
d(pb) a(pb) _ _6_P 0Txy 0Tyy
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The continuity is represented by equation (1), the Na-
vier-Stokes by equations (2) and (3), and the energy by equa-
tion (4). Viscosity is represented by p, density by p, pressure
by p, shear stress by t, viscous dissipation function by ¢,
temperature by T, x direction velocity by a and y directions by
b.

2.2. Turbulence Model and Numerical
Procedure

Shear Stress Transport k-®, SST k-o in short is a widely
used two-equation eddy-viscosity turbulence model in CFD
analysis. This model used transport equations which describes
turbulence model more accurately. This model provides the
best results in the calculation of supersonic flows [11]. SST
k-o turbulence model is used for this simulation work.

In ANSYS FLUENT, simulation is performed by some
steps. After creating airfoil geometry with proper domain,
meshing is done. In solution module, boundary conditions,
turbulence model, solution conditions, convergence criteria
(1*10e-04) are selected. Then after converging the simulation
model, in post processor results are analyzed. For three Mach
no (i.e., 1.1, 1.3 and 1.5) simulation is performed.

2.3. Boundary Conditions and Mesh Generation

The mesh generation tool in ANSYS software generates a
structured C-type mesh. An inflation layer is added near the
boundary of the airfoil for more accurate computation pro-
cedure.

The grid's top and lower bounds are 12 chords apart from
the airfoil profile, and it stretches from 20 chords downstream
to 12 chords upstream.
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Figure 1. Meshing around biconvex airfoil.

A set of edge sizing, face meshing and transition layer is
applied for generating the mesh. The generated grid has 52800
elements and 53240 nodes. Pressure far-field and pressure
outlet boundary condition are selected in specific named
selection zones. For the airfoil walls, no-slip boundary con-
dition is considered.

2.4. Mesh Independency Test

Grid independency test is done by increasing the number of
elements. Elements number is controlled by edge sizing. Lift
to Drag Ratio C;/Cp is considered as grid independency pa-
rameter.
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Figure 2. Variation of Cr/Cpwith the number of elements at a=20°
and M=1.1.

Mesh dependency test is done for 20° angle of attack and at
Mach 1.1. Lift to Drag Ratio Ci/Cp is compared against the
total no of mesh elements. Figure 2 demonstrate that, given
acceptable mesh quality, the lift to drag ratio C./Cp stay con-
stant after 52800 elements. So, in order to minimize the
complexity with minimum cost and time 52800 elements was
chosen for this current study.

2.5. Model Validation

For the validation purpose outcome from the present study
is compared with the existing literature of Ebrahim Hosseini
[12]. Figure 3 shows the comparison of coefficient of lift (Cr,
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between present study and existing literature. For Mach no 1.2
validation was done. The red curve indicates the Cy. values
from the existing literature [12] and the black curve indicates
the values of Cy from this present study. Both of the Cy. values
are plotted against the angle of attack (a). These curves show
similar pattern and provide almost the same values.
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Figure 3. Comparison of CL between present study and existing
literature [12].

Figure 3 shows that Cy. values obtained in this present study
are in a good agreement with the existing literature [12].
Though there are some discrepancies due to the differences in
boundary conditions, this can be ignored. As numerical results
had a good agreement with the existing results, it can be said
that the current study is on the right track.

3. Results and Discussion

3.1. Variation of Aerodynamic Characteristics
with Different Mach Numbers

The lift coefficient's variation with changes in the angle of at-
tack is seen in the Figure 4. As the angle of attack increases, the
lift coefficient rises, but as the Mach number increases, it falls.
The lift coefficient abruptly decreases when the angle of attack
increases beyond a particular point. We call this stall situation.

From Figure 4 it is seen that, stall angle for Mach no 1.1,
1.3, 1.3 (inviscid) and 1.5 are 26°, 28°,24° and 28° respec-
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tively. For the viscous model, the stall angle of attack did not
rise as Mach rose. The precise angle can be established by
raising the angle of attack by a little amount. This angle at
which stall occurs is very important for airfoil design. If angle
of attack increased beyond this value, lift coefficient will
reduce drastically hence fatal accident will occurs.
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Figure 4. Changes of lift coefficient with different Mach number.
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Figure 5. Drag coefficient variations with varying Mach numbers.

From Figure 5, it is clear that the drag coefficient increases
with the increase of angle of attack but dropped with in-

Pressure
Contour 1 %
1.420e+005
1.236e+005
1.043e+005
8.503e+004
6.574e+004
| 4.6450+004
| 2.716e+004
7.866e+003
-1.143e+004
-3.072e+004
-5.001e+004
-6.930e+004
-8.859e+004
[Pa]

creasing Mach number. After stall drag coefficient still in-
creasing. At stall, the total force is pointing backwards as a
result drag coefficient increased.

The lift-to-drag ratio, also known as airfoil efficiency,
shown by Figure 6, shows how well an airfoil generates lift in
relation to the drag it generates. By increasing angle of attack
from 0°, airfoil efficiency is also increasing. The peak effi-
ciency is observed at an angle of attack below 10°. Specifi-
cally, for Ma =1.1, the maximum efficiency occurs at an angle
of attack of 4°. For Ma = 1.3 and 1.5 maximum efficiency
occurs at 6° angle of attack. The maximum efficiency for the
inviscid model is achieved at an angle of attack of 4°.
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Figure 6. Changes of lift to drag ratio with different Mach number.

3.2. Pressure Contours at Different Mach
Numbers

Pressure distribution around airfoil provides proper idea
about lift generation. Generally, pressure on lower surface of
airfoil is larger than upper surface. Due to this unequal pres-
sure force airfoil gains a net upward force which known as lift
force. For supersonic flow, shock wave and expansion waves
are formed. Pressure contours of biconvex airfoil for different
Mach numbers are given below.
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Figure 7. Pressure contour for Mach number 1.1 (a=18°).
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Figure 8. Pressure contour for Mach number 1.3 (a=18°).

Figure 9. Pressure contour for Mach number 1.5 (a=18°).

In the above pressure contours, color graphic shows magni-
tude of pressure in Pa unit. Pressure around the airfoil is of main
interest. Pressure in the upper surface of airfoil is lower than the
lower surface. Due to lower pressure in upper surface, airfoil
generates lift. From pressure contours shown by Figure 7 to
Figure 9, it is clearly seen that both shock waves and expansion
waves are formed in all of the pressure contours. The zone of
silence which is the zone outside the oblique shock in the upper
surface is represented by the blue color in the pressure contours.
Bow shock waves form close to the airfoil's leading edge. Addi-
tionally, oblique shock waves can be seen at the airfoil's trailing
edge. Behind the oblique shock wave the pressure is dropped
which is also visible in the pressure contours.

3.3. Velocity Contours at Different Mach
Numbers

The velocity contours for various flows with varying Mach
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numbers are displayed in Figures 10 through 12. The velocity
differential between the upper and lower surfaces is negligible
for angle of attack close to zero. After increasing angle of attack,
velocity difference increases. In velocity contours, red zone
indicates higher velocity and blue zone indicates lower velocity.
The magnitude of velocity is maximum within the zone of
silence. This difference can be described by Bernoulli law.
According to Bernoulli, total energy of a moving fluid will be
constant. From pressure contour, it is found that pressure at
lower surface is higher than upper surface. So, velocity at upper
surface must be larger than lower surface which is seen in ve-
locity contours. By increasing velocity, flow separation point is
moved downstream. Flow separation point is identified by blue
color in velocity contour. Velocity contour indicates that, flow
separation in upper surface is moved downstream as the Mach
no of flows increased. Flow separation started from the rear
stagnation point. At this point fluid velocity is zero shown by
the bluish zone in the upper surface.
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Figure 10. Velocity contour for Mach number 1.1 (a=18°).

Figure 11. Velocity contour for Mach number 1.3 (a=18°).

[m A1)

Figure 12. Velocity contour for Mach number 1.5 (a=18°).
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4. Conclusions

The aerodynamic properties of a biconvex aerofoil in
supersonic flow are examined in this work. Two dimensional,
steady state, compressible flow simulation is carried out using
ANSYS CFD packages. The results showed that while the lift
coefficient and lift to drag ratio fall as the Mach number
increases, the drag coefficient increases. Stall angle found for
Mach number 1.1, 1.3 and 1.5 for viscid flow are 26°, 28 and
28° respectively. Stall angle increased from 26° to 28° as the
Mach number increased from Ma=1.1 to 1.5. Flow separation
occurs after the stall condition. As a result, the flow separation
is also delayed by raising the Mach number. At Ma = 1.1, the
biconvex airfoil exhibits the highest lift and drag coefficient
values and maximum aerodynamic efficiency.

Abbreviations

Ma Mach Number

Co Coefficient of Lift
Cp Coefficient of Drag
Cu/Cp Lift to Drag Ratio
a Angle of Attack
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